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Abstract

Dark matter (DM) is one of the outstanding questions to which the Standard Model
of particle physics (SM) still has no answer. Indeed, numerous evidences point to
the existence of a non-baryonic matter component in the Universe that interacts
with ordinary matter only through gravity. Under the hypothesis of the existence of
a new interaction, three types of searches have been developed, among them collider
searches represent a promising way of discovering and characterizing the properties
of dark matter.

In this thesis, the search for DM is carried out in final states where a highly-
energetic hadronic jet recoils against a large missing transverse momentum. The
latter would be the signature of the production of weakly-interacting particles,
which can be tagged in the final states thanks to the emission of radiation from the
initial state of the collisions. The results were obtained with the data collected by
the ATLAS experiment during the Run 2 of the LHC, corresponding to 139 fb−1

of proton-proton collisions at a centre-of-mass energy of 13 TeV. The main SM
background of the presented search, also called monojet search, is the Z(→ νν̄)+jets
process, which has the same signature as the searched signal. A semi-data-driven
technique is used to correct the Monte Carlo (MC) background predictions using data
in independent control regions. Together with the adoption of accurate predictions
for SM W/Z+jets processes, the background estimation technique allows to reduce
the uncertainty of SM predictions to the percent range. The results presented in this
thesis are interpreted in simplified DM models and compressed SUSY scenarios. The
monojet analysis is also used to study the properties of the Higgs boson. An upper
limit is set on its branching fraction into invisible final states, and the parameters of
models that foresee the production of long-lived particles (LLPs) in its decay are
also constrained.

Final states with jets and missing transverse momentum can also be produced
by the decay of a Higgs boson into a bb̄-pair, if the Higgs boson is produced in
association with an invisibly-decaying Z-boson. The Z(νν̄)H(bb̄) process is one of
the leptonic channels of the V (→ lep.)H(bb̄) process, where V can be either a W or
Z boson. This allows the H(bb̄) decay mode to be studied by exploiting the leptons
to trigger and identify the events. The ATLAS collaboration has published two
results with the full statistics collected during LHC Run 2, studying the V H(bb̄)
process in both well-resolved and boosted H → bb̄ decays. However, the two analyses
are not statistically independent and rely on preliminary particle reconstruction and
identification techniques. In this thesis, the work towards a Run 2 legacy result
is presented, based on state-of-the-art reconstruction algorithms and an optimal
combination of the two kinematic regimes. The performance of flavour tagging with
new jet reconstruction algorithms is presented, along with an innovative method,
based on graph-neural-networks, for performing an event-weighting technique called
truth tagging, which helps to reduce systematic uncertainties due to limited Monte
Carlo statistics. Finally, a first fiducial differential cross-section measurement of the
H(bb̄)+Emiss

T process is presented. This result forms the basis for more complete
and refined work that will be included in the Run 2 Legacy result on the V H(bb̄)
process by the ATLAS collaboration.
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The leading background process of the two analyses presented in this thesis is
the production of a leptonically-decaying W or Z boson in association with hadronic
jets. In the final part of the thesis, the implication of recent developments in the
Sherpa MC event generator for ATLAS analyses are presented. The impact on the
modelling of physical quantities thanks to the improvements of the matrix element
and parton shower models is presented. The effect of changes in the description of
the production fractions of heavy-flavour-hadrons is shown, and the performance
of a preliminary setup based on the fusing of a Z + bb calculation done in a four
number-of-flavours scheme (NFS) with the inclusive 5NFS Z+jets calculation is
presented. In addition, the performance of a technique for generating events based
on the bias of the cross-section is discussed, and the studies leading to the final
configuration adopted by the ATLAS collaboration for the generation of V+jets
events are presented.
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Introduction

The Standard Model of particle physics (SM) [1] describes three of the four fun-
damental interactions of nature, the strong, electromagnetic, and weak force. The
interactions between elementary particles are studied at the highest energy available
in a laboratory at the CERN Large Hadron Collider (LHC), where proton-proton
collisions (pp) are performed at a centre-of-mass energy (

√
s) of up to 13 TeV .

The most recently discovered particle of SM, the Higgs boson (H), was found
in 2012 by the ATLAS and CMS experiments [2, 3] and completes the theory.
However, several outstanding issues remain to be solved. In particular, the relatively
small mass of the Higgs boson and its scalar nature require fine-tuning of the SM
parameters. Moreover, the SM does not describe gravitational interactions and does
not provide any candidate to describe the nature of dark matter (DM). Indeed,
several cosmological observations suggest the existence of a non-baryonic form of
matter that interacts with ordinary matter through gravity and is therefore referred
to as dark. To satisfy the constraints imposed by astrophysical observations, Weakly
Interacting Massive Particles (WIMPs) have been proposed as one of the possible
solutions. These particles are assumed to interact with SM particles via new forces.

The search for WIMPs is carried out in different experimental ways which yield
complementary results. The direct search targets elastic or inelastic scattering
between WIMPs and SM particles. The indirect search looks for annihilation of
WIMP pairs in SM particles, and tries to measure either an excess in the flux of
antiparticles measured on Earth from the Cosmos or an excess in neutrino interactions.
The collider search for WIMPs is based on the hypothesis that WIMP pairs can be
produced in high-energy collisions at the LHC, leaving the experiments undetected
and resulting in a large missing energy in the final states.

The golden channel for searching for DM particles at the LHC is the monojet
channel, in which SM particles are produced in the initial state of the collisions and
recoil against large missing transverse momentum in the final state. The kinematic
of the collisions is indeed closed in the transverse plane, as the particles collide
head-on. Therefore the production of non-interacting particles can be studied by
considering unbalanced events.

The monojet search presented in this thesis is performed on the entire data set
collected by the ATLAS experiment during LHC Run 2, which took place between
2015 and 2018 and in which pp collisions at

√
s = 13 TeV have been provided. The

analysis uses a semi-data-driven technique to estimate the irreducible SM background
process, Z(νν̄)+jets, that leads to the same signature of the sought signal, and to
correct the Monte Carlo (MC) simulations adopted to estimate the other background
processes such as the production of a vector boson associated with jets (V+jets)
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or top-quark related processes. Precise QCD and EW predictions for the V+jets
processes, together with highly statistical Control Regions allow the uncertainty on
the SM backgrounds in the signal region to be reduced to the percent level, thus
paving the field for precision searches. For this reason, particular attention is given
to the effects of systematic uncertainties.

No significant deviations of the data from the SM predictions are observed, so both
model-independent upper-limits on the visible cross-section and model-dependent
constraints on the parameters of different BSM theories have been established. In
this thesis, simplified dark matter models have been investigated. These provide a
simple way to introduce WIMP particles into the SM, which are produced in pairs
via new mediators. Limits on the parameters of such models can be transformed
into constraints on the interaction cross-section between WIMPs and SM particles,
or into limits on the annihilation rate of WIMP pairs. Therefore, the limits obtained
in this analysis are also compared with the most stringent ones achieved by direct
and indirect searches of WIMP DM. Limits are also set on the masses of particles
predicted by supersymmetry, which produce in their decay stable and non-interacting
particles which can also be identified as WIMP candidates.

Furthermore, monojet final states are used to study the properties of the Higgs
boson. The invisible decays of such particle are predicted by the SM to be about
0.1% of the total decay modes. The monojet analysis presented in this thesis sets
an upper limit on the Higgs branching fraction to invisible final states, and is used
to study exotic scenarios in which long-lived-particles are produced in Higgs boson
decays.

The Higgs boson can be associated to new physics phenomena. For this reason, it
is interesting to study its properties to see if they are consistent with those predicted
by the Standard Model. To target the dominant decay mode of the Higgs boson,
H → bb̄, its associated production with a leptonic-decaying vector boson (V H) can
be exploited. Indeed, this production mode allows to tag the events and extract the
signal from the large QCD backgrounds of the LHC.

The topology of the final states is determined by the transverse momentum
(pT) of the produced Higgs boson. At a pT of 75 ÷ 400 GeV, the decay products
appear well resolved in the detector. At a large transverse momentum, referred to
as boosted topology, a different experimental approach is required to identify and
measure the Higgs boson candidates. In this thesis, the state of the art of current
measurements is briefly presented, and the main limitations of the published results
are reviewed. So far, the two topologies have been treated independently. These
two aspects motivate the on-going effort towards a Run 2 legacy analysis, which
aims to make a combined measurement of the two regimes. Future improvements
are discussed in this thesis.

The measurement of Higgs boson can be interpreted in the Simplified-Template-
Cross-Section (STXS) framework, which provides a simple way to combine different
decay modes of the Higgs boson to measure the production modes. However,
possible complementary results can also be provided by fiducial differential cross-
section measurements. In this thesis, the first result of such a measurement of the
H(bb̄)+Emiss

T final state is presented. An in-likelihood unfolding procedure is chosen
to propagate in a simple way the correlation and constraints on the systematic
uncertainties, central to the measurement of V H(bb̄) processes at the LHC.



xiii

Monte Carlo simulations of the V+jets processes are a crucial part of both the
analyses presented in this thesis and of the ATLAS physics programme in general. It
is therefore important to rely on MC predictions that provide good modelling of the
physical quantities of interest. In the last part of this thesis, the impact of the recent
developments of the Sherpa MC generator on the physics modelling is presented. An-
other important aspect related to the generation of simulated events is the statistical
power of the samples. The cross-section biasing approach introduced in the latest ver-
sions of the Sherpa generator is illustrated and the studies that lead to the choice of
the ATLAS collaboration for the next generation of V+jets MC events are presented.

The thesis is structured as follows. Chapter 1 introduces the theoretical frame-
work, the Standard model of particle physics and the DM problem. Chapter 2
discusses the experimental apparatus used to obtain the results shown in this thesis,
while Chapter 3 presents the algorithms used to reconstruct the final states of parti-
cle collisions and their performance. Chapter 4 is devoted to the monojet analysis
performed with the entire LHC Run 2 data set collected by the ATLAS experiment.
In Chapter 5 the V H(bb̄) analysis is presented, studies on the improvements towards
a Run 2 legacy result are illustrated, and the measurement of the fiducial differential
cross-section of H(bb̄)+Emiss

T final state is presented. Finally Chapter 6 describes the
modelling and computational improvements in the simulation of V+jets processes.

Personal contributions

All figures with the ATLAS label are included in ATLAS published papers, while
figures with ATLAS Preliminary label are included in ATLAS conference notes
or public notes. A reference to the original publications is provided in the caption of
each figure presented in this thesis. Figures without any ATLAS label are referenced
accordingly, while all figures without any reference in the caption have been produced
by me. This holds also for the tables presented.

My personal contributions to the results presented in this thesis are highlighted
below.

I have been the main analyser of the monojet search [4] presented in Chapter 4,
for which I contributed to the development of the offline software used to process
official ATLAS simulations and to analyse both data and simulated events. I
optimised the definition of the Top control region presented in Section 4.5.2, and I
derived the effect of modelling uncertainties on the electroweak V+jets processes
and diboson processes presented in Section 4.8.2. I have been responsible for the
background estimation procedure presented in Section 4.9. For this stage of the
analysis I optimised the statistical model, the smoothing and pruning algorithms
adopted to improve the numerical accuracy of the fit, and I derived the effect of
systematic uncertainties on the background predictions. Furthermore, I have been
responsible for the interpretation of the results in terms of simplified dark matter
models presented in Section 4.10.2, excluding the DMV interpretation and the
indirect-detection re-interpretation of the DMP model, results derived from inputs I
produced.

I coordinated the effort for the Long-Lived-Particles interpretation of the monojet
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analysis results presented in Section 4.11. I contributed to fit studies and I have
been editor of the public note [5] which documents the results.

The studies presented in Section 5.3.1, which show the performance of flavour
tagging using particle-flow jets, excluding the training of the multivariate algorithms,
and the studies on the Monte Carlo to Monte Carlo scale factors have been performed
by me. Moreover, I have been the main analyser and editor of the public note [6]
which documents these results.

I contributed to the validation phase for the results presented in Section 5.3.2,
which documents the development of a neural network to perform truth tagging.

All the studies presented in Section 5.3.3 on the solution of the overlap between
the resolved and boosted V H(bb̄) analyses have been produced by me, as well
as the results presented in Section 5.4 on a first fiducial differential cross-section
measurement of the H(bb̄)+Emiss

T final states.
I reviewed and organised the ATLAS internal documentation of the results pre-

sented in Chapter 6. The studies on the HF modelling presented in Section 6.1.4 have
been performed by me, as well as the studies of the modelling of the Sherpa fused
setup in the resolved V H(bb̄) phase space. The studies presented in Section 6.2
on the phase space biasing technique adopted for the generation of V+jets events
have been performed by me, along with the studies on the assessment of the statisti-
cal power of the samples, excluding the studies on the achieved equivalent luminosity.

My work has been included in the following publications:

• ATLAS Collaboration. “Search for new phenomena in events with an energetic
jet and missing transverse momentum in pp collisions at

√
s = 13 TeV with

the ATLAS detector”, Phys. Rev. D, 103(11):112006, 2021.

• ATLAS Collaboration. “Dark matter summary plots for s-channel mediators”,
ATL-PHYS-PUB-2021-006, 2021.

• ATLAS Collaboration. “Constraining the Dark Sector with the monojet
signature in the ATLAS experiment”, ATL-PHYS-PUB-2021-020, 2021.

• ATLAS Collaboration. “Monte Carlo to Monte Carlo scale factors for flavour
tagging efficiency calibration”, ATL-PHYS-PUB-2020-009, 2020.

• F. A. Di Bello, J. Shlomi, C. Badiali, G. Frattari, E. Gross, V. Ippolito, M.
Kado. “Efficiency Parameterization with Neural Networks”, Comput. Softw.
Big Sci., 5(1):14, 2021.

• ATLAS Collaboration. “Modelling and computational improvements to the
simulation of single vector-boson plus jet processes for the ATLAS experiment”,
Submitted to JHEP, 2021.
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Chapter 1

Theoretical framework

The theoretical context in which this thesis is embedded is presented in this chapter.
An overview of the Standard Model (SM) of particle physics and of the phenomenology
of particle collisions is given in Section 1.1 and Section 1.2, respectively. The success
of the SM in predicting the interaction cross-sections of elementary particles is
presented in Section 1.3, where measurements performed by the ATLAS experiment
are compared to state-of-the-art theoretical predictions. In particular, Section 1.3.1
focuses on the Higgs sector. The limitations of the SM are briefly discussed in
Section 1.4, along with possible extensions of the theory proposed to address current
problems. The mystery of dark matter (DM) is presented in Section 1.5, where
evidence for its existence is reviewed, and the Weakly Interact Massive Particles
(WIMPs) paradigm is presented. WIMPs searches are discussed in Section 1.6.1.
Last, in Section 1.7 dark-sector models are introduced, and benchmark signatures
proposed to search for the production of Long Lived Particles (LLPs) are presented.

1.1 Standard Model overview
The Standard Model of particle physics describes three out of the four fundamental
forces of nature, the strong, electromagnetic and weak force, respectively. Gravita-
tional effects appear to be on a significantly different energy scale, and are currently
not described by the SM.

The fundamental components of the Universe are called elementary particles,
and can be divided in matter component and forces components, with the latter
mediating the interactions between the former. An overview is presented in Figure
1.1.

The matter component includes 12 spin 1/2 particles, fermions, which are
organised in three generations of increasing proper mass. Each generation includes
one electrically charged (e−, µ−, τ−) and one neutral lepton, also called neutrino (νe,
νµ, ντ ), and an up type (u, c, t) and a down type (d, s, b) quark. Up- and down-type
quarks have a fractional electromagnetic charge of +2/3 and −1/3, respectively.
They also carry an additional colour charge which is a property of the theory of the
strong interactions, the quantum chromo dynamics (QCD). For each matter particle,
an anti-matter one is present, with all the charges of inverted sign.

The interactions between matter particles are governed by spin 1 vector bosons.
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Figure 1.1. Summary of the elementary particles included in, and described by, the
Standard Model, along with their properties. This figure was not produced by me, the
original source is unknown.

Three are associated to the weak interactions, theW± and Z bosons, one is associated
to the electromagnetic interaction, the photon (γ), and eight are associated to the
strong force, the gluons g. Only one spin-0 particle is included in the SM, the Higgs
boson (H). This particle is related to the mechanism which describes the mass of
the elementary particles, which is presented in the next Section.

1.1.1 Quantum field theory formulation of the SM
A formulation of the SM was developed in the past 80 years in terms of four-
dimensional1 quantum fields, whose localised excitation results in the realisation of
elementary particles. The dynamics of the SM can be described by the following
Lagrangian density

LSM = −1
4FµνF

µν − iψ̄ /Dψ + (Dµφ)†(Dµφ)− V (φ) + ψ̄iyijψjφ+ h.c., (1.1)

which is invariant under local gauge transformations of the symmetry group SU(3)⊗
SU(2)⊗U(1). Along with the Poincaré symmetry, such group guarantees that the
physics described by the SM is independent of arbitrary choices of the reference
frame or of a re-definition of the quantum fields.

Each term of Equation 1.1 is discussed further below. In summary, the first
term on the right hand side (r.h.s.) of Equation 1.1 is an abbreviation of the
kinematic term which describes the free propagation in the vacuum of gauge bosons.
The second term is related to fermionic fields (ψ), and describes both their free
propagation and their interaction with vector bosons. The following three terms are
entirely associated with the Higgs boson, and describe how it interacts with vector

1Three spatial and one temporal dimensions.
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bosons, its self-interaction and the interactions with fermions, which provide also a
mass term for them.

Quantum electrodynamics

The free propagation of fermions in vacuum can be described by the Dirac Lagrangian
[7]

L = ψ̄iγµ∂
µψ −mψ̄ψ, (1.2)

where ψ is the fermionic spinor, µ is the Lorentz index and runs from 0 to 3, ∂µ is
the covariant derivative and γµ are the Dirac matrices. A mass term, mψ̄ψ, is also
included. In the following this will be neglected in the following because it is not
invariant under the gauge transformations of the electroweak theory. However, as
already mentioned, an invariant mass term for fermions is introduced in the SM
Lagrangian via the Brout-Englert-Higgs mechanism.

This Lagrangian is invariant under a U(1) global gauge transformation, ψ →
ψ
′ = e−ieαψ, where e is a parameter of the transformation itself, but not under a

local one, depending on x = (x0, x1, x2, t), of the form ψ → ψ
′ = e−ieα(x)ψ. The

introduction of a covariant derivative of the form

Dµ = ∂µ + ieAµ, (1.3)

and of an additional field Aµ, which under a gauge transformation changes as

Aµ → Aµ − ∂µα(x), (1.4)

guarantees the gauge invariance. Such transformation introduces an interaction
term between fermions and the additional field, Aµ, which is identified as the
electromagnetic field, and the parameter e is the electric charge. Since a new field
has been introduced in the Lagrangian, a kinetic term has to be included. This is
done by the introduction of the electromagnetic tensor Fµν = ∂µAν − ∂νAµ. The
quantum electrodynamics (QED) Lagrangian can thus be written as

LQED = ψ̄i/∂ψ − 1
4FµνF

µν − ieψ̄ /Aψ, (1.5)

where /∂ := γµ∂
µ, and the same definition holds for /A. The right-most term describes

the interaction between charged fermions and photons.

Quantum chromodynamics

The QCD Lagrangian [8] can be derived in a similar way to the QED one, by
requiring the Dirac Lagrangian to be invariant under a gauge transformation of
the SU(3) symmetry group. This is motivated by the experimental observation of
multiplets of hadrons, whose properties can be described under the assumption of
the existence of a strong force characterized by a colour charge, which can assume
three values. Only quarks, which carry the colour charge, interact via the strong
force trough the exchange of gluons. The Lagrangian can be written as

LQCD = ψ̄i /Dψ − 1
4G

a
µνG

µν
a , (1.6)
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where the covariant derivative is defined as

Dµ = ∂µδij + igTa,ijA
a
µ. (1.7)

The δij function imposes that the colour charge is conserved in the free propagation
of quarks. Such colour index is implied in Equation 1.6 for the spinors ψ. The QCD
coupling constant is indicated by g, while Ta, with a = 1 . . . 8, are the generators of
the SU(3) symmetry and Aa are the gluon fields. As for the QED case, a gluon field
tensor Gaµν is defined as

Gaµν = ∂µA
a
ν − ∂νAµ + gfabcAbµA

c
ν , (1.8)

with fabc representing the structure constants of the SU(3) symmetry group. The
right-most term included in the definition follows from the gauge invariance require-
ment under a local transformation of the form ψ → ψ

′ = e−igT
aαa(x)ψ.

The second term of Equation 1.6 is the kinetic term of the gluon fields. Sub-
stituting Equation 1.8 in it, a crucial difference of QCD with respect to QED is
highlighted. In fact, it can be written

−1
4G

a
µνG

µν
a =− 1

4(∂νAaµ − ∂µAaν)(∂νAµa − ∂µAνa)+

− 1
2gA

b
νA

c
µ(∂νAµa − ∂µAνa)fbca+

+ 1
4g

2AbνA
c
µfbcaA

ν
dA

µ
e fdea,

(1.9)

where the first line on the r.h.s. describes the propagation of free gluons. The
second one describes three gluon self-interaction vertices, while the last line describes
interaction vertices involving four gluon fields. The fact that the gauge bosons of
the strong force self-interact is due to the non-abelian nature of the SU(3) symmetry
group. Such self-interaction is not present in QED, and has an impact on the
showering of coloured partons, as described in Section 1.2.

QCD predictions can be expressed in terms of a renormalized coupling constant
αs(µR) = g2(µR), which depends on a non-physical scale µR, the renormalization
scale. Such quantity is defined to integrate out divergences which appear in pre-
dictions beyond the LO. The effective strength of the interaction is provided when
evaluating the coupling constant at the scale at which the interaction takes place,
typically referred to as Q.

The evolution of the coupling constant as a function of the scale µR is provided
by the renormalization group equation (RGE) [9]

µ2
R
dαs
dµ2

R
= β(αs) = −α2

s

∞∑
i=0

biα
i
s. (1.10)

The first term of the beta-function is given by

b0 = −33− 2nf
12π , (1.11)
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where nf indicates the number of quark flavours considered. The minus sign in
front of the r.h.s. of equation 1.10 implies that the the coupling constant tends to
0 at high energies. Such phenomenon takes the name of asymptotic freedom. The
leading-order solution of the RGE is given by

αs(Q2) = αs(µ)2 1
1 + b0αs(µ2) ln(Q2/µ2) , (1.12)

where Q is the scale at which the coupling constant is probed, and µ is a reference
scale at which it is measured. It is possible to re-parameterize Equation 1.12
introducing an invariant mass scale ΛQCD, defined as

Λ2
QCD ≡ Q2 exp

(
− b0
αs(Q2)

)
, (1.13)

such that it remains invariant if Q and µ are varied in Equation 1.12. This allows to
rewrite the running coupling constant as

αs(Q2) = − b0

ln
(

Q2

Λ2
QCD

) . (1.14)

Again it is possible to see that at high energies the theory is asymptotically free. At
low energies instead, the coupling constant increases and diverges at the so-called
Landau pole, when Q2 = Λ2

QCD. In this regime, non perturbative effects lead to the
formation of stable and unstable hadrons.

Electroweak interactions

Fermions in the SM can be described by two independent components based on their
chirality. Charged weak interactions couple to left handed fermions only, while the
neutral currents couple to both the left and right handed ones.

The gauge symmetry group of electroweak interactions is the SU(2) ⊗ U(1).
Left handed fermions are organised in SU(2) doubles, where for each fermionic
generation L = (ν, `−) and Q = (u, d). Right handed fermions are instead singlets,
and transform only under the U(1) symmetry. Anti-fermions are characterised
by inverted properties: right handed anti-fermions transform as doublets, and left
handed anti-fermions as singlets.

The quantum number associated with the electroweak interaction is the hyper-
charge, Y , which is determined by the charge of the particle (Q) and the value of
the third component of its isospin. The latter is 0 for singlets, and ±1/2 for the
components of the doublets. Electroweak interaction acts only on particles with non
zero weak hypercharge, thus right handed neutrinos are neutral under this force.

The gauge transformation of the SU(2) and U(1) groups act on the left (ψL) and
right handed fields (ψR) as

ψL → ψLe
igα(x)aτa+ig′β(x)Y ψL

ψR → ψRe
ig′β(x)Y ψR,

(1.15)

where τa, with a = 1..3, are the generators of the SU(2) symmetry group, and α(x)
and β(x) are local phases; g and g′ are the coupling constants associated to the two
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interactions. The gauge invariance of the Lagrangian is restored by the introduction
of a covariant derivative, such that

LEW =
∑
f

ψ̄fLγµ(i∂µ − gW a
µτ

a − g′BµY )ψfL + ψ̄fR(i∂µ − g′BµY )ψfR

− 1
4W

a
µνW

µν
a −

1
4BµνB

µν

(1.16)

where the sum runs over the three fermionic generations, and the kinetic terms of
the gauge fields are included under the form of strength tensors. These are defined
as

W a
µν = ∂µW

a
ν − ∂νW a

µ + gεabcW b
µW

c
ν , (1.17)

being εabc the totally anti-symmetric tensor. The Bµν tensor is defined in the same
way of the QED case. As for QCD, also in the electroweak case a self-interaction
between W gauge bosons is present.

A rotation between theW a
µ and Bµ fields allow to identify the physical observable

fields associated to the SM photon and the SM W± and Z vector bosons. The
charged W bosons are given by a combination of the W 1

µ and W 2
µ ones as

W± = 1√
2

(
W 1 ∓ iW 2

)
, (1.18)

while the Z0 and γ bosons fields are given by(
γ
Z

)
=
(

cos θW sin θW
− sin θW cos θW

)(
B
W3

)
. (1.19)

The θW parameter is the Weinberg, or weak-mixing, angle. This relates the electro-
magnetic coupling constant to the ones of weak interactions, as

e = g sin θW ,
e = g′ cos θW .

(1.20)

Moreover, the weak mixing angle is also responsible for the polarization of leptons
in Z boson decays.

Every experimental observation of the electroweak interactions is consistent with
a gauge theory. However, as for the fermionic fields, to not spoil the invariance an
explicit mass term for the weak bosons cannot be written. This is in contrast with
experimental observations, which require the W and Z bosons to be massive, thus a
mechanism external to the gauge sector is needed. This is the Brout-Englert-Higgs
mechanism, presented in the next Section.

The Brout-Englert-Higgs mechanism

The Brout-Englert-Higgs mechanism introduces a complex scalar field, φ, which
transforms as a doublet under SU(2) gauge transformations, and have an hypercharge
Y = 1/2. This allows to give a mass to all the particles with non-zero weak
hypercharge.
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The Lagrangian can be written as

L = (Dµφ)† (Dµφ)− V (φ)−LYukawa, (1.21)

with
φ = 1√

2

(
φ1 + iφ2
φ3 + iφ4

)
, (1.22)

and LYukawa describing the couplings between fermions and the Higgs boson. The
potential V (φ) is gauge-invariant under SU(2) symmetry, and is given by

V (φ) = −µ2φ†φ+ λ
(
φ†φ

)2
, (1.23)

with −µ2 and λ constant. To have an energetically bounded theory, λ must be
positive. If −µ2 is greater than 0, the excitations of the φ field appear around 0.
For −µ2 < 0, the potential takes the shape represented in Figure 1.2.

Figure 1.2. Representation of the Higgs potential V (φ). This figure was not produced by
me, the original source is unknown.

The minimum of the potential is obtained for a non-zero field value. The
Lagrangian is still gauge invariant, but the vacuum expectation value (vev, v),
v = 〈0|φ|0〉 is not null. The value of the field in the minimum of the potential is
given by φ†φ = µ2

2λ = v
2 > 0. The vev value can be evaluated from the relation

GF√
2

= g2

8m2
W

, (1.24)

which can be derived from the description of the muon decay lifetime in the Fermi
and SM theories, and is found to be v = 246 GeV.

A gauge transformation allows to set three out of the four components of the φ
field at 0, thus it can be written

φ = 1√
2

(
0

v + h(x)

)
, (1.25)

where v is the vacuum expectation value of the φ field, and h is the scalar Higgs
field. The fact that a gauge transformation allows to set to zero the φ1, φ2 and φ4
components means that these are not representative of real fields. The electroweak



8 1. Theoretical framework

symmetry is, in this way, broken and a mass term for the gauge bosons and the
fermions appears naturally.

Introducing the definition of φ provided in Equation 1.25, in Equation 1.21 we
find

L =g2v2

4 W+
µ W

−,µ + g2v

2 hW+
µ W

−,µ + g2

4 hhW
+
µ W

−,µ

(g2 + g′2)v2

8 ZµZ
µ + (g2 + g′2)v

4 hZµZ
µ + (g2 + g′2)

8 hhZµZ
µ.

(1.26)

The first term of each line of the r.h.s. term can be identified as a mass term for the
gauge bosons, thus

m2
W = g2v2

4 and m2
Z = (g2 + g′2)v2

4 , (1.27)

while the second term is a coupling between a pair of either W or Z boson and
one Higgs boson. In particular this coupling can be rewritten in terms of the weak
boson masses, and it is found to be equal to yV = 2m2

V /v. The latter term of each
line of the r.h.s. term of Equation 1.26 is a coupling between two Higgs boson and
two vector bosons. These terms show how the strength of the coupling of the Higgs
boson to gauge bosons is proportional to their mass values. The mass of the Higgs
boson itself is a free parameter of the theory, and depends on the parameters of the
potential,

mh =
√

2λv2. (1.28)
The Yukawa Lagrangian which couples leptons to the Higgs boson can be written as

Lleptons = −
∑
i

giv√
2
ψ̄iLψ

i
R + gih√

2
ψ̄iLψ

i
R + h.c. . (1.29)

The sum is performed over the three leptonic generations, ψiL indicates the SU(2)
left-handed doublets, and ψiR the right-handed singlet. The first part is a mass term
for leptons m` = giv/

√
2, while the second one describes the coupling between the

Higgs boson and the charged leptons, with a coupling strength proportional to the
lepton mass, y` = m`/v. Since right-handed neutrinos has zero weak hypercharge,
they do not couple to the Higgs boson, thus are considered mass-less in the SM.

The interaction between quarks and the Higgs boson can be derived in a similar
way. However, since both the components of the SU(2)L doublet have non-zero weak
hypercharge, to obtain an invariant Lagrangian the conjugate φC field, defined as

φC = −iσ2φ
∗ = 1√

2

(
v + h(x)

0

)
, (1.30)

is introduced. The Yukawa Lagrangian involving quarks can be written by multiply-
ing the SU(2) doublet from one generation with a singlet from another one, and each
term, a priori, can have a different value of the coupling, indicated in the following
by y. Thus the most general form is given by

Lquark = −
3∑
i=1

3∑
j=1

[
yuij ū

i
Rφ
†
CQ

j
L + ydij d̄

i
Rφ
†QjL

]
+ h.c. , (1.31)
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where QiL indicate the SU(2) quark doublets, and uiR and diR the singlets associated
to up- and down-type quarks, respectively. From this equation the quark mass terms
are derived, and part of the Lagrangian can be written as

Lquark ⊃ −(ū1, ū2, ū3)RMu

u1
u2
u3


L

− (d̄1, d̄2, d̄3)RMd

d1
d2
d3


L

+ h.c. , (1.32)

where Mu,d are the quark mass matrices, or Yukawa matrices, given by yu,dij times
v/
√

2. The eigenstates of such matrices are the physical quark fields. The diagonal-
ization can be achieved by two unitary transformations applied to the Mu,d matrices,
which can be also seen as a transformation UL,R applied to the quark vectors. For
the up type quarks one can writeu1

u2
u3


L,R

= UL,R

uc
t


L,R

, (1.33)

and similarly for the down-type quarks. UL,R are unitary transformations. The trans-
formed matrices are diagonal and the eigenvalues are the quark masses. Moreover,
the Higgs boson coupling to quarks is found to be

hq̄q : yq√
2

= mq

v
, (1.34)

without any flavour-changing couplings. Thus, we can conclude also for quarks
that their coupling to the Higgs boson is proportional to their physical mass. This
property determines the Higgs boson decay modes in the SM.

Due to the nature of the Yukawa coupling, the dominant production mechanism
for a SM Higgs boson involves the W and Z vector bosons, and third generation
fermions.

As already mentioned, the Higgs boson does not couple directly to particles
with zero weak hypercharge such as the photon or gluons. However, such coupling
can be loop-induced by considering either W bosons or top quarks, respectively.
In proton-proton collisions at the TeV scale, such as the ones produced at the
Large Hadron Collider, the dominant production mode of the Higgs boson is the
gluon-gluon fusion (ggF) process. This is due to the composite nature of the proton,
which is described by parton-density functions (cf. Section 1.2); at the LHC energy,
proton appear to be made mostly of gluons, thus the cross-section of the ggF process
is enhanced. The second-leading Higgs boson production mode is the vector boson
fusion (V BF ), followed by the associated production with a vector boson (V H). A
lower cross-section characterizes the associated production of either a single or a
pair of top quarks (tH, ttH).

Cross-sections as a function of the centre-of-mass energy (
√
s) of proton-proton

collisions are presented in Figure 1.3(a), assuming mH = 125 GeV.
An overview of the branching fraction of a SM Higgs boson with mass in the

range [120, 130] GeV is presented in Figure 1.3(b), instead. The main decay mode is
in a bb̄ pair, followed by a WW ∗ one. The third decay mode is in a pair of gluons
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shower simulations, as well as uncertainties due to hadronisation and parton-shower events.
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Figure 11.2: (Left) The SM Higgs boson production cross sections as a function of the center of
mass energy,

Ô
s, for pp collisions [45]. The VBF process is indicated here as qqH. The theoretical

uncertainties are indicated as bands. (Right) The branching ratios for the main decays of the SM
Higgs boson near mH = 125GeV [43,44]. The theoretical uncertainties are indicated as bands.

Table 11.2: The SM Higgs boson production cross sections for mH =
125 GeV in pp collisions (pp̄ collisions at

Ô
s = 1.96 TeV for the Tevatron),

as a function of the center of mass energy,
Ô
s. The predictions for the LHC

energies are taken from Refs. [41–44], the ones for the Tevatron energy are
from Ref. [46]. The predictions for the ggF channel at the LHC include the
latest N3LO results leading to reduced theoretical uncertainties by a factor
around 2 compared to the NNLO+NLL results. The total uncertainties are
estimated assuming no correlations between –S and PDF uncertainties.

Ô
s Production cross section (in pb) for mH = 125 GeV

(TeV)
ggF VBF WH ZH tt̄H total

1.96 0.95+17%
≠17% 0.065+8%

≠7% 0.13+8%
≠8% 0.079+8%

≠8% 0.004+10%
≠10% 1.23

7 16.9+4.4%
≠7.0% 1.24+2.1%

≠2.1% 0.58+2.2%
≠2.3% 0.34+3.1%

≠3.0% 0.09+5.6%
≠10.2% 19.1

8 21.4+4.4%
≠6.9% 1.60+2.3%

≠2.1% 0.70+2.1%
≠2.2% 0.42+3.4%

≠2.9% 0.13+5.9%
≠10.1% 24.2

13 48.6+4.6%
≠6.7% 3.78+2.2%

≠2.2% 1.37+2.6%
≠2.6% 0.88+4.1%

≠3.5% 0.50+6.8%
≠9.9% 55.1

14 54.7+4.6%
≠6.7% 4.28+2.2%

≠2.2% 1.51+1.9%
≠2.0% 0.99+4.1%

≠3.7% 0.60+6.9%
≠9.8% 62.1

Table 11.2 summarises the Higgs boson production cross sections and relative uncertainties for
a Higgs boson mass of 125 GeV, for

Ô
s = 7, 8, 13 and 14 TeV. The Higgs boson production cross

sections in pp̄ collisions at
Ô
s = 1.96 TeV for the Tevatron are obtained from Ref. [46].
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(b)

Figure 1.3. Standard Model Higgs boson production cross section, as a function of the
center-of-mass energy of pp collisions (a), and Higgs boson branching fraction (b), as a
function of its mass in the range [120, 130] GeV. Figures adapted from Ref. [10].

which, as already mentioned, happens via a top-quark loop. The ZZ∗ → 4`, γγ and
WW ∗ → `ν`ν final states are the so called golden-channel, and were exploited by the
ATLAS and CMS collaborations to achieve the discovery in 2012 of a boson with a
mass of 125 GeV [2, 3], compatible with the one predicted by the Brout-Englert-Higgs
mechanism. A summary of recent Higgs sector results are presented in Section 1.3.1.

1.2 Phenomenology of particle collisions
At the LHC protons are accelerated and collided in bunches. Further details on on the
experimental side are provided in Chapter 2, while in this Section the phenomenology
of hadron-hadron collisions is described. An example of the production of a Z boson
in association with one parton, in proton-proton collision, is presented in Figure 1.4.

As described by the factorisation theorem [11], collisions happen between different
proton constituents, the partons, which are either quarks or gluons, or with much
lower probabilities photons [12] or even leptons [13]. Partons carry only a fraction
of the total proton momentum, xi, thus a partonic centre-of-mass energy is defined
as
√
ŝ = √sx1x2. The non-interacting components of the two protons are called

spectator partons, and lead to minor energy deposits in the detector, referred to as
underlying event. Quarks and gluons produced in the hard interaction are accelerated,
and as electrically charged particles do, they emit multiple QCD radiation in a
showering process. In such phenomenon the energy of each parton is split among
an increasing number of other elementary particles. At energies of the order of
the ΛQCD constant, pole of the QCD running coupling (ΛQCD ' 0.2 ÷ 0.3 GeV),
bounding potentials between coloured partons intervene, and unstable and stable
hadrons are formed through the hadronisation process. Free coloured particles are
in fact not observed in nature. Such a property of the strong interactions goes under



1.2 Phenomenology of particle collisions 11

  

Figure 1.4. Representation of the production of a Z boson in association with one parton
in pp collision. More details are provided in the text. Credits to Stephen Jiggins.

the name of colour confinement, and lead to the formation of hadronic jets in the
final states. These are collimated sprays of charged and neutral hadrons produced
in the parton showering, called jets.

Jet sequential recombination algorithms are defined to cluster the produced
particles into a single object, the jet, which is a proxy of the parton produced in the
hard-scattering interaction. In this thesis the kt [14] and anti-kt [15] algorithms are
adopted. For each constituent considered in the jet clustering process, the distance
with another constituent, dij , and with respect to the beam (B) are evaluated as

dij = min
(
k2p
T,i, k

2p
T,j

) ∆R2
ij

R2 , (1.35a)

diB = k2p
T,i . (1.35b)

kT,i corresponds to the transverse (with respect to the beam direction) momentum
of the constituent i, R is a parameter of the algorithm, and ∆R is a Lorentz in-
variant angular distance between two different constituents (cf. Section 2.2). In
the algorithm, the two distances are evaluated and compared: if the smallest of the
two is dij then the two constituents are clustered together to form a single object,
and their four momenta are combined. If diB < dij , the input i is considered as
a jet, and removed from the ones available for the clustering. The value of the
parameter p determines the type of algorithm: the kt algorithm corresponds to
the choice p = 1. In this case, soft particles are clustered first. For p = −1 the
anti-kt one is obtained. This is the standard choice of LHC experiments, since in
this case jets are identified by the hardest emissions in the event, and a significantly
lower dependency on the products of additional collisions, overlapping with the hard
scatter interaction, is achieved. In fact, additional partons, and thus stable hadrons,
can be produced either in multi-parton interaction between the same pair of colliding
protons, or between different protons. Such phenomenon, later referred to as pileup,
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is due to the fact that, as explained in more detail in Section 2.1, protons at the
LHC are accelerated in bunches, thus there is non-zero probability to have multiple
interactions in a single bunch-bunch collision.

Hard-scattering cross-sections calculation. The already mentioned factori-
sation theorem states that in such a collision the various processes happen at different
energy scales, thus the interaction cross-section can be written as

dσpp→m =
∑
i,j

∫ 1

0
dxi

∫ 1

0
dxj

∫
dφmfi/p1(xi, µ2

F)fj/p2(xj , µ2
F) dσ̂ij→m
dxidxjdφm

. (1.36)

The sum is performed over all the constituents of the proton which may initiate
the hard scattering process. The functions fi/p(xi, µF) are called parton density
functions (PDF), and describe the fraction of proton momentum, xi, carried by a
parton i, when the protons p1,2 are probed at an energy scale µF. This is also called
factorization scale and is introduced to regularise UV divergences which appear in
partonic cross-section calculations beyond the LO into a re-definition of the PDF.
The factorization scale is usually chosen to be equal to the energy scale of the process
being evaluated, usually referred to as Q, since in the hard-scattering cross-section
calculations terms of the form ln (µF/Q) arise. Such choice is made to not spoil the
convergence of the perturbative series, and avoids the appearing of large logarithms
in the calculations. PDFs are non perturbative functions, and their evolution as a
function of the energy scale Q = µF is provided by the DGLAP equation [16, 17,
18]. The form of PDF is determined experimentally in deep-inelastic-scattering, jets
production and Drell Yan events [19, 20].

The partonic cross-section, indicated by dσ̂ij→m/dxidxjdφm is calculated in
perturbation theory in QFT by squaring the matrix element term. Divergent con-
tributions appearing in the calculations beyond the leading order (LO) can be
controlled via the renormalization procedure, which consists in a redefinition of the
strong coupling constant, αs, to keep the predictions finite. In this procedure, the
renormalization scale previously introduced (µR) arises, and it can be varied when
modelling such calculation in Monte Carlo simulations to derive an uncertainty on
the predicted cross-section. In general, differential cross-sections are finite only if
calculated with respect to infrared-safe observables, i.e. that are insensitive to the
emission of additional soft (pemiss. → 0) or collinear (θemiss. → 0) radiation from the
outgoing partons. Observable quantities built using an infrared-safe definition of
hadronic jets are, by construction, IR safe.

Event simulation. SM predictions compared to data are frequently obtained
via Monte Carlo simulations, which allow to implement the picture presented in
Figure 1.4. Different algorithms are adopted to calculate the matrix elements (ME),
to perform the parton showering, to model the effect of the underlying event and
the hadronization process. ME generators are able to describe with high accuracy
the hard-scattering process, even if accompanied by few hard QCD emissions. To
better describe multiple emissions parton shower (PS) algorithms are adopted. These
describe such emissions in the soft and collinear approximations, which is the regime
that dominates the cross-section. An optimal description of the events is achieved by



1.3 State-of-the-art Standard Model measurements 13

matching the predictions provided by ME generators and PS algorithms in multijet
merged calculations. A comprehensive overview of the methods commonly adopted
to model LHC physics is presented in Ref. [21].

1.3 State-of-the-art Standard Model measurements

The success of the SM in predicting interaction cross-sections is highlighted in Figure
1.5. It shows a comparison between measurements performed with the ATLAS
experiment at Large Hadron Collider (cf. Chapter 2) and the theory predictions
of a multitude of phenomena spanning the QCD, electroweak and Higgs sectors.
Measurements have been performed at various centre-of-mass energies, and span over
10 orders of magnitude, as can be seen from the horizontal axis. Measured values
are in good agreement in all sectors with state-of-the-art theoretical predictions,
most of which are obtained at NLO or higher perturbative accuracy. Recent results
related to the Higgs sector are presented in the next Section.
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Figure 1.5. Summary of Standard Model cross-sections measured by the ATLAS collab-
oration in pp collisions at different

√
s values. On the left the measured values of the

cross-sections are compared to the state-of-the-art theoretical predictions. In the right
pad the ratio to theory predictions is reported, while references to the measurements
shown are given in the right-most column. Figure from Ref. [22].
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1.3.1 Higgs sector

As already mentioned, the first observation of the Higgs boson was achieved by the
ATLAS and CMS experiments in γγ and ZZ∗ → 4` final states. After that, spin
and CP measurements were performed to confirm that the observed particle was in
agreement with the scalar boson predicted by the SM [23].

Moreover, LHC data collected between the 2015 and 2018 at
√
s = 13 TeV allowed

to observe the Higgs boson coupling to vector bosons and third generation quarks.
Couplings to τ -leptons [24, 25], top quark in tt̄H production mode [26, 27], and
bottom quark in H → bb̄ decays [28, 29] were observed by both the ATLAS and
CMS experiments. The latter decay mode is object of this thesis. To enhance the
sensitivity to such a process, the associated production of the Higgs boson with
a leptonically-decaying vector boson (V H) is exploited. Though the cross-section
of such a process is much lower than the gluon-gluon fusion one, it allows to tag
the events due to the presence of either a large amount of missing energy from
the Z → νν̄ decay, or of electron or muons from the W/Z bosons. The V H(→ bb̄)
process is further discussed in Chapter 5 of this thesis.

First- and second-generation fermions are characterised by significantly lower
couplings due to the nature of the Yukawa interaction. Evidence for the H → µ−µ+

decay has been reported recently by the CMS collaboration in Ref. [30], with
a rejection of the background-only hypothesis of 3σ (2.5σ expected). A similar
result was achieved by the ATLAS collaboration, reported in Ref. [31], though the
background only hypothesis is rejected with a significance of 2σ (1.7σ expected),
thus more data are needed to declare evidence for such a process.

Direct constraints on the coupling between c quarks and the Higgs boson have
been recently updated by the ATLAS collaboration [32]. To achieve a large sensitivity
to the H → cc̄ decay, the V (→ leptons)H production mode is exploited, since it
allows to strongly suppress the QCD background and tag the production of the
Higgs boson via the leptonic decay of the associated vector boson. The analysis is
performed in a similar way to the V H(→ bb̄) one, described in this thesis in Chapter
5. The combined upper limit at 95% confidence level (CL) on the cross-section for
the V H → cc̄ process is of 26 (31 expected) times the Standard Model.

A summary of the couplings of the Higgs boson to SM particles, including gauge
bosons, measured by the ATLAS collaboration [33] is presented in Figure 1.6.

Couplings are parameterized in the so-called κ-framework [34], in terms of SM
expected value times a strength modifier. These are defined for each Higgs boson
production and decay mode as κ2

j = σj/σ
SM
j and κ2

j = Γj/ΓSM
j , where Γj is the partial

decay width of the Higgs boson in the channel j. Such coupling modifiers impact also
the total decay width of the Higgs boson. To this quantity, also undetectable final
states, such decays to first-generation quarks and the H → ZZ∗ → νν̄νν̄ process
contribute.

After the observation of the Higgs boson couplings to SM particles, the focus
shifted on the cross-section measurements, which are reported either in fiducial
volumes or in the simplified template cross-sections framework (STXS) [35, 36]. The
latter is presented in the next Section, while a first fiducial cross-section measurement
of the V H(→ bb̄) process is presented in in Chapter 5 of this thesis. Both kinds of
measurements allow to test the Standard Model by comparing to state-of-the-art
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Figure 1.6. Higgs boson couplings to SM particles, as measured by the ATLAS collaboration.
The vacuum expectation value of the Higgs field is taken to be v = 246 GeV. Public plot
of the ATLAS Higgs group.

calculations. STXS measurements allow also to set limits on the parameters of the
Standard Model Effective Field Theory (SMEFT) framework [35].

Invisible decays of the Higgs boson allow to speculate on beyond the Standard
Model effects. The SM expected branching fraction Binv. is of the order of ∼ 0.1%,
thus any deviation from such value would imply new physics phenomena. The
production of long-lived particles in exotic decays of the Higgs boson is discussed
in Section 1.7. The most sensitive topology to the H → inv. decay is provided by
the vector-boson-fusion production mode, and the latest ATLAS analysis [37] of
these events reached Binv. < 13% at 95% CL. A combination of this result with
the one obtained in tt̄H topology [38, 39] and Run 1 results [40], reported in Ref.
[41], allowed to exclude invisible branching fractions above 11% at 95% CL. An
upper limit at the same CL value Binv. < 34% is set by the ATLAS monojet analysis
presented in this thesis in Chapter 4.

Simplified template cross-sections

In the STXS framework, signal templates are built in fiducial volumes defined by
means of a minimal number of particle-level selections focused on the production of
the Higgs boson. These allow to measure the cross-section values in mutual exclusive
phase spaces, and combine different decay modes in a straightforward way.

A set of STXS bins are identified such that the theoretical uncertainties associated
to the predictions are minimized, and that possible BSM effects, like enhancements
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of the cross-sections at high transverse momentum which can be parameterized in
the SMEFT framework, can be easily isolated. A re-interpretation of the results is
made possible since in addition to the cross-section measurement, the correlations
between different STXS bins is usually provided.

Typically, the analyses separate the events in orthogonal categories based on
the signal to background ratio, as for example the V H(→ bb̄) analysis, discussed
in Chapter 5 of this thesis, does in different pT(V ) bins. STXS bins are defined in
a similar way, such that reconstruction-level categories adopted to maximise the
sensitivity to the signal can be kept.

As already mentioned, signal templates of each category are defined by particle-
level selections. The definition of the physics objects is harmonized among the
different production modes, and the Higgs boson is considered to be a final state
particle for these definitions. Since ATLAS and CMS are limited by the respective
inner detector (ID) acceptances (cf. Section 2.2.1 for details on the ATLAS ID),
a rapidity cut on H, |yH | < 2.5, is applied. No rapidity or minimum pT cuts are
applied to the leptons. In the reconstruction of pT (H), photons in a ∆R < 0.1 of
the leptons are clustered together with them, to take into account the possible QED
radiation. Moreover, all τ -lepton decay modes are considered in the final states.
Candidates are built from the sum of all their decay products. Particle-level jets
are reconstructed applying the anti-kt algorithm with R = 0.4 on all stable particles
(cτ > 10 mm) excluding Higgs boson and vector boson decay products. No rapidity
cut is applied, but jets are defined with a minimum pT of 30 GeV.

Consecutive stages are defined in the STXS framework, which foresee an increased
granularity of the categories based on cuts on the pT of the Higgs boson, or on the
particle-level jet multiplicity. The number of categories depends on two aspects: the
sensitivity of the analyses which can provide such a measurement, and the amount of
available data. STXS stage 0 is almost equivalent to a signal strength measurement
in inclusive bins. For the V H production mode, in stage 0 three bins are defined:
qq′ →WH, qq̄ → ZH and gg → ZH. However, the separation between the quark-
and gluon-initiated ZH process is not performed since the available statistics is not
enough to discriminate between the two processes. Furthermore, to avoid ambiguous
definitions of the categories which could arise when considering higher perturbative
orders, the leptonic decay of the vector boson is explicitly required. The V H process
with an hadronic decay of the vector boson is considered part of the V BF production
mode, while the gg → Z(→ had.)H process is part of the ggF category.

Stage 1 of the STXS scheme, presented in Figure 1.7 for the V H production
mode, is the target of LHC Run 2 analyses, modulo the possibility to merge some
of the bins if the sensitivity is not large enough. These are indicated by the (+)
symbol in the figure.

Latest ATLAS V H(→ bb̄) measurements adopted a slightly modified scheme, as
discussed in Ref [42], since the available data statistics did not allow to resolve all
the categories. In particular, the gg → ZH and qq → ZH processes are merged,
and no splitting in jet multiplicity is done.
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Fig. III.9: Stage 1 binning for associated production with vector bosons.

Note that qq̄ æ V H production with a hadronically decaying V boson is considered part
of VBF production. Similarly, gg æ V H production with hadronically decaying V boson is
considered part of gluon fusion production.

3.4.3.1 Stage 0
Inclusive associated production with vector bosons cross section within |YH | < 2.5. Should the
measurements start to have acceptance beyond 2.5, an additional bin for |YH | > 2.5 can be
included.

3.4.3.2 Stage 1
Stage 1 refines the binning for |YH | < 2.5. The stage 1 binning is depicted in Fig. III.9 and
summarized as follows:

– V H production is first split into the production via a qq̄ or gg initial state. This split
becomes ambiguous at higher order. For practical purposes, on the experimental side the
split can be defined according to the MC samples used in the analyses, which are split by
qq̄ and gg.

– The production via qq̄ æ V H is split according to the vector boson: W æ ¸‹ and
Z æ ¸¸ + ‹‹̄.

– W æ ¸‹ and Z æ ¸¸ + ‹‹̄ are split further into bins of pVT , aligned with the quantity
used in the H æ bb̄ analysis, which is one of the main contributors to the V H bins.

� pVT < 150 GeV receives contributions from the bosonic decay channels and from
H æ bb̄ with W æ ¸‹ and Z æ ¸¸, which do not rely on Emiss

T triggers.

52

Figure 1.7. STXS stage 1 for the V H production mode. Figure adapted from Ref. [36].

1.4 Limitations of the Standard Model
Despite its success, the SM lacks an explanation for multiple phenomena, such as
the masses of neutrinos [43], the strong CP problem [44], the hierarchy problem,
and most importantly for this thesis, the nature of dark matter (DM). The latter is
discussed in the next Section, while the hierarchy problem is briefly discussed below,
since it can be solved in an elegant way by the supersymmetry theory, an extension
of the SM, which provides also candidate DM particles.

The hierarchy problem is related to the value of the Higgs boson mass. Being a
scalar particle, such quantity can receive very large radiative corrections, indicated
by ∆mh, from all the SM particles which couple to it when considering beyond LO
effects. In fact, such corrections are of the form

∆m2
h = λf

16π2

(
2Λ2 +O

[
m2
f ln Λ

mf

])
, (1.37)

where λf is the Yukawa coupling of the fermions, mf their mass and Λ is an arbitrary
large scale up to which the SM is assumed to be valid. If new phenomena are not
present up to the Planck scale2 (O(1019GeV)), at which quantum gravitational
effects are expected to dominate with respect to other SM forces, to obtain the
measured Higgs boson mass large cancellations between different terms need to
arise in such radiative correction. This fine tuning of the SM parameters appears
innatural and could be solved by supersymmetry (SUSY) [46, 47].

2The Planck scale is defined as the equivalent energy of a Planck mass, EP = mP c
2, with mP

the Planck mass and c the speed of light. This latter quantity is the mass of a black-hole whose
Schwarzschild radius [45] is equal to its Compton wave length, λ = h/mc with h the Planck constant.
The Planck scale is therefore given by Λ =

√
h̄c5/G ∼ 1019 GeV, where h̄ = h/2π and G is the

Newton constant.
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Supersymmetry. The simplest extension of the SM is the Minimal Super-
symmetric Standard Model (MSSM) [48], which introduces for each SM fermion a
bosonic super-symmetric partner, and for each SM gauge boson, a corresponding
super-symmetric fermion. Due to the fact that in QFT fermionic and bosonic loops
are characterised by opposite sign, radiative corrections to the Higgs boson mass
would cancel in a natural way if both contributions are taken into account. Since no
super-symmetric partners of SM particles (also called sparticles) have been observed
so far, it is hypothesised that supersymmetry is broken but in a soft way, such that
sparticle masses differ of the order of the TeV with respect to SM ones. If this is not
the case, the radiative corrections to the Higgs boson mass would again be large.

The MSSM model includes three generations of sfermions and a set of gauginos.
Moreover, to give mass to both up- and down-type quarks, an extension of the SM
Higgs sector is needed, such that a total of five Higgs bosons (two charged and three
neutral) is needed. In the MSSM the gauginos fields mix and lead to four electrically
neutral fermions, the neutralinos χ̃1,2,3,4

0 , and two charginos χ±1,2 of different mass.
The heavier chargino can decay into the lighter one via the emission of a Z boson,
or to a neutralino via the emission of a W± boson.

The interactions introduced by the MSSM should not violate the conservation of
the baryon and lepton numbers, which is observed in several experiments looking
for proton and µ → eγ decays. For this reason a new symmetry which forbids
such couplings is introduced, the R-parity. For each quantum field this is given
by R = (−1)3(B−L)+2s, where s is the spin of the particle, and B and L are their
baryonic and leptonic numbers, respectively. All SM particles have R = 1, while
supersymmetric particles have R = −1. In the MSSM the R-parity is conserved,
thus the lightest neutralino is a stable particle, and supersymmetric decay chains
lead to their production. As presented in the next Section, such particle can be
interpreted as a dark matter particle candidate. Details on the models investigated
by the monojet analysis presented in Chapter 4 of this thesis are presented in Section
1.6.1.

1.5 The mystery of dark matter
As introduced in the previous section, currently the SM does not provide an ex-
planation for the nature of DM. Several astronomical observation hint in fact at
the existence in the Universe of a large amount of energy density which behaves
as ordinary matter, but does not interact with SM particles via neither the strong,
nor the electroweak forces. Only gravitational effects due to its presence have been
measured so far, thus no direct observation has been made, yet. A brief review
of experimental evidence for the existence of DM is presented in the next Section.
Further details are discussed in Ref. [49].

1.5.1 Experimental evidence of dark matter existence
Galaxy rotational curves. The first hint at the existence of DM dates back to
1932, when J. H. Oort measured via the Doppler shift of spectral lines the rotational
velocity of stars located in the Milky Way. His results [50] showed how the observed
amount of luminous matter, providing a gravitational field, was not enough to keep
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the stars on their orbit. Similar results were obtained on larger spatial scales from
the measurement of the rotational velocity of galaxies and cluster of galaxies [51,
52]. The expectation behaviour from classical mechanics, and the Gauss theorem, is
that matter located at a distance r from the galactic center has a rotational velocity
vrot. =

√
GM(r)/r, where G is the gravitational constant and M the mass included

in a sphere of radius r. Given astronomical observations of the luminous matter,
for large enough r the mass value should tend to a constant, thus the asymptotic
behavior of v(r) should go as 1/

√
r. This is in contrast with the experimental

observations presented in Figure 1.8, which show a roughly constant behavior for
v(r) in the asymptotic regime. Such behaviour can be explained by a constant mass
density ρ(r), an halo of dark matter in which the galaxies are immersed.

8 2. La Materia Oscura

In una prima fase quindi la velocità di rotazione dovrebbe crescere, per poi diminuire
come r≠1/2 una volta raggiunta l’estensione del nucleo della galassia nel quale è
contenuta la maggior parte della massa. Ciò non è compatibile con quanto osservato
e riportato in Figura 2.1, che mostra invece un andamento che tende a rimanere
costante.
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Fig. 6.—Superposition of all 21 Sc rotation curves. General form of rotation curves for small galaxies is similar to initial part of rotation 
curve for large galaxies, except that small galaxies often have shallower nuclear velocity gradient and tend to cover the low velocity range within 
the scatter at any R. 

typically lower than those of the large galaxies at the 
same R. Thus, small galaxies have lower values of Kmax 
then large galaxies for two reasons: (1) although they 
share common parts of the general Sc rotation curve, 
small galaxies do not extend to large R where the 
velocities are highest, and (2) within the scatter about 
the mean, the small galaxies occupy the low velocity 
range. These characteristics are shown in Figure 6, 
where we have superposed all of the rotation curves. 
The common form for all rotation curves, the rela- 
tively small spread in F at any R, and the propensity 
for the small galaxies to have lower V are apparent. 
The mean rotational velocity as a function of radius 
for all Sc galaxies in our sample is plotted with the 

solid line in Figure 7 and listed in the last column of 
Table 2. This we call the common Sc rotation curve. 

The astronomical literature abounds with rotation 
curves for Sc galaxies which deviate significantly from 
the common Sc rotation curve found here. Only in a 
few peculiar objects is this discrepancy probably real. 
In most cases, the rotational velocities come from 
plates of much lower dispersion than used here (often 
15 times lower), smaller spatial scale, and for galaxies 
of lower inclination, leading to a highly uncertain 
value for Fmax. Equally important, most published 
optical rotation curves extend only to small R (typi- 
cally ^ 10 kpc) and thus sample only the dynamics of 
the inner galaxy. Sc galaxies M51 and NGC 4321 both 

Fig. 7.—Rotational velocity as a function of radius for all 21 Sc galaxies. Solid curve is the mean rotational velocity at any given radius for all 
Sc galaxies ; the common Sc rotation curve. Dashed line is the solution to eq. (1) ; the mean of the two least square linear regressions of log Fmax 
(the maximum rotational velocity of a single galaxy) versus log Rf (the farthest measured velocity in that same galaxy) for all 21 Sc galaxies, i.e., 
the Tully-Fisher (1977) relation on a linear scale. This curve is replotted in the more familiar log R versus log Fmax form in Fig. 7. The similarity 
between the common Sc rotation curve and the Tully-Fisher relation is striking. 
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Figura 2.1. Andamento della velocità di rotazione di alcune galassie riportato nello studio
[12].

Per giustificare l’andamento osservato è necessaria la presenza di materia con una
densità fl(r) Ã 1

r2 . Si ipotizza quindi l’esistenza di un alone di Materia Oscura,
neutra che non emette radiazione e che si estende radialmente a distanze maggiori
di quelle tipiche di una galassia.

2.1.2 Fenomeno di gravitational lensing

Un’altra prova dell’esistenza nell’universo di una forma di materia non barionica è
data dallo studio del fenomeno del gravitational lensing descritto dalla teoria della
relatività di Einstein. Questa prevede che gli oggetti massivi curvino lo spazio in cui
sono immersi, deviando conseguentemente anche la luce; per osservare tale fenomeno
si cercano oggetti massivi relativamente vicini alla terra, tipicamente cluster di
galassie, dietro cui è presente un oggetto molto luminoso, come ad esempio una
galassia. Quello che si osserva sono degli anelli o parziali archi luminosi che sono
l’e�etto della lente gravitazionale, centrati attorno all’oggetto che è posto in primo
piano. Per verificare che questi siano diverse parti della stessa galassia è studiato il
redshift, che rappresenta lo spostamento Doppler della luce emessa da una galassia in
movimento relativo rispetto alla terra, e la luminosità di tali zone. In questo modo è
possibile stimare la massa del cluster che fa da lente, e confrontare il valore ottenuto
con quello stimato dall’emissione della materia luminosa.
In Figura 2.2 è riportata l’osservazione di un ammasso di galassie che presenta degli
archetti circolari dovuti all’e�etto di lente gravitazionale [13]. A destra è riportata
una ricostruzione della distribuzione di massa stimata tramite questo fenomeno: i
picchi sono relativi alle galassie presenti nell’ammasso, e sono sovrapposti ad un
fondo omogeneo che rappresenta l’alone di Materia Oscura in cui le galassie sono

Figure 1.8. Rotational velocities of stars as measured in different galaxies. Figure from
Ref. [51].

Strong gravitational lensing. Further experimental evidence for the existence
of DM is provided by the observation of strong gravitational lensing effects of highly
resolved source galaxies [53]. A detailed description of such phenomenon is presented
in Ref. [54]. The effect consists in the observation of luminous arcs, or even closed
rings, located around a foreground galaxy cluster and produced by the light of a
background galaxy. Such phenomenon can be explained by the fact that a large
amount of mass shapes the space-time around itself, thus light rays are deviated
from their original propagation direction. An example of strong gravitational lensing
is shown in Figure 1.9.

A detailed map of the mass distribution of the CL 0024+1654 cluster exploiting
gravitational lensing has been produced [55]. This result, matched to an image
produced by the Hubble Space Telescope, showed that visible stars are immersed in
an homogeneous amount of matter, which does not emit electromagnetic radiation,
hence dark. Similar effects were observed in other galaxy clusters. Such phenomenon
is in agreement with the hypothesis of the existence of a dark matter halo in which
galaxies are immersed.

The bullet cluster. Another experimental observation which proves the exis-
tence of DM is provided by the 1E0657-56 galaxy cluster, also called bullet cluster.
This name comes from the fact that X-ray observations show that a collision between
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Figure 1.9. Strong gravitational lensing effect from the SDSS J1152+3313 galaxy cluster.
The blue ringlet is the result of light emitted from a background galaxy and deviated by
the foreground one. Credits: ESA/Hubble, NASA, Judy Schmidt.

one larger galaxy cluster and a smaller bullet one happened. Results presented in
Ref. [56] compared such emission spectra with a mapping of the mass distribution,
obtained via the study of the gravitational lensing. In Figure 1.10(a) the X-ray
spectrum is presented. The cone observed for the smaller bullet cluster on the right
is the result of the emissions of baryonic matter, under the form of highly-energetic
gases.

2

Fig. 1.— Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657−558, with the white
bar indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours
in both panels are the weak lensing κ reconstruction with the outer contour level at κ = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the κ peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. The blue +s show
the location of the centers used to measure the masses of the plasma clouds in Table 2.

nated by collisionless dark matter, the potential will trace
the distribution of that component, which is expected
to be spatially coincident with the collisionless galax-
ies. Thus, by deriving a map of the gravitational po-
tential, one can discriminate between these possibilities.
We published an initial attempt at this using an archival
VLT image (Clowe et al. 2004); here we add three addi-
tional optical image sets which allows us to increase the
significance of the weak lensing results by more than a
factor of 3.

In this paper, we measure distances at the redshift of
the cluster, z = 0.296, by assuming an Ωm = 0.3, λ =
0.7, H0 = 70km/s/Mpc cosmology which results in 4.413
kpc/′′ plate-scale. None of the results of this paper are
dependent on this assumption; changing the assumed
cosmology will result in a change of the distances and
absolute masses measured, but the relative masses of
the various structures in each measurement remain un-
changed.

2. METHODOLOGY AND DATA

We construct a map of the gravitational poten-
tial using weak gravitational lensing (Mellier 1999;
Bartelmann & Schneider 2001), which measures the dis-
tortions of images of background galaxies caused by the
gravitational deflection of light by the cluster’s mass.
This deflection stretches the image of the galaxy pref-
erentially in the direction perpendicular to that of the
cluster’s center of mass. The imparted ellipticity is typi-
cally comparable to or smaller than that intrinsic to the
galaxy, and thus the distortion is only measurable statis-
tically with large numbers of background galaxies. To do
this measurement, we detect faint galaxies on deep op-
tical images and calculate an ellipticity from the second
moment of their surface brightness distribution, correct-
ing the ellipticity for smearing by the point spread func-
tion (corrections for both anisotropies and smearing are
obtained using an implementation of the KSB technique
(Kaiser et al. 1995) discussed in Clowe et al. (2006)).
The corrected ellipticities are a direct, but noisy, mea-
surement of the reduced shear g⃗ = γ⃗/(1 − κ). The shear
γ⃗ is the amount of anisotropic stretching of the galaxy
image. The convergence κ is the shape-independent in-
crease in the size of the galaxy image. In Newtonian

gravity, κ is equal to the surface mass density of the lens
divided by a scaling constant. In non-standard gravity
models, κ is no longer linearly related to the surface den-
sity but is instead a non-local function that scales as the
mass raised to a power less than one for a planar lens,
reaching the limit of one half for constant acceleration
(Mortlock & Turner 2001; Zhao et al. 2006). While one
can no longer directly obtain a map of the surface mass
density using the distribution of κ in non-standard grav-
ity models, the locations of the κ peaks, after adjusting
for the extended wings, correspond to the locations of
the surface mass density peaks.

Our goal is thus to obtain a map of κ. One can combine
derivatives of g⃗ to obtain (Schneider 1995; Kaiser 1995)

∇ ln(1−κ) =
1

1 − g2
1 − g2

2

(
1 + g1 g2

g2 1 − g1

) (
g1,1 + g2,2

g2,1 − g1,2

)
,

which is integrated over the data field and converted into
a two-dimensional map of κ. The observationally un-
constrained constant of integration, typically referred to
as the “mass-sheet degeneracy,” is effectively the true
mean of ln(1−κ) at the edge of the reconstruction. This
method does, however, systematically underestimate κ
in the cores of massive clusters. This results in a slight
increase to the centroiding errors of the peaks, and our
measurements of κ in the peaks of the components are
only lower bounds.

For 1E0657−558, we have accumulated an exception-
ally rich optical dataset, which we will use here to mea-
sure g⃗. It consists of the four sets of optical images shown
in Table 1 and the VLT image set used in Clowe et al.
(2004); the additional images significantly increase the
maximum resolution obtainable in the κ reconstructions
due to the increased number of background galaxies,
particularly in the area covered by the ACS images,
with which we measure the reduced shear. We reduce
each image set independently and create galaxy cata-
logs with 3 passband photometry. The one exception
is the single passband HST pointing of main cluster,
for which we measure colors from the Magellan images.
Because it is not feasible to measure redshifts for all
galaxies in the field, we select likely background galax-
ies using magnitude and color cuts (m814 > 22 and not
in the rhombus defined by 0.5 < m606 − m814 < 1.5,

(a)
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Fig. 1.— Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657−558, with the white
bar indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours
in both panels are the weak lensing κ reconstruction with the outer contour level at κ = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the κ peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. The blue +s show
the location of the centers used to measure the masses of the plasma clouds in Table 2.

nated by collisionless dark matter, the potential will trace
the distribution of that component, which is expected
to be spatially coincident with the collisionless galax-
ies. Thus, by deriving a map of the gravitational po-
tential, one can discriminate between these possibilities.
We published an initial attempt at this using an archival
VLT image (Clowe et al. 2004); here we add three addi-
tional optical image sets which allows us to increase the
significance of the weak lensing results by more than a
factor of 3.

In this paper, we measure distances at the redshift of
the cluster, z = 0.296, by assuming an Ωm = 0.3, λ =
0.7, H0 = 70km/s/Mpc cosmology which results in 4.413
kpc/′′ plate-scale. None of the results of this paper are
dependent on this assumption; changing the assumed
cosmology will result in a change of the distances and
absolute masses measured, but the relative masses of
the various structures in each measurement remain un-
changed.

2. METHODOLOGY AND DATA

We construct a map of the gravitational poten-
tial using weak gravitational lensing (Mellier 1999;
Bartelmann & Schneider 2001), which measures the dis-
tortions of images of background galaxies caused by the
gravitational deflection of light by the cluster’s mass.
This deflection stretches the image of the galaxy pref-
erentially in the direction perpendicular to that of the
cluster’s center of mass. The imparted ellipticity is typi-
cally comparable to or smaller than that intrinsic to the
galaxy, and thus the distortion is only measurable statis-
tically with large numbers of background galaxies. To do
this measurement, we detect faint galaxies on deep op-
tical images and calculate an ellipticity from the second
moment of their surface brightness distribution, correct-
ing the ellipticity for smearing by the point spread func-
tion (corrections for both anisotropies and smearing are
obtained using an implementation of the KSB technique
(Kaiser et al. 1995) discussed in Clowe et al. (2006)).
The corrected ellipticities are a direct, but noisy, mea-
surement of the reduced shear g⃗ = γ⃗/(1 − κ). The shear
γ⃗ is the amount of anisotropic stretching of the galaxy
image. The convergence κ is the shape-independent in-
crease in the size of the galaxy image. In Newtonian

gravity, κ is equal to the surface mass density of the lens
divided by a scaling constant. In non-standard gravity
models, κ is no longer linearly related to the surface den-
sity but is instead a non-local function that scales as the
mass raised to a power less than one for a planar lens,
reaching the limit of one half for constant acceleration
(Mortlock & Turner 2001; Zhao et al. 2006). While one
can no longer directly obtain a map of the surface mass
density using the distribution of κ in non-standard grav-
ity models, the locations of the κ peaks, after adjusting
for the extended wings, correspond to the locations of
the surface mass density peaks.

Our goal is thus to obtain a map of κ. One can combine
derivatives of g⃗ to obtain (Schneider 1995; Kaiser 1995)
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which is integrated over the data field and converted into
a two-dimensional map of κ. The observationally un-
constrained constant of integration, typically referred to
as the “mass-sheet degeneracy,” is effectively the true
mean of ln(1−κ) at the edge of the reconstruction. This
method does, however, systematically underestimate κ
in the cores of massive clusters. This results in a slight
increase to the centroiding errors of the peaks, and our
measurements of κ in the peaks of the components are
only lower bounds.

For 1E0657−558, we have accumulated an exception-
ally rich optical dataset, which we will use here to mea-
sure g⃗. It consists of the four sets of optical images shown
in Table 1 and the VLT image set used in Clowe et al.
(2004); the additional images significantly increase the
maximum resolution obtainable in the κ reconstructions
due to the increased number of background galaxies,
particularly in the area covered by the ACS images,
with which we measure the reduced shear. We reduce
each image set independently and create galaxy cata-
logs with 3 passband photometry. The one exception
is the single passband HST pointing of main cluster,
for which we measure colors from the Magellan images.
Because it is not feasible to measure redshifts for all
galaxies in the field, we select likely background galax-
ies using magnitude and color cuts (m814 > 22 and not
in the rhombus defined by 0.5 < m606 − m814 < 1.5,
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Figure 1.10. Observations of the 1E0657-56 galaxy clusters, in the X-ray (a) and visible
(b) spectrum, respectively. The green lines represent zones of same gravitational lensing
effect intensity. The white line in each figure represents a distance of 200 kpc. Figures
adapted from Ref. [56].

The shape and intensity of such emissions, also compared to the ones observed in
the larger cluster, is compatible with what expected from a collision. Figure 1.10(b)
shows, for the same clusters, the result of the gravitational lensing study. Matching
the two images it is possible to see how most of the mass content of the two galaxies
is displaced with respect to electromagnetic emissions. This hints at the fact that
the dark matter halos of the two galaxies interacted very weakly in the collision
event, and continued to move in the original directions.

Cosmic microwave background radiation. In 1965 A. Penzias and R. Wil-
son observed for the first time the radiation left over in the process of the formation of
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the Universe [57]. The cosmic microwave background radiation (CMB) [58] consists
in an almost homogeneous and isotropic source of low energetic photons at an energy
of the eV level. Its observation corroborated the hypothesis of the Big Bang, the
process from which the Universe originated.

A standard description of the evolution of the Universe is provided by the so called
ΛCDM model. This is built from the Einstein field equation [59], which links the
geometry of the space-time with the energy content of the Universe. This equation
includes a constant term, referred to as the cosmological constant Λ, introduced to
obtain a stationary solution for the Universe. This hypothesis was later found not
to be true by the discovery of the Hubble’s law [60]. However, such constant term is
actually one of the central parameters of the ΛCDM model, as described later in
this Section.

Under the hypothesis of an homogeneous and isotropic Universe [61], confirmed
by multiple astrophysical observations, the Einstein equation can be simplified, and
the Friedmann equations [62] obtained. The first Friedmann equation describes the
expansion rate of the Universe in terms of its total energy density (referred to as Ω),
including the Λ component, while the second one describes the evolution in time of
the energy density components.

Friedmann equations allow to project back in time the energy densities associated
to the matter, radiation and constant components, such that a picture of the
primordial Universe can be obtained as a function of a temperature parameter T .
This model leads to the conclusion that the large energy density of initial conditions
diluted due to the expansion of the Universe.

At the very beginning of the Universe, the energy scale is supposed to be above
the Planck one where quantum gravitational effects dominate. The dilution of
the energy density, due to the expansion of the Universe, led to the electroweak
symmetry era, which ended with the electroweak symmetry breaking at T ∼ 102 GeV.
At energies of the order of ΛQCD, quarks and gluons started to hadronize, while
with further expansion, at energies of the order of the electronvolt, electromagnetic
radiation (photons) and baryonic matter decoupled. The CMB is representative of
this latter stage, and allows to study the matter distribution of the Universe at such
epoch in time.

Later experimental observations of the CMB [63] reported that its spectrum
corresponds now to the emissions of a black-body with a temperature of ∼ 2.73 K.
Further observations identified in the CMB tiny fluctuations of the order of hundreds
of µK, as represented in Figure 1.11 as measured by the Planck collaboration [64].

Such fluctuations are related to the presence of gravity wells in the early era
of the Universe which allowed for the formation of structures of galaxies. To be
explained, the presence of a matter component which produced gravitational wells
is required. However, it is also required that such component decoupled from the
ordinary matter before the CMB era via a freeze out mechanism, described in the
next Section.

The fluctuations observed in the CMB temperature field map can be described
by the ΛCDM model and the cosmological parameters, such as the cosmological
energy densities, can be extracted. The temperature field reported in Figure 1.11
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Fig. 6. Planck CMB sky. The top panel shows the 2018 SMICA temperature map. The middle panel shows the polarization field
as rods of varying length superimposed on the temperature map, with both smoothed to 5�. This smoothing is done for visibility
purposes; the enlarged region presented in Fig. 7 shows that the Planck polarization map is still dominated by signal at much smaller
scales. Both CMB maps have been masked and inpainted in regions where residuals from foreground emission are expected to be
substantial. This mask, mostly around the Galactic plane, is delineated by a grey line in the full resolution temperature map. The
bottom panel shows the Planck lensing map (derived from r�, that is, the E mode of the lensing deflection angle), specifically a
minimum variance, Wiener filtered, map obtained from both temperature and polarization information; the unmasked area covers
80.7 % of the sky, which is larger than that used for cosmology.
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Figure 1.11. Temperature map, after the subtraction of backgrounds due to the emissions
of foreground galaxies (like the Milky way), of the CMB as measured by the Planck
collaboration. The colour scale represent the variation with respect to the mean value of
the measured temperature. Figure adapted from Ref. [64].

can be described by a series of spherical harmonics of the form

T (n̂) =
∑
`,m

a`mY`m(n̂), (1.38)

where n̂ indicates a direction in the sky, Y`m are the spherical harmonics functions,
and a`m are complex coefficients. The power spectrum is defined as the module
of the coefficient of the series reported in Equation 1.38, C` = 〈a`a∗` 〉. Under the
hypothesis of an isotropic Universe, the power spectrum is rotationally invariant
and can therefore be averaged over m, and studied as a function of the index l. In
Figure 1.12, the quantity DTTl = `(`+ 1)CTT` /2π is reported. The superscript TT
indicates that the the function is referred to the intensity of the CMB. The acoustic
oscillations of the primordial baryonic fluid result in such a peak structure. From the
global shape of the power spectrum it is possible to extract information on the total
matter component of the Universe. From an analysis of the location of the peaks (in
the variable `) and of their amplitude, the cosmological densities of different energy
components can be extracted. The various terms, ρx, are by convention reported
normalised to a critical density ρc, such that the total density Ω can be expressed as

Ω ≡
∑
x

ρx
ρc

=
∑
x

Ωx. (1.39)

The resulting values for the matter (m) and dark energy (Λ) density terms, reported
in Ref. [65], are

ΩΛh
2 = 0.3107± 0.0082 and Ωmh

2 = 0.1430± 0.0011, (1.40)

where h = H0/100 km s−1 Mpc−1 is the reduced Hubble constant. Other terms, such
as the energy density of radiation or neutrinos, are today a negligible component.
These results indicate that only 30% of the total energy component of the Universe
is associated with matter. This component can be further divided in baryonic and
non-baryonic ones, which are measured as

Ωch
2 = 0.1200± 0.0012 and Ωmh

2 = 0.02237± 0.00015, (1.41)
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

it is not possible to inter-calibrate the spectra to a precision of
better than 1 % without invoking a reference model. The fidu-
cial theoretical spectra CTh

` contained in CTh are derived from
the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:

adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent
estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
⇣
cEE

143

⌘
EE fit

=

0.966; and
⇣
cEE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣
cEE

100

⌘
TE fit

= 1.04,
⇣
cEE

143

⌘
TE fit

= 1.0, and
⇣
cEE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
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Figure 1.12. CMB intensity power spectrum, as measured by the Plank Collaboration.
Experimental data are fitted by the ΛCDM model described in the text. Figure adapted
from Ref. [65].

where the Ωc refers to the cold dark matter energy density, while Ωm refers to the
baryonic matter. These results indicate that only 18.6% of the matter component of
the universe is due to ordinary baryonic matter, while the rest is due to the presence
of relic dark matter.

1.5.2 Dark matter freeze out
The observed relic density of dark matter in the Universe is hypothesised to be the
result of a freeze out mechanism. Considering a stable and non-relativistic species of
DM particles χ, the evolution in time (t) of its number density n in an expanding
Universe can be described by the Boltzmann equation [66]

dn

dt
= −3Hn− 〈σv〉(n2 − n2

eq). (1.42)

H is the Hubble parameter (cf. Ref. [67]), which provides a measure of the Universe
expansion rate, 〈σv〉 is the thermal average of the product of the particle velocity
and the annihilation cross-section of DM particles into SM ones, and neq is the
particle number density at the thermal equilibrium. The time evolution of such
equation can be visualised in Figure 1.13, where the particle number density n is
reported as a function of the ratio between the DM particle mass m and its initial
density T .

In the early era of the Universe the energy density is such that T � m, thus
the production and annihilation rates exceed the expansion governed by H. In this
regime, the particle number density follows the expectation from the equilibrium
density. For values of T ≤ m the pair production of DM particles is suppressed, and
annihilation rate also is reduced, due to a decreased production rate of DM particles.
When this process ceases, the number of particles stops evolving [67] and a relic
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FIG. 1. Evolution of the cosmological WIMP abundance as a
function of x = m/T . Note that the y-axis spans 25 orders of
magnitude. The thick curves show the WIMP mass density,
normalized to the initial equilibrium number density, for
di↵erent choices of annihilation cross section h�vi and mass
m. Results for m = 100 GeV, are shown for weak interactions,
h�vi = 2 ⇥ 10�26 cm3s�1, (dashed red), electromagnetic
interactions, h�vi = 2⇥10�21 cm3s�1 (dot-dashed green), and
strong interactions, h�vi = 2 ⇥ 10�15 cm3s�1 (dotted blue).
For the weak cross section the thin dashed curves show the
WIMP mass dependence for m = 103 GeV (upper dashed
curve) and m = 1 GeV (lower dashed curve). The solid black
curve shows the evolution of the equilibrium abundance for
m = 100 GeV. This figure is an updated version of the figure
which first appeared in Steigman (1979) [11].

where n is the number density of �’s, a is the cosmological
scale factor, the Hubble parameter H = a�1da/dt
provides a measure of the universal expansion rate, and
h�vi is the thermally averaged annihilation rate factor
(“cross section”). For the most part we use natural
units with h̄ ⌘ c ⌘ k ⌘ 1. When � is extremely
relativistic (T � m), the equilibrium density neq =
3⇣(3)g�T 3/(4⇡2), where ⇣(3) ⇡ 1.202. In contrast, when
� is non-relativistic (T <⇠ m), its equilibrium abundance

is neq = g� (mT/(2⇡))
3/2

exp(�m/T ). If � could be
maintained in equilibrium, n = neq and its abundance
would decrease exponentially. However, when the �
abundance becomes very small, equilibrium can no longer
be maintained (the �’s are so rare they can’t find each
other to annihilate) and their abundance freezes out.
This process is described next.

We begin by referring to Fig. 1, where the evolution
of the mass density of WIMPs of mass m, normalized
to the initial equilibrium WIMP number density, is
shown as a function of x = m/T , which is a proxy for
“time”, for di↵erent values of h�vi. With this definition,
the final asymptotic value is proportional to the relic
abundance, as will be seen later. Later in this section

it is explained how this evolution is calculated, but first
we call attention to some important features. During
the early evolution when the WIMP is relativistic (T >⇠
m), the production and annihilation rates far exceed
the expansion rate and n = neq is a very accurate,
approximate solution to Eq. (1). It can be seen in Fig. 1
that, even for T <⇠ m, the actual WIMP number density
closely tracks the equilibrium number density (solid black
curve). As the Universe expands and cools and T drops
further below m, WIMP production is exponentially
suppressed, as is apparent from the rapid drop in neq.
Annihilations continue to take place at a lowered rate
because of the exponentially falling production rate. At
this point, equilibrium can no longer be maintained and,
n deviates from (exceeds) neq. However, even for T <⇠ m,
the annihilation rate is still very fast compared to the
expansion rate and n continues to decrease, but more
slowly than neq. For some value of T ⌧ m, WIMPs
become so rare that residual annihilations also cease and
their number in a comoving volume stops evolving (they
“freeze out”), leaving behind a thermal relic.

It is well known that weak-scale cross sections
naturally reproduce the correct relic abundance in the
Universe, whereas other stronger (or weaker) interactions
do not. This is a major motivation for WIMP dark
matter. Note that while for “high” masses (m >⇠ 10 GeV)
the relic abundance is insensitive to m, for lower
masses the relic abundance depends sensitively on mass,
increasing (for the same value of h�vi) by a factor of two.

There are two clearly separated regimes in this
evolution – “early” and “late”. The evolution
equation (Eq. (1)) can be solved analytically by di↵erent
approximations in these two regimes. During the
early evolution, when the actual abundance tracks the
equilibrium abundance very closely (n ⇡ neq), the rate
of departure from equilibrium, d(n � neq)/dt, is much
smaller than the rate of change of dneq/dt. In the late
phase, where n � neq, the equilibrium density neq may
be ignored compared to n and Eq. (1) may be integrated
directly. This strategy allows the evolution to be solved
analytically in each of the two regimes and then joined
at an intermediate matching point which we call x⇤.
Because the deviation from equilibrium, (n � neq), is
growing exponentially for x ⇡ x⇤, the value of x⇤ is
relatively insensitive (logarithmically sensitive) to the
choice of (n � neq)⇤.

Since the dynamics leading to freeze out occurs during
the early, radiation dominated (⇢ = ⇢R) evolution of the
Universe, it is useful to recast physical quantities in terms
of the cosmic background radiation photons. The total
radiation density may be written in terms of the photon
energy density (⇢�) as ⇢ = (g⇢/g�)⇢� where, g⇢ counts
the relativistic (m < T ) degrees of freedom contributing
to the energy density,
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Figure 1.13. Evolution of the DM particle number density as a function of x = m/T as de-
fined in the text. The black line indicates the equilibrium abundance formDM = 100 GeV.
Asymptotically it tends to different constant values based on different hypothesis on
the magnitude of the interaction cross-section σ, indicated by different colours. Figure
adapted from Ref. [67].

density of DM particles is left. The final value of such density is proportional to the
scale of the interaction cross-sections, and in particular it is found that weak-scale
ones match the observed cosmological DM density when considering particles with
masses in the GeV÷ TeV range.

1.6 Weakly Interacting Massive Particles
If dark matter is of particle nature, candidates must fulfill the constraints imposed
by the cosmological observation. These can be summarised in three points:

• candidates must be stable or long-lived, since it is supposed that DM was
produced in the early era of the Universe but its effects are observed still today;

• candidates must be neutral under all the SM forces, except for gravity;

• the mass and interaction cross-section of DM candidates must lead to a relic
density consistent with its measured value.

In the SM, except for neutrinos, there are no particles that satisfy such criteria.
Moreover, the observations hints at a cold dark matter, thus relativistic neutrinos
are also ruled out. Thus, new phenomena are required. Weakly Interacting Massive
Particles have been proposed to naturally satisfy these requirements. Assuming
interaction cross-sections of the order of electroweak processes, WIMPs are required
to have a mass in the GeV÷ TeV, thus are within the sensitivity region of several
different experiments. The searches for such particles are discussed below.
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1.6.1 WIMP searches
Three kind of searches, adopting different experimental techniques, are carried out
to look for the interaction of a WIMP (χ) with SM particles. Complementary
sensitivity to the scattering cross-section and WIMP masses are provided by the
different methods, which can be divided in:

• direct detection experiments, which assume a lepto-phobic χ SM → χ SM
scattering interaction, look for nuclear recoils of low-background experiments;

• indirect detection searches, which look for an excess of the production of
SM anti-particles or an excess of high energetic photons in χχ → SMSM
annihilation processes;

• collider searches, which hypothesise that high energy collisions of SM particles
allow to produce WIMP pairs in the final states; such particles do not interact
with the detector, thus a SM object is needed to tag the event in a SMSM→
χχ+ X process.

A brief overview of the direct and indirect searches is provided below. One
collider search for WIMPs is presented in this thesis in Chapter 4. The models
tested in such context are discussed in this Chapter.

Direct detection experiments

Direct detection (DD) experiments look for the recoil of SM particles caused by
elastic or inelastic scattering of WIMPs with them. To probe WIMPs with masses of
the order of GeV, nuclear recoils are targeted since provide the largest sensitivity. For
sub-GeV WIMPs, no detectable nuclear recoils are produced, but it is possible to look
at the excitation or ionization of the recoiling atom, caused by the WIMP-nucleus
interaction. In the following, only nuclear recoils (NR) are presented.

The motion of the Earth, and in general of the Solar System, within the Milky
Way, with an average velocity 〈v〉 ∼ 10−3 · c is expected to generate a flux of WIMPs.
In fact, the Milky Way is hypothesised to be immersed in an halo of DM particles
with a local density ρχ ∼ 0.3 GeV/cm3. The expected interaction rate of WIMPs
with a target is

R ' ρχ
mχ

N〈σχNv〉, (1.43)

where mχ is the WIMP mass, N is the number of nuclei in a target (N = mtar./mA,
with mA nuclear mass), and σχN the WIMP-nucleon interaction cross-section. The
differential cross-section with respect to the nuclear recoil energy [68] is given by

dσ(Enr)
dEnr

= mN

2〈v〉µ2

[
σSIF

2
SI(Enr) + σSDF

2
SD(Enr)

]
, (1.44)

where µ is the reduced mass of the WIMP-nucleus system. The total cross-section σ
of the new interaction can be divided in a component which is independent of the
total spin of the nucleus (SI), and and a dependent (SD) one. The former corresponds
to a scalar or vector effective four-fermion Lagrangian. The latter correspond to
a pseudo-scalar or axial-vector interaction. The functions FSI and FSD are form
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factors which take into account that at high energies the WIMP does not interact
with the entire nucleus coherently.

In SI interactions, the WIMP coupling is proportional to the square of the mass
number (A2). Thus, experiments looking for SI interactions adopt heavy nuclei as
targets, such as Ar, Ge or Xe. SD interactions foresee a coupling between WIMPs
and nuclei independent of the target mass, but proportional to the total spin content
of the nucleon (J). Since the cross-section depends explicitly on the expectation
value of the total spin operators for protons and neutrons [68], results are usually
quoted assuming that WIMPs couple to neutrons or protons only. For this purpose,
experiments targeting SD interactions adopt as target elements with an odd number
of protons (7Fe, 19F, 23Na, 127I) or neutrons (17O, 27Al, 29Si, 73Ge, 129/131Xe, 183W).

For masses of the WIMPs of the order of 10÷ 100 GeV, current experiments are
sensitive to WIMP-nucleon scattering cross-section of the order of 10−4 pb. Moreover,
the expected nuclear recoil in this mass range is of the order of tens of keV. Therefore,
high background suppression and very large targets are the key element of the DD
searches. The sensitivity is expected to increase for larger value of the masses due
higher energy recoils, but the expected WIMPs flux is suppressed as 1/mχ. At
lower WIMP masses the sensitivity drops due to the low recoil energy. For these
reasons, experiments are located in underground laboratories, and shielded against
the natural radiation of the rocks, and are built with radio-pure materials.

To identify nuclear recoils, different experimental techniques are usually adopted.
Detectors are often based either on cryogenic bolometers, to detect the phonons
produced in the scattering, or are designed to look for a signal in scintillation light
produced in liquid noble-gas detectors. Cryogenic systems are also adopted to detect
ionisation charges of scattered nuclei. Typically, two of such technologies are adopted
to discriminate in a better way potential signal candidates from background events.

Latest results from DD experiments for a SI WIMP-nucleon interaction are
reported in Figure 1.14. The most stringent results for mχ > 4 GeV are set by
the XENON1T experiment [69]. For lower values, the most current most stringent
results are provided by the DarkSide-50 [70], CDMSLite [71] and CRESST [72]
experiments.

The boundary to these kind of searches is given by the so called neutrino floor.
Neutrinos produced in nuclear reactions which take place in the Sun, or in the
interactions between cosmic rays and the Earth atmosphere, can in fact scatter
against the nuclei of the experiments targets, leading to background interactions
indistinguishable from the ones which might be due to WIMPs. To overcome such a
limitation, directional searches which are sensitive to the expected modulation of the
WIMP flux [74], induced by the Earth motion around the Sun, are being developed.
Results from such experiments are not discussed in this thesis, thus the reader is
referred to Ref. [75] for further details.

Indirect detection experiments

The annihilation of WIMP pairs into SM particles is the target process of indirect
detection (ID) searches for DM. In particular, what experiments look for is an excess
in the flux, as measured on earth, of anti-particles from different sources in the
Universe. In fact, it is hypothesised that WIMPs gravitationally captured by heavy



1.6 Weakly Interacting Massive Particles 27
18 27. Dark Matter

mass parameter space, above masses of 0.3 GeV.

Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

27.7 Astrophysical detection of dark matter
DM as a microscopic constituent can have measurable, macroscopic e�ects on astrophysical

systems. Indirect DM detection refers to the search for the annihilation or decay debris from DM
particles, resulting in detectable species, including especially gamma rays, neutrinos, and antimatter
particles. The production rate of such particles depends on (i) the annihilation (or decay) rate (ii)
the density of pairs (respectively, of individual particles) in the region of interest, and (iii) the
number of final-state particles produced in one annihilation (decay) event. In formulae, the rate
for production of a final state particle f per unit volume from DM annihilation can be cast as

≈A
f = c

fl2
DM

m2
DM

È‡vÍNA
f , (27.18)

where È‡vÍ indicates the thermally-averaged cross section for DM annihilation times relative velocity
[27], calculated at the appropriate temperature, flDM is the physical density of DM, and NA

f is the
number of final state particles f produced in one individual annihilation event. The constant c
depends on whether the DM is its on antiparticle, in which case c = 1/2, or if there is a mixture of
DM particles and antiparticles (in case there is no asymmetry, c = 1/4). The analog for decay is

≈D
f = flDM

mDM

1
·DM

ND
f , (27.19)

with the same conventions for the symbols, and where ·DM is the DM’s lifetime.
Gamma Rays: DM annihilation to virtually any final state produces gamma rays: emis-

sion processes include the dominant two-photon decay mode of neutral pions resulting from the
hadronization of strongly-interacting final states; final state radiation; and internal bremsshtralung,
the latter two including, possibly, the emission of massive gauge or Higgs bosons subsequently pro-
ducing photons via their decay products. Similarly, neutrinos are produced from charged pion

11th June, 2021 5:36pm

Figure 1.14. 90% CL limits on the SI WIMP-nucleon interaction cross-section, as a
function of the WIMP mass. Figure adapted from Ref. [73].

objects can interact as χχ→ e+e−, pp̄, νν̄, γγ. The expected flux is proportional
to the local density of DM, thus experiments look for signals from high density
environments such as the Sun and the center of various galaxies.

The final states involving two neutrinos or two photons are particularly interesting,
since low-velocity annihilations of WIMP pairs lead to nearly mono-energetic final
state particles [73]. Moreover, neutrinos in particular are a good candidate to search
for such processes. Indeed, these particles interact only weakly with the medium
they cross to reach the Earth, and therefore can be detected by special experiments
such as IceCube [76] or Super-Kamiokande [77]. Neutrinos can be also produced
in the decay of hadrons produced in the χχ→ qq̄ processes, trough the subsequent
decay chain of the final state hadrons. Energetic pairs of photons can be produced
in the decay of neutral pions, or emitted as final state radiation from other particles.
This signature is probed by the Fermi-LAT satellite [78], which targets fluxes of
photons produced in the center of the Milky Way, or in satellite galaxies.

The constraint on the WIMP pair annihilation cross-section times the particle
velocity, averaged over this latter quantity, obtained by the Fermi-LAT experiment
is presented in Figure 1.15(a) as a function of the WIMP mass. Results have been
obtained under different hypotheses which considering an annihilation of WIMP
pairs 100% of the times into a single SM particle specie. The plot shows the case in
which bb̄ pairs are considered, and values above the black line are excluded at 95%
CL.

Anti-particle fluxes are the target of the AMS-02 [79] and PAMELA [80] experi-
ments, but also investigated by the aforementioned Fermi-LAT. In particular, an
excess of high energetic positrons is observed by the three experiments, as reported
in Figure 1.15(b). This excess could be explained by annihilation of WIMPs pairs
with a mass of O(10 GeV). A similar excess in the flux of anti-protons has been
reported also by the AMS experiment [81] which might be consistent with the same
WIMP hypothesis. However several cosmological phenomena could also explain the
observed distributions, thus no statements on WIMPs observation can be made at
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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(a)

10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to
!250 GeV. This is not consistent with only the secondary
production of positrons [17]. The behavior above 250 GeV
will become more transparent with more statistics which
will also allow improved treatment of the systematics.

Table I (see also [13]) also presents the contribution of
individual sources to the systematic error for different bins
which are added in quadrature to arrive at the total system-
atic uncertainty. As seen, the total systematic error at the
highest energies is dominated by the uncertainty in the
magnitude of the charge confusion.

Most importantly, several independent analyses were
performed on the same data sample by different study
groups. Results of these analyses are consistent with those
presented in Fig. 5 and in Table I (see also [13]).

The observation of the positron fraction increase with
energy has been reported by earlier experiments: TS93
[18], Wizard/CAPRICE [19], HEAT [20], AMS-01 [21],
PAMELA [22], and Fermi-LAT [23]. The most recent
results are presented in Fig. 5 for comparison. The accu-
racy of AMS-02 and high statistics available enable the
reported AMS-02 positron fraction spectrum to be clearly
distinct from earlier work. The AMS-02 spectrum has the
unique resolution, statistics, and energy range to provide
accurate information on new phenomena.
The accuracy of the data (Table I and [13]) enables us to

investigate the properties of the positron fraction with
different models. We present here the results of comparing
our data with a minimal model, as an example. In this
model the eþ and e# fluxes,!eþ and!e# , respectively, are
parametrized as the sum of individual diffuse power law
spectra and the contribution of a single common source
of e$:

!eþ ¼ CeþE
#!eþ þ CsE

#!se#E=Es; (1)

!e# ¼ Ce#E
#!e# þ CsE

#!se#E=Es (2)

(with E in GeV), where the coefficients Ceþ and Ce#

correspond to relative weights of diffuse spectra for posi-
trons and electrons, respectively, and Cs to the weight of
the source spectrum; !eþ , !e# , and !s are the correspond-
ing spectral indices; and Es is a characteristic cutoff energy
for the source spectrum. With this parametrization the
positron fraction depends on five parameters. A fit to the
data in the energy range 1–350 GeV based on the number
of events in each bin yields a "2=d:f: ¼ 28:5=57 and the
following: !e# # !eþ ¼ #0:63$ 0:03, i.e., the diffuse
positron spectrum is softer, that is, less energetic with
increasing energy, than the diffuse electron spectrum;
!e# # !s ¼ 0:66$ 0:05, i.e., the source spectrum is
harder than the diffuse electron spectrum; Ceþ=Ce# ¼
0:091$ 0:001, i.e., the weight of the diffuse positron flux
amounts to !10% of that of the diffuse electron flux;
Cs=Ce# ¼ 0:0078$ 0:0012, i.e., the weight of the com-
mon source constitutes only !1% of that of the diffuse
electron flux; and 1=Es ¼ 0:0013$ 0:0007 GeV#1, corre-
sponding to a cutoff energy of 760þ1000

#280 GeV. The fit is
shown in Fig. 6 as a solid curve. The agreement between
the data and the model shows that the positron fraction
spectrum is consistent with e$ fluxes each of which is the
sum of its diffuse spectrum and a single common power
law source. No fine structures are observed in the data. The
excellent agreement of this model with the data indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
ranges from 0.8–350 GeV to 6.0–350 GeV does not change
the results nor the fit quality. Furthermore, fitting the data
with the same model extended to include different solar
modulation effects on positrons and electrons yields simi-
lar results. This study also shows that the slope of the
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Figure 1.15. (a) 95% CL upper limit on 〈σv〉 as a function of the WIMP mass, as obtained
by the Fermi-LAT experiment [78]. (b) Positron to electron plus positron rate as
measured by the AMS-02, Pamela and Fermi-LAT experiments, exhibiting an increasing
fraction at high energy. Figure adapted from Ref [79].

the moment.

Collider searches

WIMP searches carried out at particle colliders are based on the hypothesis that it
is possible to pair-produce them via a new mediator, which couples the SM and a
new dark sector of particles. Such final states would be undetectable unless they
are produced in association with one or more SM particles which allow to tag such
events. This signature is referred to as mono-X, and is characterised by a large
amount of missing energy, carried away by the non-interacting WIMPs. Exploiting
the fact that in the plane transverse to the beam the total initial momentum of
the collisions is zero, a powerful variable to look for such phenomena is the missing
transverse momentum, Emiss

T . At an hadron collider, the emission of QCD initial
state radiation (ISR) is favoured with respect to the emission of a photon, or the
production of a vector boson. Thus, monojet final states, with the jet produced
by the hadronisation of QCD ISR, are the golden channel to look for WIMPs at
colliders.

A possible approach to collider based WIMP searches is to describe the interac-
tion between SM particles and WIMPs via an effective field theory (EFT) [82]. This
approach is valid if the mass of the mediator is much larger than the energy scale
probed, thus it cannot be produced on-shell in the collisions. EFT interpretations
have been the main outcome of dark matter searches carried out in monojet final
states in proton-proton collisions during Run 1 of the LHC by the ATLAS and CMS
experiments [83, 84].

Simplified dark matter models. For the Run 2 of LHC, simplified DM models
which foresee the exchange of a spin 0 or spin 1 mediator between WIMP and SM
particles have been proposed [85]. Such models allow to study further the kinematics
of the WIMPs pair production process. The interactions foreseen by simplified DM
models should not violate neither the exact nor the accidental symmetries of the SM,
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like the conservation of the leptonic and baryonic number, otherwise the space of the
allowed parameters would be heavily constrained. Such constraints can be avoided
by imposing the Minimal Flavour Violation (MFV) requirement. This foresees that
the additional interactions in the quark sector respect the SM flavour symmetry,
or that any violation is associated with the quark Yukawa matrices, as for the SM
Higgs sector.

These models are referred to as simplified since depend on only few parameters,
the mass of the WIMPs (mχ), the mass of the new mediator (mmed), and the couplings
of this with SM (gSM) and WIMP particles (gχ), respectively. The mediators are
assumed to have the minimal decay width, Γ, that allows the decay to one species
of WIMP particle and to the SM particles to which they are coupled. Moreover, in
simplified models only one type of new interaction is considered at the time. The
masses of the WIMPs and of the new mediator are assumed to be generated in
a dark Brout-Englert-Higgs mechanism, which is not considered in the predicted
interactions with SM particles.

In the monojet analysis presented in Chapter 4 of this thesis, only the exchange
of a lepto-phobic mediator in the s-channel has been considered, thus gSM = gq. The
zero coupling to leptons is commonly introduced to evade the constraints imposed
by di-lepton searches.

In an s-channel interaction, the propagator can be expressed as [86]

1
Q2 −m2

med + iΓmmed
, (1.45)

where Q is the transferred momentum in the interaction. When the mediator is
produced on-shell, Q2 ' m2

med, the cross-section is enhanced, and considering the
narrow width approximation [87] (Γ � mmed) it scales as σ ∼ g2

qg
2
χ/Γ. In the

off-shell regime, Q2 � m2
med, the cross-section is suppressed, and scales simply as

the square of the couplings gq and gχ. In the case in which the mediator mass is
much larger than the energy scales probed, Q2 � mmed, the predictions converge to
the ones from the EFT approach, and the cross-section scales as 1/m4

med.
An overview of the models tested in the monojet analysis presented in this thesis

is given below.

Spin 0 mediators. The production of a pair of WIMPs via a spin 0 pseudo-
scalar mediator, a, is referred in the following as DMP model. The Lagrangian term
which describes the interaction can be written as [86]

La ⊃ −gχaiχ̄γ5χ−
ia√

2
∑
i

(
guy

u
i ūiγ5ui + gdy

d
i d̄iγ5di

)
, (1.46)

where the sum runs over the three generations of up- and down-type quarks, and
yfi =

√
2mf

i /v is the Yukawa coupling normalized to the Higgs vev (v). The Yukawa-
like interaction is required to satisfy the MFV constraint. The coupling constant
between the mediator and SM particles is scaled by the parameter gq, while gχ
parameterizes the interaction strength between the new mediator and DM particles.
For the benchmark models tested, both values of the couplings are set to unity. As
previously mentioned, the width of the mediator is fixed, given the decay into SM
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quarks and into the single WIMP particle species considered, and the couplings gq
and gχ. The minimal decay width for a scalar or pseudo-scalar mediator is reported
in Section 2.2. of Ref. [86].

Due to the presence of the Yukawa coupling, the dominant production mode of
such mediator is via a top-quark loop. Such property suppresses the sensitivity of
resonant searches, which would require two loops to produce dijet final states. The
leading order (LO) Feynman diagrams for the DMP model are reported in Figure
1.16. Simulated events have been produced for different value of the parameters
following the model described in Ref. [88], using Powheg [89] and Pythia 8.1 [90]
for the parton showering. Details on the signal samples adopted in the monojet
analysis presented in this thesis are given in Section 4.10.2 instead.
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Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

complex phenomenology with respect to what considered in this
Section (for a more complete discussion, see Refs. [BFG15; HR15]).
In the interest of simplicity, we do not study models including
those interactions in this report as early Run-2 benchmark models,
but we give an example of a model of this kind in Appendix A.4.

Relative to the vector and axial-vector models discussed above,
the scalar models are distinguished by the special consequences
of the MFV assumption: the very narrow width of the mediator
and its extreme sensitivity to which decays are kinematically avail-
able, and the loop-induced coupling to gluons. The interaction
Lagrangians are

Lf = gcfc̄c +
fp
2

Â
i

⇣
guyu

i ūiui + gdyd
i d̄idi + g`y`i ¯̀ i`i

⌘
, (2.6)

La = igcac̄g5c +
iap

2
Â

i

⇣
guyu

i ūig5ui + gdyd
i d̄ig5di+

g`y`i ¯̀ ig5`i

⌘
. (2.7)

where f and a are respectively the scalar and pseudoscalar media-
tors, and the Yukawa couplings y f

i are normalized to the Higgs vev

as y f
i =

p
2m f

i /v.
The couplings to fermions are proportional to the SM Higgs

couplings, yet one is still allowed to adjust an overall strength of the
coupling to charged leptons and the relative couplings of u- and d-
type quarks. As in the preceding sections, for the sake of simplicity
and straightforward comparison, we reduce the couplings to the
SM fermions to a single universal parameter gq ⌘ gu = gd = g`.
Unlike the vector and axial-vector models, the scalar mediators are
allowed to couple to leptons.4 4 This contribution plays no role

for most of the parameter space
considered. The choice to allow
lepton couplings follows Refs. [BFG15;
Har+15].

The relative discovery and exclusion power of each search can
be compared in this framework. However, we again emphasize the
importance of searching the full set of allowed channels in case vio-
lations of these simplifying assumptions lead to significant modifi-
cations of the decay rates that unexpectedly favor different channels
than the mix obtained under our assumptions. The coupling gc

parametrizes the entire dependence on the structure between the
mediator and the dark sector.

a
a
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Section (for a more complete discussion, see Refs. [BFG15; HR15]).
In the interest of simplicity, we do not study models including
those interactions in this report as early Run-2 benchmark models,
but we give an example of a model of this kind in Appendix A.4.

Relative to the vector and axial-vector models discussed above,
the scalar models are distinguished by the special consequences
of the MFV assumption: the very narrow width of the mediator
and its extreme sensitivity to which decays are kinematically avail-
able, and the loop-induced coupling to gluons. The interaction
Lagrangians are
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where f and a are respectively the scalar and pseudoscalar media-
tors, and the Yukawa couplings y f

i are normalized to the Higgs vev

as y f
i =

p
2m f
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The couplings to fermions are proportional to the SM Higgs

couplings, yet one is still allowed to adjust an overall strength of the
coupling to charged leptons and the relative couplings of u- and d-
type quarks. As in the preceding sections, for the sake of simplicity
and straightforward comparison, we reduce the couplings to the
SM fermions to a single universal parameter gq ⌘ gu = gd = g`.
Unlike the vector and axial-vector models, the scalar mediators are
allowed to couple to leptons.4 4 This contribution plays no role
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Har+15].

The relative discovery and exclusion power of each search can
be compared in this framework. However, we again emphasize the
importance of searching the full set of allowed channels in case vio-
lations of these simplifying assumptions lead to significant modifi-
cations of the decay rates that unexpectedly favor different channels
than the mix obtained under our assumptions. The coupling gc

parametrizes the entire dependence on the structure between the
mediator and the dark sector.
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Figure 1.16. Feynman diagrams representing WIMPs (χ) pair production via a spin 0
pseudo-scalar mediator (a) in association with QCD radiation, which allows to tag the
events in the final state of pp collisions. Figure adapted from Ref. [86].

In Figure 1.17 the distribution of the expected Emiss
T , defined in the transverse

plane with respect to the collisions axis as the negative vectorial sum of the momenta
of final state SM particles, is presented for various choices of the mass of WIMPs
(here referred to as mDM) in the case in which the mass of the mediator (mmed)
is fixed to 100 GeV. The distribution is obtained considering a scalar mediator,
but, as shown in Ref. [86], only a flat offset is observed in the Emiss

T distribution
when a scalar or pseudo-scalar mediator is considered. For a mediator mass of
300 GeV and mχ = 10 GeV, the cross-section obtained considering a pseudo-scalar is
a factor 3 larger. Such factor increases for growing mχ values. The hardness of the
spectrum also increases for larger mχ values, and saturates to a constant shape for
2mχ > mmed.

In Figure 1.18 a comparison of the Emiss
T distribution is presented for different

values of the mass of the mediator, fixing the mass of the WIMP to 10 GeV. No
significant differences in the kinematics are observed for mediators with a mass smaller
(300 GeV) or larger (500 GeV) than twice the mass of the top quark (∼ 350 GeV).

The constraints on the parameters of simplified dark matter models involving the
exchange of a pseudo-scalar mediator can be converted in limits on the annihilation
cross-section of WIMPs pairs into SM particles (〈σ · v〉), and compared to the results
obtained by the Fermi-LAT experiment. The annihilation rate is proportional to
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Figure 2.16: Scan over Dark Matter
mass. The /ET distribution is compared
for the scalar mediator models using
the parameters as indicated. Ratios
of the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.
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Figure 2.17: Scan over Dark Matter
mass. The /ET distribution is compared
for the scalar mediator models using
the parameters as indicated. Ratios
of the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.
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Figure 2.18: Scan over mediator mass.
The /ET distribution is compared for
the scalar mediator models using the
parameters as indicated. Ratios of
the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.
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Figure 2.19: Scan over mediator mass.
The /ET distribution is compared for
the scalar mediator models using the
parameters as indicated. Ratios of
the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.

Figure 1.17. Missing transverse momentum distribution for the DMP model for different
values of the WIMP mass (here referred to as mDM) fixing the mass of the mediator
at 100 GeV. On the right part, the ratios between the mediator decay width and mass
are reported, along with the inclusive fiducial cross-sections values obtained imposing a
truth Emiss

T cut at 300 and 500 GeV. Figure adapted from Ref. [86].
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Figure 2.16: Scan over Dark Matter
mass. The /ET distribution is compared
for the scalar mediator models using
the parameters as indicated. Ratios
of the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.

vector  = 100 GeVmedm
 = 1.45

SM
g

 = 1.45
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

vector  = 100 GeVmedm
 = 1.00

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

vector  = 100 GeVmedm
 = 0.50

SM
g

 = 0.50
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

vector  = 100 GeVmedm
 = 0.25

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

vector  = 1000 GeVmedm
 = 1.45

SM
g

 = 1.45
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

vector  = 1000 GeVmedm
 = 1.00

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

vector  = 1000 GeVmedm
 = 0.50

SM
g

 = 0.50
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

vector  = 1000 GeVmedm
 = 0.25

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

vector  = 5000 GeVmedm
 = 1.45

SM
g

 = 1.45
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

vector  = 5000 GeVmedm
 = 1.00

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

vector  = 5000 GeVmedm
 = 0.50

SM
g

 = 0.50
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

vector  = 5000 GeVmedm
 = 0.25

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

axial-vector  = 100 GeVmedm
 = 1.45

SM
g

 = 1.45
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

axial-vector  = 100 GeVmedm
 = 1.00

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

axial-vector  = 100 GeVmedm
 = 0.50

SM
g

 = 0.50
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

axial-vector  = 100 GeVmedm
 = 0.25

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

axial-vector  = 1000 GeVmedm
 = 1.45

SM
g

 = 1.45
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

axial-vector  = 1000 GeVmedm
 = 1.00

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

axial-vector  = 1000 GeVmedm
 = 0.50

SM
g

 = 0.50
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

axial-vector  = 5000 GeVmedm
 = 1.45

SM
g

 = 1.45
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

axial-vector  = 5000 GeVmedm
 = 1.00

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

axial-vector  = 5000 GeVmedm
 = 0.50

SM
g

 = 0.50
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

axial-vector  = 5000 GeVmedm
 = 0.25

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

400 600 800 1000 1200

 [
E

ve
n
ts

/G
e
V

]
Tm

is
s

d
N

 /
 d

E

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10
1

10

210

310

410

510

 [GeV]T
missE

400 600 800 1000 1200

0.5
1

1.5

10       0.037   8.0e+01   7.0e+00

30       0.020   4.5e+01   3.8e+00

100   <0.001   1.2e+00   1.5e-01

300   <0.001   5.3e-02   1.1e-02

1000 <0.001   3.2e-05   1.1e-05

scalar  = 100 GeVmedm
 = 1.00

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     DMm
[GeV]                    [fb]          [fb]

Figure 2.17: Scan over Dark Matter
mass. The /ET distribution is compared
for the scalar mediator models using
the parameters as indicated. Ratios
of the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.
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Figure 2.18: Scan over mediator mass.
The /ET distribution is compared for
the scalar mediator models using the
parameters as indicated. Ratios of
the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.
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Figure 2.19: Scan over mediator mass.
The /ET distribution is compared for
the scalar mediator models using the
parameters as indicated. Ratios of
the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.

Figure 1.18. Missing transverse momentum distribution for the DMP model for different
values of the mediator mass, fixing the WIMP mass (here referred to as mDM) at 10 GeV.
On the right part, the ratios between the decay width of the mediator and its mass
are reported, along with the inclusive fiducial cross-sections values obtained imposing a
truth Emiss

T cut at 300 and 500 GeV. Figure adapted from Ref. [86].

the quark masses squared, and is given by [91]
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 , (1.47)

with τ = 4m2
top-quark/m

2
a. The first term of the second line of the r.h.s. is referred to

the annihilation of WIMPs into quark pairs, while the second part to the annihilation
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into gluon pairs via a quarks loop.

Spin 1 mediators. A new vector or axial-vector mediator can be included in
the SM by considering an additional U(1)′ symmetry, under which the WIMP and
some of the SM particles are charged. The interaction Lagrangian of this model can
be written as [85]

LV,A ⊃ gχVµχ̄γµ
(
gVχ − gAχ γ5

)
χ+

∑
i

Vµq̄γ
µ
(
gVq − gAq γ5

)
q, (1.48)

where the sum runs over the three generation of SM quarks. In this formulation
both the vector and axial vector couplings have been included with the constants
are gVχ and gAχ , respectively. In the monojet analysis presented in this thesis the two
cases have been considered independently. The DMV model foresees the production
of a vector mediator, thus gAχ is set to 0. The production of an axial-vector mediator
instead is referred to as DMA model, and in this case gVχ is set to 0. As for the
spin-0 mediator, the decay width of the mediator is fixed by the allowed decays into
SM quarks, given its mass, and by the values of the couplings gq and gA,Vχ . The
minimal decay width are reported in Section 2.1 of Ref. [86]. The LO Feynman
diagram representing the production of a spin 1 mediator in association with QCD
ISR is reported in Figure 1.19.18 atlas+cms dark matter forum

V, A(Mmed)

q̄

q

c̄(mc)

c(mc)g

gq gDM

Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:

GV
min =

g2
c Mmed

12p

 
1 +

2m2
c

M2
med

!
bDMq(Mmed � 2mc) (2.3)

+ Â
q

3g2
qMmed

12p

 
1 +

2m2
q

M2
med

!
bqq(Mmed � 2mq),

GA
min =

g2
c Mmed

12p
b3

DMq(Mmed � 2mc) (2.4)

+ Â
q

3g2
qMmed

12p
b3

qq(Mmed � 2mq) .

q(x) denotes the Heaviside step function, and b f =

r
1 � 4m2

f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.

Figure 1.19. Feynman diagram representing WIMP (χ) pair production via a spin 1 vector
(V ) or axial-vector (A) mediator in association with QCD radiation. Figure adapted
from Ref. [86].

Unlike the DMP model, in the DMV/DMA ones the resonant production of the
new mediator with its subsequent decay back into SM particles is not suppressed.
For this reason, strong constraints on the parameter space are set by dijet searches.
This motivated the choice of gq = 0.25 as the benchmark value for LHC Run 2
searches. However, as it can be seen in Figure 1.20, the Emiss

T shape is unchanged
when either only gq, or gq and gχ are varied.

A comparison between the vector and axial-vector mediated interactions is
presented in Figure 1.21. The shape of the Emiss

T distribution is the same in the two
cases, but a flat offset as a function of Emiss

T , is observed. The difference in the total
cross-section between the two models becomes larger when increasing the mass of
the WIMP particles.

Limits on the parameters of simplified dark matter models involving a vector
or an axial-vector mediator can be translated into boundaries on the interaction
cross-section between WIMPs and nucleons. Under the assumption of the model
dependence given by the choice of the coupling constants, collider search results
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Figure 2.3: Scan over couplings. The
/ET distribution is compared for the
vector mediator models using the
parameters as indicated. Ratios of
the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote
the acceptance of the /ET > 300 GeV
and /ET > 500 GeV cut, respec-
tively. All figures in this Section have
been obtained using the model im-
plementation within the powheg
generator (v3359) [HKR13], interfaced
to pythia 8 [SMS08] for the parton
shower.

Based on similar findings for different choices of Mmed and mc,
we conclude that the shapes of kinematic distributions are not
altered by coupling variations, neither for the on-shell mediator
case where Mmed > 2mc, nor for the off-shell case where Mmed <

2mc. Only the production cross sections change. Differences in
kinematic distributions are expected only close to the transition
region between on-shell and off-shell mediators.

Special care needs to be taken when coupling strengths are com-
bined with extremely heavy mediators. Figure 2.4 suggests a change
in the shape of the /ET distribution for a Mmed = 5 TeV mediator
once Gmin/Mmed is of the order of a percent or lower.
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Figure 2.4: Comparison of the /ET
distributions from the D5 EFT sample
and the vector models with 5 TeV
heavy mediator of various widths.
Ratios of the normalized distributions
with respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.

Such heavy mediators, although inaccessible with early LHC
data, are interesting since they provide a good approximation for
benchmark EFT models. The observed difference among the sim-
plified models in the plot arises from the fact that the region of

Figure 1.20. Missing transverse momentum distribution for the DMV model for different
values of coupling parameters gq and gχ, fixing the WIMP (here referred to as DM) and
mediator masses at 10 GeV and 1 TeV, respectively. On the right part the ratios between
the decay width of the mediator and its mass are reported, along with the inclusive
fiducial cross-sections values obtained imposing a Emiss

T cut at 300 and 500 GeV. Figure
adapted from Ref. [86].

26 atlas+cms dark matter forum

vector  = 10 GeVDMm
 = 1.45

SM
g

 = 1.45
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     medm
[GeV]                    [fb]          [fb]

vector  = 10 GeVDMm
 = 1.00

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     medm
[GeV]                    [fb]          [fb]

vector  = 10 GeVDMm
 = 0.50

SM
g

 = 0.50
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     medm
[GeV]                    [fb]          [fb]

vector  = 10 GeVDMm
 = 0.25

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     medm
[GeV]                    [fb]          [fb]

vector  = 100 GeVDMm
 = 1.45

SM
g

 = 1.45
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     medm
[GeV]                    [fb]          [fb]

vector  = 100 GeVDMm
 = 1.00

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     medm
[GeV]                    [fb]          [fb]

vector  = 100 GeVDMm
 = 0.50

SM
g

 = 0.50
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     medm
[GeV]                    [fb]          [fb]

vector  = 100 GeVDMm
 = 0.25

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     medm
[GeV]                    [fb]          [fb]

vector  = 1000 GeVDMm
 = 1.45

SM
g

 = 1.45
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     medm
[GeV]                    [fb]          [fb]

400 600 800 1000 1200

 [
E

ve
n

ts
/G

e
V

]
Tm

is
s

d
N

 /
 d

E

3−10

2−10

 [GeV]T
missE

400 600 800 1000 1200
0.6
0.8

1
1.2
1.4

100     0.398   1.6e+00   5.4e-01

1000   0.477   2.4e+00   7.9e-01

vector  = 1000 GeVDMm
 = 1.00

SM
g

 = 1.00
DM

g

 = 13 TeVs
-1  Ldt = 1 fb∫

500 A× σ   300 A× σ   med/mΓ     medm
[GeV]                    [fb]          [fb]

Figure 2.9: Scan over mediator mass.
The /ET distribution is compared for
the vector mediator models using
the parameters as indicated. Ratios
of the normalized distributions with
respect to the first one are shown.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.

Dark Matter mass towards the 2mc = Mmed transition and fur-
ther into the off-shell regime, the relative difference between the
cross sections of the two samples is increasing, with the vector ones
having larger cross sections.
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Figure 2.10: Comparison of the pure
vector and pure axial-vector couplings.
The /ET distribution is shown for the
samples generated with Mmed =
100 GeV and different Dark Matter
masses. Ratios of the normalized
distributions are shown for between
the samples with coincident masses.
A300 and A500 in the table denote the
acceptance of the /ET > 300 GeV and
/ET > 500 GeV cut, respectively.

Figure 2.11 shows the samples generated with pure and mixed
couplings for mc = 100 GeV and Mmed = 1 TeV, i.e. where the
mediator is on-shell. The mediator width between the pure vector
and pure axial-vector couplings differ only by 2% in this case, and
< 10% agreement between the cross sections is found. The media-
tor widths for the samples with the same type coupling to quarks
agree at better than 1% since the width is dominated by the quark
contribution, as expected from Eq. 2.3. No significant differences be-
tween the samples with same type Dark Matter coupling are seen,
given the statistical precision of the generated samples. This is ex-
pected since the mediator is on-shell, and the details of the invisible

Figure 1.21. Comparison of the Emiss
T distributions between the DMV and DMA models

for fixed value of the mediator mass and different value of the WIMP mass. In the
bottom pad, the ratio between the shape of the DMA and DMV distribution is presented.
On the right part the ratios between the decay width of the mediator and its mass are
reported, along with the inclusive fiducial cross-sections values obtained imposing a
truth Emiss

T cut at 300 and 500 GeV. Figure adapted from Ref. [86].

can be compared with the ones obtained by direct detection WIMP searches. As
already mentioned, a vector mediator leads to a SI WIMP-nucleon interaction, while
axial-vector mediators induce a SD one.

For the spin independent case, the scattering cross-section is given by [91]

σSI =
f2(gq)g2

χµ
2
nχ

πmmed

4

, (1.49)

where µnχ is the reduced mass of the WIMP-nucleon system, and f(gq)2 is the
mediator-nucleon coupling. For the vector mediator f(gq) = 3gq, thus the scattering
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cross-section is given by

σSI ' 6.9× 10−41cm2 ·
(
gqgχ
0.25

)2 (1 TeV
mmed

)4 ( µnχ
1 GeV

)2
. (1.50)

The scattering cross-section in the case of a SD interaction is of the same form of
Equation 1.49, except for the fact that a factor 3 has to be considered in front of the
r.h.s. term (cf. Ref. [91]). However, in the spin-dependent case the coupling between
the mediator and the nucleon is f(gq) = 0.32gq, since the mediator is sensitive to
the spin content of the nucleus. Such a value is obtained under the assumption that
gq is equal for all quarks. Finally, the interaction cross-section is given in the SD
case by

σSD ' 2.4× 10−42cm2 ·
(
gqgχ
0.25

)2 (1 TeV
mmed

)4 ( µnχ
1 GeV

)2
, (1.51)

and is the same whether the WIMP-proton or WIMP-neutron scattering processes
are considered.

The constraints on the parameters of simplified dark matter models obtained by
the Run 2 monojet analysis are reported in Section 4.10.2 of this thesis.

Compressed SUSY scenarios. As already mentioned in Section 1.6, su-
persymmetry provides a WIMP cadidate, the lightest neutralino χ̃0

1. In R-parity
conserving models, these particles are produced in the decay chain of squarks. Feyn-
man diagrams representing such interactions are presented in Figure 1.22. The
monojet analysis, object of this thesis, is particularly sensitive to the cases in
which the mass splitting between the decaying squark and the neutralino is small
(∆m = mq̃ −mχ̃0

1
∼ 0). In these cases, the transverse momentum of final state par-

ticles is low and the extraction of such signals from the large multijet background of
hadron colliders is hard. However, the sensitivity to such processes can be enhanced
if they are accompanied by an energetic jet produced by ISR, thus leading to a
monojet-like topology.

Giuliano Gustavino 6
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(c) (d)

Figure 1.22. Feynman diagrams representing the SUSY processes investigated in the
monojet analysis. (a) Squark pair production, (b) sbottom pair production, (c) stop
pair production and direct decay and (d) four body decays of stops. These figures were
not produced by me, the original source is unknown.

The processes considered are the pair production of stops t̃, sbottoms b̃, or
squarks in general, considering all the supersymmetric partners of lighter SM quarks
(q̃ = ũ, d̃, s̃, c̃). The stop pair production can be investigated either in direct decays
to a top quark and a neutralino, or in the so-called four-body-decay-mode, which
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includes the production of two additional soft fermions f in a four point interaction,
as represented in Figure 1.22(d). Constraints on the parameters of these models,
obtained with the Run 2 monojet analysis, are presented in Section 4.10.3 of this
thesis.

1.7 The dark sector
As already mentioned in the end of Section 1.3.1, the invisible branching fraction
of the Higgs boson is predicted by the SM to be of the order of 0.1%. The current
constraints set from ATLAS and CMS analyses are of the order of 10%, thus the
possibility of new phenomena which lead to invisible final states is not ruled out
completely yet. This motivates dark sector portal models which hypothesise the
existence of an Hidden Sector (HS) of particles, decoupled from the SM, which is
accessible via Higgs boson decays. Particles of the HS, or the mediator itself, could
provide a solution to the hierarchy problem. Moreover, such models could provide
an explanation to the mystery of dark matter. Some of these models are the Quirky
Little Higgs [92], the Twin Higgs model [93] or Folded SUSY [94].

As done in the case of dark matter searches, to investigate the expected complex
phenomenology of the HS simplified models have been introduced. These can be
considered as the infrared limit of a more complete picture, and provide a signature
to look for the production, and consequent decay, of the mediator between the SM
and the dark sector. Such particles are hypothesised to be lighter than the Higgs
boson, and to be long-lived (LLPs), i.e. characterized by a macroscopic lifetime such
that they lead to displaced decays vertices within the ATLAS detector. In the limit
of long proper lifetimes, such particles could even leave ATLAS without decaying,
thus leading to missing energy in the final states as in the case of WIMPs.

1.7.1 Theoretical models
Falkowski Ruderman Volansky Zupan model. The first model investigated in
the context of this thesis is the FRVZ [95, 96] one. It hypothesises the production
of light long-lived dark photons (γd) in a decay chain initiated by the H → inv.
decay. The process is initiated by a SM Higgs boson which decays into a pair of
dark fermions (fd). In turn, these decay into a γd and the Hidden Lightest Stable
Particle (HLSP) which is undetected in the final states. The γd successively oscillate
into a SM photon (γ) via a kinetic mixing governed by a parameter ε. Off-mass-shell
photons then decay into pairs of fermions or light hadrons, producing displaced
vertices.

The kinetic mixing parameter value is inversely proportional to the lifetime of
the dark photon, thus the smaller the ε value, the more displaced the vertex of the
photon decay from the interaction point. As already stated for the general LLP
signature, if the proper lifetime of the γd (cτd) is long enough, or the system is
boosted by ISR, the γd decay products may not be reconstructed within the ATLAS
detector, leading thus to a monojet signature.

ATLAS dark photon searches are typically divided into two categories, optimised
for different ranges of the kinetic mixing parameter ε, thus of the lifetime of the
γd [97]. Scenarios with ε > 10−5 are probed by prompt searches [98], while displaced
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Figure 1.23. Decay chain predicted by the FRVZ model, leading to the production in
displaced vertices of SM fermions, and missing transverse momentum due to the presence
of undetected HLSPs. Figure adapted from Ref. [5].

dark-photon-jet searches, like the one in Ref. [99], target ε < 10−5. This latter
range is the one targeted by the monojet analysis, though some sensitivity at lower
lifetimes could arise if the decay products of the γd are not properly identified.

The γd mass is assumed to be within the range [0.2, 2] GeV, thus the result-
ing off-shell SM photon can decay into electron or muon pairs, or light hadrons if
mγd > 2m±π . The description of the branching fraction of the γdas a function of its
mass is presented in Figure 1.24. Below 500 GeV leptonic final states dominate, while
above such threshold the main decay channel is in a qq̄ pair, due to the presence of
the ρ(770), ω(782) and φ(1020) resonances which decay into pions or kaons.
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Figure 8: Hidden photon branching ratios to electrons, muons, and hadrons through the elec-

tromagnetic current, as a function of the hidden photon mass. The hadronic branching ratio

is derived from the measured R ⌘ BR(e+e� ! had)/BR(e+e� ! µ+µ�) [40]. We see that

for m�d
. 500 MeV, the hidden photon decays dominantly to leptons, including muons for

m�d
> 211 MeV.

• Lepton Multiplicity

This observable is extremely sensitive to the details of the hidden sector spectrum. One

important factor is the identity of the lightest hidden neutralino. Since the visible bino

couples to hidden Higgsinos, see Eq. (2.5), model realizations where the hidden bino is

lighter than the hidden Higgsinos have longer cascades, and therefore tend to produce

more visible leptons. Another crucial factor is the ratio of the masses of the lightest

hidden scalar and hidden photon. When mhd
< m�d

, the hidden Higgs, hd, dominantly

decays to 2 leptons at one-loop [33], and is stable on collider scales. On the other hand,

for mhd
> m�d

the 3-body decays with one on-shell hidden photon are allowed, which

leads to prompt decays of hd into 4 leptons, as long as the mixing parameter ✏ is not

too small. The spectrum of the other hidden scalars is also important. For example,

when mHd
> 2 mhd

the dominant decay mode of Hd is Hd ! 2 hd ! 8 l, while for

m�d
< mHd

< 2 mhd
the 4-lepton decay via the hidden photons dominates. Depending

on the mass spectra, the average lepton multiplicities can thus range from zero to a few

18

Figure 1.24. Dark photon branching fraction to electrons, muons and hadrons as a function
of mγd

. Figure adapted from Ref. [95].

Hss model. The second model investigated involves a single additional BSM
scalar particle, s, [100]. Such particles are characterised by a long mean proper
lifetime, are pair-produced in Higgs boson decays, and can decay into SM fermions,
as represented in the diagram reported in Figure 1.25.

A Yukawa-like interaction between the Higgs boson, the s particles and their
decay products is assumed, and the s bosons are allowed to decay inclusively to all
kinematically-allowed final states. The probability of the various decay modes of
the additional s particle, as a function of its mass ms, is presented in Figure 1.26.

For ms > 25 GeV, the branching ratios to bb̄, cc̄, and τ+τ− are approximately
constant and amount to 86%, 5%, and 8%, respectively. For mass values in the
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Figure 1.25. Diagram representing the production of a pair of long-lived scalar particles
in the Higgs boson decay. The s particles successively decay into a pair of SM fermions,
leading to displaced vertices in the ATLAS detector, or missing energy if the decay
products are undetected. Figure adapted from Ref. [5].

large mass difference between the singlet and h. The
resulting two-track jet may look like a low-quality
hadronic τ decay. Between the muon and pion thresholds
(210 MeV≲ms ≲ 270 MeV), the dominant decay is to
μþμ−, while for ms ≲ 210 MeV, the dominant decay is to
eþe−. Photons are the only possible final state for
ms < 2me, in which case the scalar is detector stable.
Further details of the branching ratio calculation can be

found in Sec. I C 2 and Appendix A, which also includes a
more detailed discussion of pseudoscalar decays.
For ms ≲ 2mb, the sb̄b coupling can in principle be

probed by bottomonium decay [100,101]. The strongest
limits are Brðϒð1SÞ → γτþτ−Þ≲ 10−5 by BABAR [102],
which constraints the Yukawa coupling to satisfy
ysbb ≲ 0.4 for Brðs→ τþτ−Þ¼1 [103,104]. In the SMþS
scenario, ysbb ¼ sin θSyhbb with yhbb ≈ 0.02 in the SM.
Clearly the Upsilon decay measurement provides no mean-
ingful bounds on singlet extensions. Similar arguments
apply to pseudoscalars, and hence the 2HDMþ S and
NMSSM in the next sections.

2. 2HDM (þscalar)

The SM Higgs sector is made up of a single SUð2ÞL
doublet H with hypercharge Y ¼ þ 1

2, denoted by
H ∼ 2þ1=2. Adding a doublet to this minimal picture is
one of the simplest extensions of the Higgs sector com-
patible with a ρ parameter close to 1. Such extensions are
found in several well-motivated theories, such as super-
symmetry [105] and axion models [106,107], where
holomorphy and the Peccei-Quinn symmetry, respectively,
necessitate an additional doublet; theories of electroweak
baryogenesis, which might be made viable with additional
doublets [108]; and grand unified models [41]. For this
reason, it makes sense to define the most general 2HDM
and study it in detail (for a comprehensive review, see, e.g.,
[109]; for a discussion on the impact of recent SM-like
Higgs boson discovery, see, e.g., [110]). Below we will
then add a light scalar to the 2HDM to obtain a rich set of
exotic Higgs decays.
The most general 2HDM Higgs potential is given

by [41]

V ¼ m2
1jH1j2 þm2

2jH2j2 þ
λ1
2
jH1j2 þ

λ2
2
jH2j2 þ λ3jH1j2jH2j2 þ λ4jH†

1H2j2

þ λ5
2
½ðH1H2Þ2 þ c:c:& þm2

12ðH1H2 þ c:c:Þ

þ ½λ6jH1j2ðH1H2Þ þ c:c:& þ ½λ7jH2j2ðH1H2Þ þ c:c:&: ð10Þ

FIG. 4 (color online). Left: Branching ratios of a CP-even scalar singlet to SM particles, as a function ofms. Right: Branching ratios of
exotic decays of the 125 GeV Higgs boson as a function of ms, in the SMþ scalar model described in the text, scaled to
Brðh → ssÞ ¼ 1. Hadronization effects likely invalidate our simple calculation in the shaded regions.

EXOTIC DECAYS OF THE 125 GEV HIGGS BOSON PHYSICAL REVIEW D 90, 075004 (2014)

075004-9

Figure 1.26. Branching ratio of the s scalar particle as a function of its mass ms. The
shaded regions indicate ranges in which the derivation of the simplified model, performed
in Ref. [100], is not valid. Figure adapted from Ref. [100].

range between 5 and 10 GeV instead, the dominant decay mode is s→ cc̄.
As in the case of the FRVZ model, if the Higgs boson is produced in associ-

ation with ISR, and the lifetime of the scalar particles s is sufficiently long, the
fermions produced in the final states might not be reconstructed within the ATLAS
experiments, thus resulting in a monojet final state.

Constraints on both the LLPs models presented in this Section are shown in
Section 4.11. Current limits set by the ATLAS collaboration have been extended at
large lifetimes by the monojet analysis presented in this thesis.
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Chapter 2

ATLAS and the LHC

In this chapter, the experimental facility where the data on which this thesis is
based were collected is described. The Large Hadron Collider (LHC) was built with
the purpose of colliding protons and heavy ions at a targeted centre-of-mass energy,√
s, of respectively 14 TeV and 5.6 TeV. Such collisions are recorded by A Toroidal

LHC ApparatuS, the ATLAS experiment. It is an almost hermetic detector, made
by several sub-systems, optimised to fully reconstruct the particles produced in the
collisions. Section 2.1 describes the LHC and its program, while in Section 2.2 the
ATLAS experiment is described. In Section 2.2.3 an overview of the pp collisions
data set collected by ATLAS at

√
s = 13 TeV during the LHC Run 2, which is used

in this thesis, is presented.

2.1 The Large Hadron Collider
The LHC [101], installed at the CERN laboratories at the Swiss-French border
near Geneva, is the world largest synchrotron. It is located between 45 and 175 m
underground and has a circumference of about 27 km. LHC operations have been
staged in Run and Long Shutdown (LS) periods. LHC Run 1 started in the Spring
of 2010 and lasted until the end of 2012. In this period, pp collisions have been
recorded at

√
s = 7 and 8 TeV. During LS1, the centre-of-mass energy of pp collisions

was increased to 13 TeV, which was also chosen as COM energy throughout Run 2,
which took place between the 2015 and 2018. Since the end of 2018 till today, the
LS2 is ongoing. Work on magnets is being carried out to reach the designed target
centre-of-mass energy of 14 TeV by the start of Run 3, which is expected to begin in
March 2022.

LHC includes 1232 superconducting dipole magnets, able to provide a magnetic
field of up to 8.3 T, which is needed to keep protons of up to 7 TeV of energy on the
circular orbit. Additional magnets, 858 quadrupoles and around 6000 correctors,
are located along the ring and act on the beam characteristics, such as its focus.
Since same-sign particles are collided in the LHC, the two beams travel on separate
vacuum chambers. Radio-frequency (RF) cavities, located in one point along the
ring, provide an oscillating electric field which accelerates particles each time they
pass by. The field oscillates at a fixed frequency of 400 MHz. Particles with the target
energy, which pass trough the cavity while the field is zero, will not be accelerated,
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while less (more) energetic particles will be accelerated (decelerated). This ensures
that particles are kept in concentrated bunches. Beams are therefore accelerated by
slightly increasing the magnetic field of the dipoles. This causes a higher bending,
thus a shorter orbit. Particle bunches are formed at an earlier acceleration stage
which involves several accelerators from the CERN complex. An overview of these
systems is given in Figure 2.1. These particle bunches are then collided in the four
main interaction points (IP) of the LHC, where the ATLAS [102], CMS [103], ALICE
[104] and LHCb [105] experiments are located.

Figure 2.1. CERN accelerators complex. Figure adapted from Ref. [106].

During LHC Run 2, protons have been injected in the acceleration complex
via the LINAC2 in six separate bunches at an energy of 50 MeV and enter the
Proton Synchrotron Booster (PSB). The magnetic field is ramped up such that
bunches of particles will travel on a shorter orbit and will get accelerated by a
similar system to the RF of LHC. Once a kinetic energy (Ekin) of 1.4 GeV is reached,
particles are transferred to the Proton Synchrotron (PS). Here, at Ekin= 2.5 GeV
each bunch is split in 3 sub-bunches, which are further accelerated to the PS top
energy, Ekin = 26 GeV. At this stage, each bunch is again split two times in two
separate bunches. The 72 total bunches obtained in this way travel separated in time
by 25 ns [107]. These bunches are then injected in the Super Proton Synchrotron
(SPS) circular machine, which accelerates the protons up to 450 GeV. This is the
injection energy of protons in the LHC. During Run 2 operations, the number of
bunches per ring was 2556.
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Run 2 machine performance

The number of pp collisions per second at the LHC is given by

dN

dt
= L σtot

pp , (2.1)

where σtotal
pp is the total interaction cross-section. This quantity is measured in

barn (1b = 10−24 cm2). The instantaneous luminosity L is measured in cm−2s−1,
depends on the beam characteristics, and can be expressed as

L = f(α)kfn1n2
4πσxσy

. (2.2)

In this equation, f(α) is a geometrical factor, lower than 1, which accounts for a
non-zero collision angle (α) and other intra- and extra-beam effects. The interaction
frequency is given by the term k · f , where the former is the number of bunches
injected in the ring, and the latter is the revolution frequency. The number of
protons per bunch in each of the two colliding beams, referred to also as bunch
intensity, is given by ni. Assuming as z the direction in which the beam travels, σx(y)
is the rms of the beam size in the transverse plane. When the beam is accelerated,
particles are confined by the magnetic field and tend to oscillate around the nominal
propagation direction. The equation of motion in the transverse plane is given
by an harmonic oscillator, whose amplitude is given by a parameter βx(y). This
oscillations are reduced via triplet magnets, which are located near the interaction
points, such that an higher luminosity is achieved where the collisions take place.
In the interaction point this parameter takes the name of β∗, and it is measured in
meters. The amount of data collected, the integrated luminosity over a time period,
is instead expressed in terms of the inverse of a cross-section, in barns. An overview
of the performance of the LHC during Run 2, in terms of the quantities introduced
previously, is reported in Figure 2.2. Further details are reported in Ref. [108].

In each collision between the bunches, multiple pp interactions take place. The
average number of these, µ, is directly related to the machine parameters, such
as the transverse size of the beams and the intensity of the bunches, and to the
total pp inelastic cross-section (σtot) which was measured to be 78.1± 2.9 mb by the
ATLAS collaboration [109]

√
s = 13 TeV . These additional collisions tend to pile

up to the hard scattering interactions, and can be a limiting factor for precision
measurements. Pileup can affect the experiments in two ways: the in-time pileup
is the one due to multiple collisions happening in the same bunch crossing. The
out-of-time pileup is due to the fact that electric signals in particular detectors may
last more than the time that separates two bunch crossings.

During LHC operations, the instantaneous luminosity decreases. The main reason
are collisions taking place in the IPs, where experiment are located. Additional
degradation is caused by intra-beam forces and by interactions of the proton bunches
with residual gases in the beam pipe. Collisions are considered as stable beams
conditions for a time which typically lasts between 5 and 15 hours. When the
instantaneous luminosity goes below a fixed threshold, beams are dumped via a
system installed along the ring, and a new injection is performed. The fill of the
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Abstract
During LHC Run 2, the LHC machine configuration

evolved significantly. Starting from a very careful approach
in 2015, with the priority on stability and ease of commis-
sioning, where the limits of operation at the higher energy
of 6.5 TeV were not well known, the machine settings were
pushed further during the run, which ended with an opti-
mized 2018 scenario with excellent performance. In this con-
tribution, an overview is given of the evolution of di�erent
machine parameters, in particular the collimation settings,
aperture and ��, which are tightly linked to the peak lumi-
nosity performance of the machine. The key changes and
the reasons behind are reviewed, as well as lessons learned
for the future.

INTRODUCTION
During Run 2, in the period 2015–2018, the LHC machine

configuration evolved significantly and played a major role
for the luminosity performance. Several types of beams were
used: standard 50 ns, standard 25 ns, BCMS, 8b4e, and 8b4e-
BCS [1]. Furthermore, several new operational features were
implemented [2]: combined ramp and squeeze, separation
leveling in IR1 and IR5, crossing angle anti-leveling [3], ��-
leveling, full RF detuning [4], and the use of the new ATS
optics [5]. The peak luminosity was ramped up to about
twice the design luminosity, close to the limit acceptable for
the heat load on the triplets due to the collision debris [6],
and a total of about 160 fb�1 were collected by the high-
luminosity experiments, as illustrated in the top plot of Fig. 1.

Keys to achieving this excellent peak performance can
be seen from Table 1, in which the main parameters deter-
mining the LHC luminosity are shown for the LHC design
configuration [7] as well as for the configuration achieved
in 2018. Most of the 2018 parameters are slightly infe-
rior or about equal to the design parameters, however, two
parameters stick out and show a very large improvement
compared to the design—both the emittance given by the
injector complex and �� are about half of the design value,
which together approximately make up for a factor 2 peak
luminosity gain. The emittance is discussed in detail in other
contributions [1, 8], while �� is one of the main topics of
this article.

The decrease of �� over the years is shown in the middle
plot of Fig. 1, starting from ��=80 cm in 2015 and going
down to ��=25 cm at the end of the leveling process in 2018,
resulting in a strong gain in peak luminosity. The same
figure shows also the variation in the crossing angle, while
the bottom plot shows the evolution of the bunch intensity
and the number of bunches. As can be seen, there has not
� roderik.bruce@cern.ch
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Figure 1: The integrated and peak luminosity (top), the ��
and the crossing angle (middle), and the bunch intensity
and the number of bunches (bottom) over the years in LHC
Run 2. The dots show the values at the start of stable beams
for all Run 2 standard physics fills. Special runs have been
excluded.

been any major intensity step, and hence intensity-driven
increase in peak luminosity, after the first intensity ramp-up
in 2015.

The main limitation on �� in the LHC has so far not been
given by constraints on optics and magnetic strengths, but
rather by the available aperture and by machine protection
considerations. The stored beam energy in the LHC has
routinely been around 300 MJ in Run 2, which means that a
local loss of even a very small fraction of the beam inside
a superconducting magnet is enough to cause a quench or
even permanent damage. The cold aperture is protected
against direct losses by the LHC collimation system [9–14].
However, as �� is squeezed to smaller values, the �-function
in the inner triplets increases, so that the available aperture
in units of beam � decreases. The collimation system must

Figure 2.2. Summary of LHC performances during Run 2. In the top pane are reported
the integrated luminosity and the instantaneous luminosity measured when the fill of
LHC is complete. In the middle pane are reported the amplitude function and the
crossing angle. The lower pad shows parameters related to the characteristics of the
proton bunches. Figure adapted from [2].
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compared to the design—both the emittance given by the
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which together approximately make up for a factor 2 peak
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down to ��=25 cm at the end of the leveling process in 2018,
resulting in a strong gain in peak luminosity. The same
figure shows also the variation in the crossing angle, while
the bottom plot shows the evolution of the bunch intensity
and the number of bunches. As can be seen, there has not
� roderik.bruce@cern.ch

0.0

0.5

1.0

1.5

2.0

P
e

a
k

lu
m

i(
1

0
3
4

cm
-

2
s
-

1
)

2016 2017 2018
0

25

50

75

100

125

150

In
te

g
ra

te
d

lu
m

i(
fb

-
1
)

0

25

50

75

100

125

150

175

C
ro

ss
in

g
a

n
g

le
(�

ra
d
)

2016 2017 2018
0.0

0.2

0.4

0.6

0.8

1.0

�
* (

m
)

2016 2017 2018
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

B
u

n
ch

in
te

n
si

ty
(1

0
1
1
)

0

500

1000

1500

2000

2500

N
.o

.
b

u
n

ch
e

s

Figure 1: The integrated and peak luminosity (top), the ��
and the crossing angle (middle), and the bunch intensity
and the number of bunches (bottom) over the years in LHC
Run 2. The dots show the values at the start of stable beams
for all Run 2 standard physics fills. Special runs have been
excluded.

been any major intensity step, and hence intensity-driven
increase in peak luminosity, after the first intensity ramp-up
in 2015.

The main limitation on �� in the LHC has so far not been
given by constraints on optics and magnetic strengths, but
rather by the available aperture and by machine protection
considerations. The stored beam energy in the LHC has
routinely been around 300 MJ in Run 2, which means that a
local loss of even a very small fraction of the beam inside
a superconducting magnet is enough to cause a quench or
even permanent damage. The cold aperture is protected
against direct losses by the LHC collimation system [9–14].
However, as �� is squeezed to smaller values, the �-function
in the inner triplets increases, so that the available aperture
in units of beam � decreases. The collimation system must

Figure 2.2. Summary of LHC performances during Run 2. In the top pane are reported
the integrated luminosity and the instantaneous luminosity measured when the fill of
LHC is complete. In the middle pane are reported the amplitude function and the
crossing angle. The lower pad shows parameters related to the characteristics of the
proton bunches. Figure adapted from [2].
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which together approximately make up for a factor 2 peak
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contributions [1, 8], while �� is one of the main topics of
this article.
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Figure 1: The integrated and peak luminosity (top), the ��
and the crossing angle (middle), and the bunch intensity
and the number of bunches (bottom) over the years in LHC
Run 2. The dots show the values at the start of stable beams
for all Run 2 standard physics fills. Special runs have been
excluded.
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routinely been around 300 MJ in Run 2, which means that a
local loss of even a very small fraction of the beam inside
a superconducting magnet is enough to cause a quench or
even permanent damage. The cold aperture is protected
against direct losses by the LHC collimation system [9–14].
However, as �� is squeezed to smaller values, the �-function
in the inner triplets increases, so that the available aperture
in units of beam � decreases. The collimation system must

Figure 2.2. Summary of LHC performances during Run 2. In the top pane are reported
the integrated luminosity and the instantaneous luminosity measured when the fill of
LHC is complete. In the middle pane are reported the amplitude function and the
crossing angle. The lower pad shows parameters related to the characteristics of the
proton bunches. Figure adapted from [2].
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Figure 2.2. Summary of LHC performance during Run 2 as measured in the IP1 and IP5. In
the top left pad are reported the integrated luminosity and the instantaneous luminosity
measured when the fill of LHC is complete. In the top-right pad are reported the β∗

and the crossing angle. The lower pad shows parameters related to the characteristics of
the proton bunches. Figure adapted from Ref. [108].

rings with proton bunches and the ramping of the beam energy from 450 GeV to
6.5 TeV took between 90 and 120 minutes during Run 2. An example of a filling
cycle of the LHC is shown in Figure 2.3.

Time
Injection Ramp Squeeze 

& Adjust
Stable Beams for Physics Dump & 

Ramp Down

450 GeV

Field in main magnets Beam 1 intensity (current) Beam 2 intensity (current)

6.5 TeV

Figure 2: The LHC goes through a cycle composed of several phases: the injection of beams into the rings, the
acceleration to the collision energy during ramp, the preparation of beams for collisions during squeeze and adjust,
the phase where collisions take place during stable beams, the extraction of the beams from the rings during dump,
and finally the ramping down of the magnetic fields. Adapted from Ref. [27].

At the start of Run 2 in 2015, the LHC used 50 ns bunch spacing and switched in August 2015 to the
nominal 25 ns bunch spacing scheme [29]. In June 2016, the high-brightness version of the 25 ns beam
obtained through the Batch Compression, Merging and Splitting (BCMS) scheme [30] became operational
for physics production. These changes brought about an increase in instantaneous luminosity to about
1.3 ⇥ 1034 cm�2 s�1, resulting in higher trigger rates and an evolution in the trigger strategy. In 2017,
several LHC fills were dumped because of beam losses in the LHC sector 16L2 [31]. As a consequence,
the 8b4e filling scheme [32] (eight bunches with protons, four bunches without protons) and later its
high-brightness variant 8b4e BCS (Batch Compression and Splitting) with their low e-cloud build-up
characteristics were made operational. The 8b4e filling schemes circumvented the problem, but resulted in
a reduction in the number of colliding bunches by 30% compared to the BCMS scheme. To compensate for
the loss in luminosity due to the decrease in colliding bunches, the bunch intensity was increased and this
led to a 33% increase of simultaneous interactions per bunch crossing (‘pile-up’), up to 80 interactions
compared to up to 60 interactions previously. Such an increase together with the high luminosities of up to
1.9 ⇥ 1034 cm�2 s�1 [33] would have resulted in an increase of trigger rates, straining the CPU resources of
the HLT farm. The trigger configuration intended to be used for a luminosity of up to 2.0 ⇥ 1034 cm�2 s�1

with a pile-up of 60 would have required higher trigger thresholds at a pile-up of 80, leading to a reduced
e�ciency for many physics analyses. Therefore, ATLAS requested that the luminosity be kept constant for
the first few hours of a run (luminosity-levelling) at a luminosity of 1.56 ⇥ 1034 cm�2 s�1 with a pile-up of
60. In 2018, the LHC switched back to the 25 ns BCMS beam for luminosity production, as the problems

8

Figure 2.3. LHC filling cycle. Figure adapted from Ref. [110].

2.2 A Toroidal LHC ApparatuS

ATLAS [102] is a general-purpose detector built around IP1 of the LHC. An overview
of the sub-detectors is shown in Figure 2.4. The experiment measures 44 m in length
and 25 m in height, and is built with cylindrical symmetry around the beam pipe.
The sub-detectors provide an almost hermetic coverage, and allow to reconstruct the
final state particles produced in the collisions. From the interaction point and towards
the outer part of the experiment there are a tracking system, an electromagnetic
and an hadronic calorimeter, and the muon spectrometer. Further description of
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each system and its performance are reported later in this Section. The experiment
can be divided in a barrel (or central) part, and two end-caps.

2008 JINST 3 S08003

Figure 1.1: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in
height and 44 m in length. The overall weight of the detector is approximately 7000 tonnes.

The ATLAS detector is nominally forward-backward symmetric with respect to the interac-
tion point. The magnet configuration comprises a thin superconducting solenoid surrounding the
inner-detector cavity, and three large superconducting toroids (one barrel and two end-caps) ar-
ranged with an eight-fold azimuthal symmetry around the calorimeters. This fundamental choice
has driven the design of the rest of the detector.

The inner detector is immersed in a 2 T solenoidal field. Pattern recognition, momentum
and vertex measurements, and electron identification are achieved with a combination of discrete,
high-resolution semiconductor pixel and strip detectors in the inner part of the tracking volume,
and straw-tube tracking detectors with the capability to generate and detect transition radiation in
its outer part.

High granularity liquid-argon (LAr) electromagnetic sampling calorimeters, with excellent
performance in terms of energy and position resolution, cover the pseudorapidity range |h | < 3.2.
The hadronic calorimetry in the range |h | < 1.7 is provided by a scintillator-tile calorimeter, which
is separated into a large barrel and two smaller extended barrel cylinders, one on either side of
the central barrel. In the end-caps (|h | > 1.5), LAr technology is also used for the hadronic
calorimeters, matching the outer |h | limits of end-cap electromagnetic calorimeters. The LAr
forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend
the pseudorapidity coverage to |h | = 4.9.

The calorimeter is surrounded by the muon spectrometer. The air-core toroid system, with a
long barrel and two inserted end-cap magnets, generates strong bending power in a large volume
within a light and open structure. Multiple-scattering effects are thereby minimised, and excellent
muon momentum resolution is achieved with three layers of high precision tracking chambers.

– 4 –

Figure 2.4. The ATLAS experiment. Figure from Ref. [102].

Superconducting magnets
Four different magnetic fields are used to bend charged particles such that a measure-
ment of their momentum from the sagitta can be performed. The solenoid magnet,
whose axis is parallel to the beam pipe, is located in the inner part of the experiment,
as shown in Figure 2.4. It is 5.8 m long, it has an inner (outer) radius of 2.46 m
(2.56 m), and provides a 2 T magnetic field. The external barrel toroid is made of 8
coils 25.3 m long. These form a cylindrical region of respectively 9.4 m and 20.1 m
internal and external diameters, in which a magnetic field of mean value of 0.5 T is
provided in air. In the two end-caps, similar coils provide a magnetic field in the
range of [0.2,3.5] T in a radial zone between 0.8 and 5.3 m around the beam pipe.
The bending power is not constant due to ferromagnetic structures present in the
experiment. Hall probes installed in the system allows though for a mapping of the
magnetic field with a precision of 0.01 mT.

Coordinate system
A cylindrical coordinate system is adopted, centered in the middle of the experiment.
The z axis is defined along the beam pipe, the y axis is vertical, and the x axis
is defined as pointing towards the LHC center. In the (x,y) plane, transverse to
the beam direction, the azimuth angle φ and radius r are defined. The transverse
momentum (pT) of a particle is defined as the magnitude of the 2D projection of the
momentum vector on this plane. The total transverse momentum after the collisions
is expected to be almost zero, since the collisions are happening with a crossing
angle of the order of micro-radiant. Residual differences are well covered by the
resolution on the measurements of particles. The missing transverse momentum,
Emiss
T , plays a central role in this thesis, and its definition is given in Section 3.4.



44 2. ATLAS and the LHC

In the (z,y), or (z,r), plane the polar angle θ is taken starting from the z axis. The
rapidity, y, is defined as

y = 1
2 ln

(
E + pz
E − pz

)
, (2.3)

where pz is the momentum component along the beam axis. For ultra-relativistic
objects, this quantity is well approximated

η = −2 ln
(

tan θ2

)
. (2.4)

This quantity allows for an extended scale at low polar angles. Moreover, the coverage
of the ATLAS sub-detectors is usually reported in terms of pseudo-rapidity. This
quantity is also used to define the experimental cuts applied for the reconstruction of
physics objects in the final states, since the ∆y (approximate with ∆η) is a Lorentz
invariant quantity. With the pseudo-rapidity and the azimuth angle it is possible to
define a geometrical distance

∆R =
√

∆η2 + ∆φ2, (2.5)

which is used to express the separation between energy deposits, or more in general
between two reconstructed physics objects in the final states of the collisions.

2.2.1 The sub-detector systems
Inner detector
The inner detector (ID) [111] is the closest system to the beam-pipe. Its purpose
is to identify the hard-scatter and secondary vertices via the reconstruction of the
tracks left by charged particles. From the bending of the track, a measurement of
the momentum of such particles is also possible. An overall view of the system is
presented in Figure 2.5, along with the dimensions of the entire structure.

Figure 2.5. ATLAS inner detector. Figure from Ref. [112].

The system is composed by three different technologies: pixel sensors, semi-
conductor trackers (SCT), and transition-radiation-trackers (TRT). An additional
layer of pixel, the insertable b-layer [113, 114], was installed during LS1 of the LHC
to improve tracking performance and compensate the effects of radiation damages.
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This innermost part is located at a radial distance of 3.3 cm to the beam, and
includes 32 × 14 pixel readout circuits, with a 50 × 250 µm pitch size in the (φ,z)
plane.

Pixel detector. The pixel sensors in the barrel are organised in three layers
located between R = 50.5 mm and 123 mm. In the end-caps the sensors are installed
on discs centered on the beam pipe. In both structures, sensors are mounted with a
tilt angle such that the area where the read out electronics of one module is located,
is covered by the active area of the following one. The spatial resolution of this
detector was measured in test beams, and it is between 5 and 12 µm.

Semi-Conductor Tracker. The SCT [115] is organised in subsequent layers
and disks as the pixel detector. The four barrel layers are located between R = 30 mm
and 51 mm. In the end-caps the sensors are mounted on nine disks, and in three
different radial sectors. The spatial resolution of the SCT alone is of around 15 µrad
on the φ angle.

Transition Radiation Tracker. The TRT system [116] is located in the ex-
ternal part of the inner detector. Its purpose is to continuously track particles from
the innermost layers up to the calorimeter system of the ATLAS detector. It also
provides electrons identification based on the number of hits above the energy-deposit
threshold corresponding to transition radiation. The active means of the detector
are straw tubes which contain a mixture of Xenon-CO2-O2 (70%, 27%, 3%). These
tubes are immersed in a matrix of polypropylene fibres, the radiator material which
induces transition radiation. The barrel region covers the range |η| < 1, and provides
a spatial resolution of φ ∼ 130 µm. In the end-caps, straw tubes and activation
material are organised in a disk structure.

Tracks within |η| < 2.5 and with a pT> 0.4 GeV can be reconstructed by the ID.
An overview of the performance of the inner tracking system is given in Ref. [117].

Calorimeters
The layout of the calorimetric system is shown in Figure 2.6. This system is located
outside the superconducting solenoid, and its purpose is to measure the energy of
the particles in a destructive way, via the reconstruction of electromagnetic and
hadronic showers. The system has a coverage up to |η| < 4.9, and is formed by two
sub-systems, an electromagnetic (EMC) and an hadronic part (HC), both based on
the sampling technique. This foresees intervals of passive material, which induct the
showers, alternated by active material where the deposited energy is read out by
electronics.

A crucial point of the calorimetric system is that it has to fully contain the
showers developed. This allows for the measurement of all the interacting particles
produced in the collisions, while keeping a low probability of particles other than
muons to provide signals in the muon spectrometers (a phenomenon denoted as
punch-through). To match these requirements, materials with a high radiation length
(X0) and interaction length (λ) are adopted.

Electromagnetic calorimeter. The ATLAS electromagnetic calorimeter [118]
is shaped as an accordion. It is formed by lead slabs (passive material) which
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Figure 2.6. ATLAS calorimetric system. Figure from Ref. [102].

contains liquid Ar (the active material) kept at a temperature of 88.5 K. This
geometry provides high sampling rates with a low read-out time. The system is
symmetric around the interaction point, and is formed by a barrel part, which
provides a coverage up to |η| < 1.475, and two end-caps covering the range between
1.375 < |η| < 2.5. The separation region, between 1.37 < |η| < 1.52, is called
crack-region and is typically vetoed in the reconstruction of electrons or photons
since it contains a large amount of inactive material. The barrel region extends
for 6.4 m in total, and has an inner and outer radii of 1.4 and 2 m. The total
depth of the calorimeter is between 22 X0 and 33 X0 depending on the |η| value.
Radially the system is segmented in three layers, which are read-out with different
granularity. The first one is the most granular. Read-out cells have a dimension of
∆η×∆φ = 0.025/8× 0.1 for |η| < 1.40, and 0.25× 0.25 in the |η| range [1.40, 1.475].
Such granularity is useful to identify the shower position and direction. The first
layer, in terms of radiation lengths, is 4.3X0 long. In the second layer most of the
energy of the EM showers is deposited, as it is 16X0 long. The readout cells here
have a width of ∆η×∆φ = 0.025×0.025 and 0.075×0.025 respectively in the ranges
|η| < 1.40 and 1.40 < |η| < 1.475. The outer layer, which is 2X0 thick, collects the
tails of the EM showers. Here, a coarser granularity of ∆η ×∆φ = 0.05 × 0.0245
is adopted for the read-out. The end-cap EMC is formed by two wheels of 63 cm
of width, with an inner (outer) radius of 33 cm (2.1 m). It covers the |η| interval
[1.375,3.2]. A total length between 24 and 38 X0 is achieved for 1.475 < |η| < 2.5,
and between 26 and 36 X0 in the more forward range up to |η| < 3.2. The outer part,
in the range 1.5 < |η| < 2.5, is segmented in 3 parts as for the barrel region with
decreasing granularity. In the range |η| < 1.8 a pre-sampler layer with granularity
∆η × ∆φ = 0.025 × 0.1 and made by 11 mm of LAr, is installed in front of the
calorimeter. This allows to correct the energy measurement for the interactions of
particles upstream of the EMC.
The energy resolution of the EMC was measured in test beams with electrons before
the installation in the ATLAS experiment. In the interval between 15-150 GeV the
measured energy is within 0.1% of the beam energy. The fractional energy resolution
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was measured as a function of the beam energy, and was found to be

σ(E)
E = 10.1%√

E(GeV)
⊕ 0.17%, (2.6)

where the first term is stochastic and the second one is related to the non-uniformity
of the response of the detector.

Hadronic calorimeter. The hadronic calorimeter of the ATLAS experiment
is formed by three subsystems: the tile calorimeter, located in the central region
behind the EMC, a LAr hadronic end-cap calorimeter, located behind the end-caps
of the EMC, and the LAr forward calorimeter. The tile calorimeter covers the
range up to |η| < 1.7, and has an inner (outer) radius of 2.28 m (4.25 m). It is
formed by a steel absorber and scintillating tiles, which are the active material
from which the signal is read out. The absorber and scintillators are arranged in a
periodic structure with a ratio of roughly 4.7:1. As the EMC, the tile calorimeter
is segmented radially in three layers of different thickness. For |η| < 1 these equal
1.5, 4.1 and 1.8 interaction lengths, while 1.5, 2.6 and 3.3 λ are the thicknesses
for 1.0 < |η| < 1.7. The scintillating tiles produce UV light, which is captured
by two wave-length-shifting optic fibers installed at the edges of each one. These
allow for the conversion of the signal to visible light, to which photo-multipliers
(PMTs), used for the readout, are more efficient. The HC end-caps cover instead
the range 1.5 < |η| < 3.2, and are built with planar geometry. The sampling is
obtained alternating copper plates and LAr with a pitch of 8.5 mm. The system
is subdivided in two modules of different granularity and therefore sampling rates,
which are respectively 4.4% and 2.2%. Similarly to the EMC, the signal is induced
in the LAr and read in a capacitive way in cells of ∆η ×∆φ = 0.1× 0.1 (0.2× 0.2)
for |η| < 2.5 (|η| > 2.5). The energy resolution of the HC is given by the convolution
of three terms,

σ(E)
E = 52%√

E(GeV)
⊕ 1.6 GeV

E ⊕ 3%. (2.7)

The first one is related to the stochastic nature of the development of hadronic
showers. The second one is due to noise from the read-out electronics. The last one
is a constant term to account for unknown effects.

Forward calorimeters. The region closest to the beam pipe, in the range
3.1 < |η| < 4.9, is covered by forward calorimeters (FCal). This system is flagged
in Figure 2.6 by the label ‘LAR forward’, and is exposed to a high flux of particles
since most of the collisions happen with low transferred momentum. FCal is formed
by three sub-modules (FCal1, FCal2, FCal3), one electromagnetic and two hadronic
calorimeters, each 45 cm thick. These calorimeters adopt LAr as the active material.
The chosen passive medium for FCal1 is copper, and the total thickness achieved is
of 27.6X0 and 2.66λ. Tungsten is instead adopted for FCal2 and 3, which allows to
reach around 90X0 and 3.6λ in only 90 cm. The read-out is made in capacitive way
from the LAr gaps, whose width varies in the three sub-systems between 269 µm
and 508 µm.
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Muon spectrometer
The muon spectrometer (MS) is located in the outer part of the ATLAS experiment.
It provides tracking in the interval |η| < 2.7 of muons with momenta of at least 3 GeV.
Trigger chambers are installed up to |η| = 2.4. A measurement of the momentum of
muons is possible thanks to the magnetic fields present in the experiment. The target
of the MS is to achieve a resolution of 10% on 1 TeV tracks. This is challenging since
such tracks form a sagitta of about 500 µm. The layout of the system in the (z,r)
plane is shown in Figure 2.7. This is orthogonal to the magnetic field provided by
the barrel coils, and is therefore the plane in which charged particles are bent.

Figure 2.7. (z,r) view of the muon spectrometer. Figure adapted from Ref. [119].

Detectors are organised in 16 sectors, follow the symmetry of the barrel toroid
coils, and provide almost full coverage around the IP. In the barrel, detectors are
placed on three separate stations, respectively at 5, 7.5 and 10 m from the beam pipe.
In the end-caps detectors are mounted on wheels, located at z 7.4, 10.8 and 14 m.
The innermost one is called small wheel, while the two outer are the big wheels.

Tracking chambers. Monitored drift tubes (MDT) provide precision tracking
of muons. These are operated with a gas mixture of Ar:CO2 (93%, 7%), and
allow for the measurement of the sagitta of muons with a precision of ∆s = 45 µm
when considering all the stations. A laser monitoring system is installed to control
the alignment of the chambers. This is the dominant source of uncertainty when
measuring high pT muons (pT > 300 GeV), while for low pT particles the leading
uncertainty is associated with the fluctuations in the energy deposited between the
IP and the MS. MDT chambers are installed on all the MS stations, except for the
small wheel, on which for |η| > 2 cathode strip chambers (CSC) are installed. CSC
are able to cope with the high rate of particles, which can reach up to 150 Hz/cm2

in this region of the detector. CSC chambers are installed on 8 sectors, are formed
by four independent planes, and are divided in pads with a smaller pitch along the
|η| direction. Along this direction a precision of 60 µm can be achieved on each
detection plane, while a coarser resolution of 5 mm is achieved on the φ direction.

Trigger chambers. The MS is adopted also to fire the trigger system of the
ATLAS experiment, since muons can be produced in W , Z or Higgs boson decays
and therefore indicate a potential interesting collision event. To provide a trigger,
the detector response must be fast, and therefore the spatial resolution will be
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only approximate. Moreover, the technology adopted in the barrel and in the
end-caps regions is different because at fixed transverse momentum, particles at
higher pseudo-rapidity will be in general more energetic, and therefore the bending
by the magnetic field will be lower. Doublets of resistive plate chambers (RPC)
are installed in the barrel region, on the middle and outer stations of the MS, as
represented in Figure 2.7. These chambers provide triggers for the region up to
|η| < 1.05, with a spatial resolution of 10 mm both in the z and φ direction, and
have a time resolution of 1.5 ns. At larger pseudo-rapidity, one triplet of thin-gap
chambers (TGC) is installed on the small wheel, while two TGC doublets are located
on the big wheel closer to the IP. These chambers provide the trigger in the forward
regions, for 1.05 < |η| < 2.4. The spatial resolution of TGCs is of 2− 6 mm on the
radial coordinate, and of 3− 7 mm on the φ direction. The time resolution of these
chambers is of 4 ns.

2.2.2 The trigger system
The trigger system is used to identify possible interesting events among the 40 MHz
collision rate of the LHC. During Run 2, the ATLAS trigger was based on two
trigger levels [110]. These performed the read-out of the signals from the front end
(FE) boards mounted on the detectors, converted the analog signals to digital ones
and ran algorithms of increased complexity with an early rejection. This allowed
to reduce the rate of events to be written to disk down to around 1 kHz. Figure
2.8 shows the data flow from the ATLAS FE boards to the CERN Tier-0 storage
system.
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Figure 1: The ATLAS TDAQ system in Run 2 showing the components relevant for triggering as well as the detector
read-out and data flow.

rate of the HLT during an ATLAS data-taking run (see Section 4.4) is on average 1.2 kHz with an average
physics throughput to permanent storage of 1.2 GB/s. Once an event is accepted by the HLT, the Sub-Farm
Output (SFO) sends the data to permanent storage for o�ine reconstruction and exports the data to the
Tier-0 facility [21] at CERN’s computing centre.

The Fast TracKer (FTK) [22] is a hardware-based system for inner-detector track reconstruction designed
to provide tracks to the HLT at the L1 accept rate. It was undergoing commissioning during Run 2 and was
not used by the HLT for trigger decisions.

4 LHC fill cycle, fill patterns and ATLAS runs

In the following, the LHC fill cycle, the fill pattern and their representation in ATLAS, the so-called bunch
groups, are described. Additionally, the ATLAS run, which refers to a continuous period of data acquisition
that typically corresponds to an LHC fill cycle, is laid out.

6

Figure 2.8. ATLAS Run 2 data flow in the trigger and read-out system. Figure taken from
Ref. [110].
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Level 1 trigger (L1). Potential interesting events are selected by either
the Level-1 Calo (L1Calo) or Level-1 Muon (L1Muon) systems, which are both
hardware-based. L1Calo takes as inputs the signals from the calorimeters with
reduced granularity, performs analog-to-digital conversion, and sends them to the
Cluster Processor (CP) and Jet/Energy-sum Processor (JEP). The first one identifies
electrons, photons or τ -leptons, the latter identifies jet candidates and performs the
calculation of the missing transverse momentum. L1Muon takes the inputs from
the MS and the calorimeters: in the barrel regions signals are received from the
RPC, while for the end-caps both signals from TGC and the tile calorimeter are
used. Coincidence windows centered on the middle MS station are opened, and a
hit in the inner and outer layers is sought. An estimate of the muon candidate pT is
provided by the width of the coincidence window in the η direction, since muons are
bent in the (z,r) plane. Information from the L1Calo, L1Muon and from additional
control sub-systems is sent to the central trigger processor (CTP) via the so-called
L1Topo and Muon CTP interfaces. The CTP decides to accept or reject the events,
and can also limit the number of accepted L1 candidates if the read-out rate exceeds
the system capability, to prevent the overflowing of FE buffers. L1 trigger event
selection can be based either on the number of muons above a certain pT threshold,
on the total energy measured in portions of the calorimeters, or not measured in
the whole detector, as for the Emiss

T triggers [120]. Additional triggers are based on
more complex requirements, such as the angular distance between energy deposits
in the calorimeters, or the invariant mass reconstructed from those. The rate of
accepted events is reduced from the CTP down to 100 kHz, and the typical latency
of L1 algorithms is below 2.5 µs.

High level trigger (HLT). Once the events are accepted by the L1 trigger,
regions of interest (ROI), defined in the (η, φ) plane, are identified and the data are
transferred from the FE boards of the sub-detectors to the read-out system (ROS)
via the read-out drivers (ROD). The ROS is interfaced with a farm of processors
on which the software-based HLT is ran. These take data from the ROS and apply
algorithms which are designed to perform a decision in hundreds of milliseconds.
The output rate of the HLT system during Run-2 has been of 1.2 kHz, with a typical
disk writing rate of ∼1.2 GB/s.

Trigger menu and data streams. A combination of L1 trigger items and
HLT algorithms, which apply kinematic selections on the preliminary reconstructed
objects, form the so-called trigger chains. Different ones are used to select events with
candidate leptons, photons, jets or to apply specific requirements as the isolation of
identified leptons. Developed chains are typically used by multiple analysis groups
in the ATLAS collaboration, and are stored in the so-called trigger menu. This
evolved during the Run-2 of the LHC to cope with the improvements in the collision
performance [121]. In particular, the goal is to keep the threshold of candidate
objects as low as possible. To further control the trigger rate, a pre-scaling factor
of N can be applied. For such a pre-scale factor, the probability for an event of
being accepted by the trigger system is 1/N. Typically ATLAS analyses rely on the
lowest un-prescaled triggers. This implies that the minimum pT threshold on lepton
triggers is of the order of 20 GeV, while for jets the threshold is around 400 GeV
due to the large QCD processes cross-section. Events are written to storage via
different streams, based on the trigger chain. During Run-2 pp operations, five
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data streams were adopted. The physics stream stores full detector information,
and is the one used to collect data used in analyses; the size of each event is
around 1 MB. A Trigger-Level Analysis (TLA) stream stores only partial detector
information and specific physics objects, which are reconstructed at HLT level. This
significantly reduces the size of each event, to around 6.5 kB, and allows for lower
trigger thresholds. The debug stream is used to recover events for which the HLT
failed to be fully ran. This might happen for different reasons, such as a processing
time exceeding limitations, a data transfer error or other similar issues. These events
can then be fully recovered offline. A calibration stream is provided to collect data
from specific sub-detectors or part of the trigger chain, while monitoring is provided
via two streams. The express stream collects a restrained amount of data from the
physics stream, applies offline reconstruction, and allows for data quality monitoring.
The monitoring stream instead does not foresee data storage, and is only used to
control the status of ATLAS sub-detectors.

2.2.3 Data taking in Run 2

During collisions, the instantaneous luminosity is monitored by dedicated detectors
located in the forward arms of the ATLAS experiment. The primary measurement
is provided by the LUCID2 Cherenkov detector [122]. This consists of 16 PMTs
located at z = ±17 m from the IP, and is able to provide counts of particles in N out
of 16 PMTs for all the colliding bunches. Counts are integrated over time periods of
around one minute, which take the name of luminosity block (LB). In this period
the instantaneous luminosity is assumed to be constant, therefore multiplying by
the LB length it is possible to measure the integrated luminosity. The instantaneous
luminosity is given by

L = µvisfr
σvis

, (2.8)

where µvis is determined by PMT hits, as detailed in Ref. [123], and fr is the LHC
revolution frequency (40 MHz / 3564 LHC total bunch slots). σvis is a constant value,
which is calibrated in special runs of the LHC which took place at the beginning
of each year of data taking. In these runs, a Van der Meer scan is performed.
This procedure, described in detail in Ref. [123], provides a value which needs to
be corrected in normal physics runs due to the non-linear response of the LUCID
detector. Figure 2.9 reports the integrated luminosity collected by the ATLAS
experiment in pp collisions at

√
s = 13 TeV during Run-2 of the LHC. ATLAS was

able to record over 94% of the collisions provided in the IP by the machine.
Not all the recorded collisions though can be used in physics analyses. LBs

in which part of the detector was not functioning are excluded from the data set
available by the definition of a good-run-list. This includes the LBs to be used to
perform physics analyses, for which the total Run-2 integrated luminosity is 139 fb−1.
A total uncertainty of 1.7% is assigned to this value. The uncertainty, as reported
in Ref. [123], is obtained by the combination of the measurements of each year of
LHC run.
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Figure 2.9. Total integrated luminosity by the ATLAS experiment of pp collisions at√
s = 13 TeV provided by LHC Run-2. The longer plateaus correspond to the end-of-

year shutdowns of the LHC. Figure from Ref. [124].

As already mentioned in the first part of this Chapter, the LHC machine has
been improved throughout the years in terms of the collisions it was able to provide.
This is directly reflected in the mean number of interactions per bunch crossing, 〈µ〉,
as represented in Figure 2.10. Its value increased during the Run-2 of the LHC from
13.4 to up to 37.8, with a total mean value of 33.7. The peak at low values represent
dedicated runs of the LHC which provided collisions with very low pileup. Such
conditions are ideal for example to measure properties of the W boson, since it is
possible to reconstruct the neutrino in the events via a kinematic fit, thanks to the
low occupancy of the detector.

2.2.4 Events simulation

The production of Monte Carlo samples is a crucial part of the ATLAS physics
programme, since many analysis are based on a comparison between the measured
data and the expected number of events. To perform meaningful comparisons,
generated events need to be processed through the simulation of the ATLAS detector
[125], implemented in Geant4 [126, 127]. This is performed in two consecutive
steps, the simulation and the digitization one.

In the simulation stage, each particle with a proper lifetime cτ > 10 mm produced
in the generation step is propagated through the Geant4 model of the ATLAS
detector. The energy deposits in sensitive portions of the detector, including the
position and time information of each particle, referred to hits, are recorded and
passed to the digitization stage.

In the digitization stage, the simulated signal hits are overlaid with cavern
background events hits, and additional hits from soft QCD events to simulate the
effect of pileup. In this stage, also detector noise is considered. The output of this
stage is a byte-stream format file which emulates the data-taking procedure and
conditions.

The same reconstruction algorithms applied to data can therefore be used to re-
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Figure 2.10. Mean number of interactions per bunch crossing during LHC Run 2 pp colli-
sions at

√
s = 13 TeV as recorded by the ATLAS experiment, weighted by the integrated

luminosity. Figure from Ref. [124].

construct simulated MC events. In the MC events, so-called ‘truth-level’ information
are retained. These include the physics interactions which happen in both the gener-
ation and simulation stage, such as possible photon conversions in electron-positron
pairs. These information can be used to quantify the performance of reconstruction
algorithms and of the physics objects, as described in Chapter 3.

Simulated events are re-weighted to match the distribution of the average number
of interactions per bunch crossing observed in the data.
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Chapter 3

Event reconstruction
performance

In this Chapter, the process of reconstruction of the final state physics objects used
in this thesis, and their measurement performance, are described. This step involves
several different sub-detectors, with tracks in the ID playing a central role for the
identification of leptons and jets originating from heavy-flavour (HF) quarks. Section
3.1 introduces the track reconstruction process. In Section 3.2 the reconstruction of
leptons and photons is described. The measurement and calibration procedure of
hadronic jets, and their pileup and flavour tagging algorithms are described in Section
3.3. Lastly, in Section 3.4 the reconstruction of missing transverse momentum, which
plays a central role in this thesis, is presented.

3.1 Inner detector tracks
Charged particles in the ATLAS ID travel inside a magnetic field. Therefore, their
trajectory is helicoidal and can be described by five parameters, which are shown in
Figure 3.1.

The five parameters are: the magnitude of the transverse momentum, pT, the
polar angle θ, the azimuth angle φ, the transverse impact parameter with respect
to the beam direction, d0, and the longitudinal impact parameter with respect to
the nominal interaction point (IP), z0. The last two parameters are expressed in
mm, and are measured between the IP and the point of the closest approach in the
transverse (d0) and longitudinal plane (z0).
The reconstruction of tracks in ATLAS during Run 2 is documented in Ref. [129].
Such process can be summarised in four consecutive steps. Hits in the pixel and SCT
detectors, associated with an energy deposit above a fixed threshold, are grouped
together in the clustering procedure to form space-points. Track seeds are formed
by groups of three space-points. A combinatorial Kalman filter [130] is then run to
build track candidates by the addition of hits which are compatible with this first
estimate. In this step, tracks originating from the random association of space-points
are removed. Since multiple tracks might share the same space-point, an ambiguity-
solving algorithm is run. A score is assigned to each track, based on the χ2 of the
track fit, on its pT, and on the number of holes in the track, which is defined as the
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Figure 2: A track parameterised with respect to two di↵erent surfaces: the expression to the nominal z
axis yields the Perigee representation of the track to the left, while the expression of an intersection with a
planar surface (right) is described by the AtaPlane object. The parameterisations di↵er only in the first two
local coordinates that are defined by the surface type and are optimised with respect to the given detector
layout. The momentum expression through the azimuthal angle �, the polar angle ✓ and the (charged) inverse
momentum is identical for both cases.

Hidden Template Method The authors are aware that template solutions are in general not amongst
the most popular techniques within the client community and track representations belong clearly to
the most widely spread classes of the ATLAS tracking EDM. The template resolving has therefore be
hidden from the user through inserting actual class types for the track parameterisations on the various
surfaces for charged and neutral particles that extend the class templates to non-virtual objects7.
Figure 3 shows an UML class diagram that illustrates the charged and neutral track parameterisation
with respect to a planar surface.

The ParametersBase base class is restricted to the attributes that are identical for both a neutral and
a charged trajectory parameterisation and can be used for applications that only work on the global
parameters of a trajectory expression, i.e. a position, a momentum and the charge. The template
mechanism, on the other hand, forces the client to resolve the template argument and consequently
an object has to be identified to be either of Neutral or Charged flavor, before the parameters vector
can be retrieved8.

3 Measurement representation: The MeasurementBase Class

Measurement representations exist in manifold ways in the ATLAS tracking EDM: in most of the
cases, measurements are directly integrated as fully calibrated representations clusters or drift radii.
These objects are realised as classes that extend the RIO OnTrack class, and represent either one-
dimensional or two-dimension measurements; the calibration applied on the input objets from the
clusterisation process (in ATLAS terms PrepRawData objects) is hereby based on the already collected
track information. In the MS, a second additional calibration step is applied on RIO OnTrack objects
in the preparation phase for track fitting (pre-tracking), that is based on the local pattern recognition
output for the various detector chambers.

As described in [1] an even more flexible way of representing single and combined measurements with a
extended MeasurementBase object has been implemented in ATLAS. These types include pre-grouped
(and fitted) measurements as Segment realisations and a dedicated competing measurement collection

7The technically interested reader may find that the class templates mark virtual class descriptions and can thus not
be instantiated in the program flow.

8In C++ terms this is done using the dynamic cast operator.

Figure 3.1. Schematic view of the parameters used to describe tracks in the ATLAS
experiment. The ez direction is taken along the beam direction. Figure from Ref. [128].

number of expected hits which are not present in one layer of the ID. Clusters of
hits cannot be shared by more than two tracks, and each track cannot have more
than two shared clusters on the same layer. If all the requirements in Table 3.1 are
satisfied, a higher-resolution fit is performed to the track, which is then added to
the collection of the available ones.

Table 3.1. Track characteristics requirements.

Requirement
pT> 500 MeV
|η| < 2.5

7 clusters in pixel or SCT detector
≤ 2 holes in the pixel or SCT detector

< 2 holes in the pixel detector
|d0| < 2 mm with respect to the beam-line

|z0 sin θ| < 3 mm with respect to the beam-line

Tracks are used to define the primary vertices of the interaction (PV). The one
with the highest sum of the square of transverse momenta of the associated tracks is
taken as the hard scatter (HS) vertex.

3.2 Leptons and photons
3.2.1 Electrons and photons
In this thesis only electrons1 (e) and photons (γ) reconstructed in the barrel region
(|η| < 2.5) are used. The reconstruction of such objects in the forward region is thus
not discussed.

1Unless stated explicitly, electrons refers to both electrons and positrons.
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The procedure starts with the identification of energy deposits on the form of
topological clusters [131] in the EM and hadronic calorimeters. These are called
proto-clusters, and are formed by summing calorimeter cells in which the energy
deposit is equal or above four times the level expected from noise and pileup. The
pre-sampling and the first EMC layers are excluded for the initial seeding. Proto-
clusters then collect neighbouring cells with significance E/σ(E) ≥ 2. If two local
maxima, with Ecell > 500 MeV are found, the cluster is split into two. The resulting
clusters are called topo-clusters. When initializing e/γ candidates, only the energy
from the EMC layers is included: by applying a requirement on the fraction of
energy in the EMC with respect to the total energy deposited in the calorimeters at
0.5, around 60% of pileup clusters are rejected.

Hits in the ID are fitted, under the assumption of the track being originated from
a pion, to build electron-candidate tracks. Energy losses for the interaction with
the detector material are taken into account. If the fit fails, but the track candidate
hits are close in the (η, φ) plane to a cluster candidate, a new fit is performed under
the hypothesis of electron, which accounts for possible bremsstrahlung. If more
than one track is matched to a energy deposit, only the one with most hits in the
ID is retained. Otherwise, the one which once extrapolated to the second layer of
the EMC is closer to the (η, φ) barycenter, is taken. Photon conversion vertices
are reconstructed from two tracks which do not have hits in the innermost pixel
detector, but only in the SCT and TRT detectors, and match a secondary vertex
consistent with a mass-less particle. Conversion vertices are then matched to the
EM topo-clusters.

Candidate clusters are further combined to form superclusters. EM topo-clusters
are sorted based on the ET, evaluated as ET = E/ cosh(η). If a cluster has
ET > 1 GeV and is associated with a track with at least four hits in the SCT
detector, is classified as an electron seed cluster. Photon seeds are instead formed by
clusters with ET > 1.5 GeV. Satellite clusters, i.e. the neighboring ones, are added
to the seed one if they are found within ∆η ×∆φ = 0.0075× 0.125 of an electron
seed. This window can be extended up to 0.125× 0.3 if the best-matched track of
the two clusters is the same. For photon seed clusters, instead, satellite clusters are
added if the best-matched track is matched to one coming from a conversion vertex.
After this categorizations an ambiguity resolution is performed. The obtained
supercluster is labelled either as an electron candidate, a photon candidate, or
ambiguous. This step is based on the number and type of tracks associated to
the supercluster, and on the transverse momentum of those. Shower shape and
additional discriminant variables, defined in Ref. [132], are then evaluated, and used
in the e/γ identification process.

Electron identification and isolation criteria

A likelihood (LH) discriminant, which takes as input the aforementioned distributions
of each electron candidate, is adopted to define identification working points (WP).
This helps to discriminate between prompt electrons and the background of electrons
originated in the γ → e+e− conversion, or in heavy-flavour hadron decays. Three
mutually inclusive working points (Loose, Medium, Tight) are defined by a cut
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which is optimised in different ET, η bins. All the WPs require at least two hits in
the pixel detector, and in total at least seven hits considering both the pixel and
SCT detectors. This requirement reduces the contribution from photon conversions.
An additional WP, which is used in this thesis, is defined requiring an hit in the
insertable b-layer: it is called Loose&Blayer.
In Figure 3.2(a), the electrons identification efficiency is shown as a function of ET.
This is measured in data and MC simulation with the tag & probe (T&P) method
using J/ψ → e+e− and Z → e+e− events. The first (latter) process is adopted in
the [5, 20] GeV (> 15 GeV) ET range. The higher efficiency observed in data with
respect to MC for ET < 15 GeV is due to a mismodelling in the variables used in
the LH discriminator. A correction factor, defined later as scale factor, takes into
account such difference and correct the MC simulation to match the performance
measured in data.
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Figure 3.2. (a) Electron identification efficiency (a) and isolation efficiency (b) as a function
of the transverse energy. In the bottom pad the ratio between the efficiency measured
in data and in the MC simulation is reported. Figures adapted from Ref. [132].

Electrons from W , Z, H bosons prompt decays are characterized by low activity
around them, with respect to electrons coming from semi-leptonic decays of HF
hadrons. Calorimeter and track-based isolation variables are defined to quantify
the isolation of electron candidates. The former method is more sensitive to pileup.
Topo-clusters are used to evaluate the energy in a cone of size ∆R around the
electron candidate. The energy of the candidate particle is then subtracted, and
corrections are applied to reduce the effect of pileup. The resulting variable is called
Eisol
T,cone. The track based method instead uses tracks with pT > 1 GeV within a

variable-radius cone around the electron candidate, with a radial opening which
depends on its pT as ∆R = min

(
10 GeV
pT[GeV] , Rmax

)
, where Rmax is equal to either 0.2

or 0.4. The resulting variable is pisolT,var. Isolation working points are defined either to
target a constant efficiency (εiso) in (η, φ), a uniform εiso in η but dependent on the
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electron ET (gradient), or by imposing a fixed value to the isolation variable (fixed).
In this thesis the Loose and Tight fixed working points, summarised in Table 3.2, are

Table 3.2. Definition of the electron isolation working points. Table adapted from Ref.
[132].

Operating point Eisol
T,cone (∆R = 0.2) pisolT,var (Rmax = 0.2)

Loose Eisol
T,cone/pT < 0.20 pisolT,var/pT < 0.15

Tight Eisol
T,cone/pT < 0.06 pisolT,var/pT < 0.06

used. The performance of different WP are shown in Figure 3.2(b) as a function of ET.

The total electron identification and reconstruction efficiency can be factorised
as the product of different contributions,

εtotal = εcluster × εreco × εid × εiso × εtrigger.

Each of this terms, except for the clustering efficiency (εcluster), is evaluated
in both data and MC simulation. Scale factors (SF), defined as the ratio of the
efficiency measured in data and the one measured with MC, are derived to correct
the simulation to match what is observed in data. SFs are typically close to 1,
and systematic uncertainties on these are derived varying the method adopted to
estimate each efficiency term.

Photons

The identification criteria of photon candidates are based on cuts on variables related
to the shape of the EM shower, as reported in Ref. [132]. In fact, the energy deposits
tend to be wider for converted photons. This is due to the fact that the aperture
of the e+e− pair is amplified by the presence of the magnetic field. Three working
points, Loose, Medium and Tight, are defined by an optimisation of the cuts applied
on the discriminant distributions in different |η| bins.
The identification efficiency is measured in data and compared to MC simulation in
Z → `+`−γ and Z → e+e− events, following the methods described in Ref. [133].
Similar isolation criteria to the ones introduced for the electrons are defined for
photons. Since no isolation requirement is applied to photons in this thesis, the
reader is referred to Ref. [133] for further details.

3.2.2 Muons
Muons produced at the IP go trough roughly 100 to 190 interaction lengths before
reaching the outer part of the ATLAS detector, where the muon spectrometer is
located. At LHC energies muons are typically minimally-ionising particles (MIPs),
which traverse the MS and leave the ATLAS experiment. The MS can provide
a standalone reconstruction and measurements of muons with pT > 7 GeV. The
rejection of fake muons and the measurement of the transverse momentum of such
particles can however be improved by exploiting the full ATLAS detector.



60 3. Event reconstruction performance

The muon reconstruction algorithm [134] starts with the identification of seg-
ments in the MS standalone. Starting from the hits in the external part of the
ATLAS experiment, a χ2 fit of the muon trajectory is then performed imposing a
loose constraint from the IP location. This allows to take into account additional
hits which initially where not included, and to remove spurious ones. The muon
candidate is then extrapolated to the IP.

Six muon types are defined in ATLAS based on the detector used to perform the
reconstruction. Muons which cannot be matched to a reconstructed track in the ID
are defined as muon-spectrometer extrapolated (ME), and exploit the full coverage
of the muon spectrometer up to |η| = 2.7. Tracks extrapolated from the MS and
successfully combined to hits in the ID form combined muon candidates. A global
χ2 fit of the track is performed. Again, this allows the inclusion or the removal of
hits from the MS or ID. Combined muons are reconstructed in the range |η| < 2.5.
Short tracks from the additional coverage of some of the ID sub-detectors allows
to form silicon-associated forward (SiF) muons. Inside-out (IO) muon candidates
are formed by extrapolating the ID track to the MS, and looking for at least three
aligned MS hits to be included in the track fit. Segment-tagged (ST) muons require
instead at least one matching segment in the MS with the ID extrapolated track. In
this case, the muon track parameters are taken from the measurement performed in
the ID. If energy deposits consistent with a MIP are found along the extrapolated
trajectory, these are used to tag the muon, which is defined as calorimeter-tagged
(CT). Excluding the ME ones, every muon candidate is required to have tracks in
the ID with at least one hit in the pixel detector, five hits in the SCT and less than
three pixel or SCT missing hits. Additionally, at least 10% of the TRT hits originally
assigned to the track must be included in the final fit [135].

On reconstructed muons, further requirements are applied to define different
selection WPs, called Loose, Medium and Tight. These provide increased purity on
the selection of prompt muons, at the cost of a lower efficiency. Two quantities are
used to define the WP: the q/p significance, defined in Equation 3.1a and the ρ′
variable, defined in Equation 3.1b. The latter is only defined when a measurement
of the muon pT is performed with the ID and the MS simultaneously.

q/p significance = |q/pID − q/pMS|√
σ2(q/pID) + σ2(q/pMS)

, (3.1a)

ρ′ = |pT,ID − pT,MS|
pT,CB

. (3.1b)

In the former equations, q indicates the charge of the muon, the ID (MS) suffix
indicates that the quantity is measured using the inner detector (muon spectrometer),
while CB indicates the combined measurement using both sub-detectors; σ(q/p)
indicates the uncertainty on the measurement of q/p.

Tight muons include CB and IO candidates which have been reconstructed with
at least one segment formed by three hits in the MDT or CSC detectors in at least
two MS stations. Moreover, they are required to pass selection criteria based on
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both the previously introduced variables. The value of the cut has been optimised in
pT and η bins. Medium muons include only combined and IO candidates, but a flat
cut q/p significance < 7 is applied instead. The requirement on the number of hits
in the MS is kept. The identification efficiency increases from 93% to 97% for muons
with pT > 20 GeV, but an increase of 50% of the efficiency of reconstructing muons
from background processes, such as light hadrons or non-prompt decays, is observed.
Loose muons include also CT and ST originated muon candidates, and provide
higher efficiency for |η| < 0.1, where the number of MS chambers is lower due to the
presence of shafts used to access the barrel part of the ATLAS experiment. Two
additional WPs, low and high-pT, have been developed [134] to provide improved
resolution and efficiency for analyses targeting the extremes of the phase space.

As for the electrons, prompt muons are typically isolated, while the ones from
semi-leptonic hadron decays are accompanied by close-by activity. Track- and
calorimeter-based isolation variables are defined as described for the electrons in
Section 3.2.1, and are both used in the definition of the muon isolation WPs [134].
The tightest one provides a mean isolation efficiency of 70% between 5 and 20 GeV of
pT, 89% in the range [20, 100] GeV, and 98% for pT> 100 GeV. The corresponding
misidentification rates for light hadrons in the same pT ranges are 11.9%, 1.0% and
1.6%, respectively.

Identification and isolation efficiencies are measured using the T&P method in
Z → µ+µ− events. For pT < 20 GeV, the J/ψ → µ+µ− process is used instead.
The method, described in detail in Ref. [134], is similar to the one adopted for the
measurement of electron identification efficiencies. A scale factor is used to account
for the differences observed in the efficiency measured in data and MC simulation.
The identification and isolation efficiencies as a function of the muon pT are shown
in Figure 3.3(a) and 3.3(b), respectively. The loose isolation WP is shown.
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Figure 3.3. Muon identification (a) and isolation efficiency (b) as a function of the muon
transverse momentum. In the bottom pad the ratio between the efficiency measured in
data and MC simulation is reported. Figures from Ref. [134].

Systematic uncertainties affect the value of the scale factors. These are related
to the T&P method, to the matching between the ID tracks and the reconstructed
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muon candidate (probe matching), and to the estimate of background processes in
the T&P method.
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Figure 3.4. Breakdown of the systematic uncertainties affecting the efficiency scale factors
as a function of muon pT (a) and η (b) for the medium identification working point.
Figures from Ref. [134].

In Figures 3.4(a) and 3.4(b) the breakdown of the uncertainties on the efficiency
SF for medium muons is shown as a function of pT and η, respectively. While the
uncertainty on the T&P method dominates at low pT, at high pT the uncertainties
related to the background estimation technique are the largest. The level of total
uncertainty ranges between 0.1 and 0.3%. The uncertainty is almost independent on
η. The increase at η ∼ 0 is associated to the lower coverage of the MS.

3.2.3 Tau leptons
τ leptons are not collider-stable particles, and decay via the processes τ → `νlντ (` =
e, µ) or τ → ντ + hadrons 34% and 66% of the times respectively. Leptonic τ decays
are identified via the reconstruction of muons and electrons. Hadronic ones, labelled
as τhad, are categorised instead by the number of charged particles produced in the
decay. Half of the total branching fraction of the τ lepton leads to a one charged
track (one-prong topology), and roughly 15% of the decays are in three-prong final
state.

The reconstruction starts with the identification of topological clusters, as done
for the electrons. Tau candidates are required to have pT > 10 GeV and to be within
|η| < 2.5. Candidates reconstructed in the crack-region between the barrel and
forward calorimeters, 1.37 < |η| < 1.52, are vetoed. Among the primary vertices,
the one with the largest fraction of pT coming from tracks associated with the
topo-clusters (with a requirement of ∆R < 0.2) is defined as the τ vertex. Only
tracks with |d0| < 1 mm and |z0 sin θ| < 1.5 mm with respect to such tau vertex are
adopted.

The energy deposit of the τ candidate is corrected via MC simulation [136]. A
subtraction to the measured energy, based on the position in the detector (|η|) of
the τ candidate and on the number of reconstructed primary vertices (NPV ), is
performed to take into account the pileup contribution. The detector response is
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extracted from MC simulation. It is evaluated from the distribution of the corrected
energy of τ candidates, divided by the truth energy of the τ . This is defined in
simulation considering only the visible decay products, thus excluding the truth
neutrinos. A gaussian fit is performed, and the mean of the distribution yields the
detector response. The measured energy deposits are then divided by this correc-
tion factor. After the aforementioned calibration is performed, the pT resolution
is about 7.5% for 100 GeV candidates, and better than 5.5% above 250 GeV. At
low pT it degrades quickly. In this range, an alternative calibration based on a
multi-variate-analysis (MVA) can be used. This method, not used in this thesis,
is described in Ref. [136]. Systematic uncertainties on the calibration procedure
are derived by altering the detector response in MC simulation, by testing differ-
ent hadronization models in the simulated samples adopted, and by taking into
account an alternative modelling of the passive material within the ATLAS detector.
The leading source of uncertainty is due to the single-particle response of the detec-
tor. The total uncertainty is not uniform in pT and |η|, and ranges between 2 and 6%.
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Figure 3.5. Identification and combined identification and reconstruction efficiency of τhad
candidates as a function of pT for (a) one-prong and (b) three-prong τ lepton decays.
Figures from Ref. [137].

The identification of τhad candidates is done using a set of boosted-decision-
tree (BDT) algorithms, which are trained to discriminate the one- or three-prong
final states from the hadronic background. The discriminating variables, whose
complete description can be found in Ref. [137], are based on the properties of
the topo-clusters which form the candidate and of the tracks associated. From
the BDT score distributions, WPs providing different efficiency values are defined.
In Figure 3.5(a) and 3.5(b) the identification and combined reconstruction plus
identification efficiency are shown for one- and three-prong τhad decays, as a function
of the truth visible τ pT. The WPs are defined such that the efficiency is almost
independent on pT and pileup. The dip observed between 50 and 100 GeV in the
identification of three-prong decays is made to compensate a pT dependence in the
reconstruction efficiency, such that overall the combined value is almost flat. The
Loose ID working point, adopted in this thesis by the monojet analysis (see Chapter
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4), has an average combined efficiency of 60% and 50% for one-prong and three-prong
decays, respectively.
The leading source of systematic uncertainty in the τhad identification below 100 GeV
of pT is due to the calibration of the calorimeter response. This has a large impact
on the shape of the input variables of the identification BDT algorithms. For one-
prong candidates, uncertainties in the interaction with the passive material of the
ATLAS detector have the largest effect. Overall, identification uncertainties range
between the 5% and 18%, with the largest value for three-prong decay modes in the
30 < pT < 100 GeV and |η| < 1.37 ranges, due to the calorimeter response.

3.3 Jets
The hadronisation of partons lead to sprays of collimated hadrons in the detector,
called jets. Energy deposits in the calorimeters are clustered to form topo-clusters
[131], as done for the reconstruction of the electrons. The energy of the topo-clusters
used as inputs for the jet formation is not however representative of the total energy
deposit, due to the large fraction of hadronic interactions. For this reason, at first
topo-clusters are calibrated at the electromagnetic scale (EMscale). Then, once
jets are clustered, a calibration of the Jet Energy Scale (JES) is performed. Jets
are formed by clustering together the topo-clusters using the anti-kt algorithm
[15] with the radius parameter R set to 0.4. Before the calibration procedure, the
four-momentum of the jets is corrected to take into account that these have been
originated in the PV of the collision. These jets are called EMTopo jets.
The JES calibration is introduced to correct the measured jet energy using particle-
level information available in MC simulations. The calibration procedure is formed
by four consecutive steps, briefly described below: the pileup correction step, the
absolute JES correction, the Global Sequential Calibration (GSC) and the final
in-situ calibration. Further details can be found in Ref. [138].

Pileup corrections. An event-by-event subtraction to the energy of the jet
candidate is performed, based on the average energy density (ρ) in the event, due to
pileup, and the actual jet area, both evaluated as described in Ref. [139]. The ρ
value is evaluated in the (y, φ) plane by looking at jets within |η| < 2 clustered using
the kt algorithm. This algorithm clusters first soft radiation, and includes in the jet
definition the contribution of the soft background. A residual dependence on pileup
is observed. This is due to the fact that ρ is evaluated in low-occupancy regions of
the calorimeter and in a limited range of the detector. A second correction, derived
from MC simulation and based on truth particle-level jets. These are defined by
running the anti-kT algorithm on charged and neutral truth collider-stable particles,
i.e. with a cτ0 > 10 mm, excluding neutrinos and muons.

Truth jets are matched to the reconstructed ones by requiring ∆R < 0.3. The
jet pT is corrected as in Equation 3.2:

pcorrT = preco − ρ×A = α(NPV − 1)− βµ, (3.2)

where α and β are two parameters determined by a fit in bins of truth pT and |ηdet|2,
2|ηdet| is the pseudo-rapidity evaluated by assuming that the jet originated from the nominal
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and µ is the pileup value. Systematic uncertainties are defined to take into account
the mismodelling of the aforementioned quantities by the MC simulation.

JES absolute calibration. The response of the detector is corrected using
MC simulation to account for the presence of hadronic interactions with the passive
material of the detector. Moreover, biases in the |η| reconstruction arise due to the
fact that the ATLAS calorimeter system is made by different technologies and of
different granularity. Also in this case, corrections are derived by matching jets
at reconstruction level with their truth particle level counterpart. The average jet
energy response is evaluated with a gaussian fit to the distribution of the Ereco/Etrue
ratio in different Etrue and |ηdet| bins. The jet energy response is reported in Figure
3.6(a) (3.6(b)) as a function of the reconstructed energy (pseudo-rapidity). The drop
at low E values is due to non-gaussian response and thresholds effects, while the
dips in the |ηdet| distribution are in correspondence of the transition regions between
the barrel, end-cap (|η| ∼ 1.4), and forward systems (|η| ∼ 3.1). Such biases are
removed by an additional correction which impacts the pT and η of the jet, but not
its four-momentum. After the application of the JES absolute calibration the jets
are considered at the EM+JES scale.
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Figure 3.6. Jet energy response as a function of jet energy and jet pseudo-rapidity at
reconstruction-level as obtained from simulated events with at least two jets. Figures
from Ref. [138].

Global sequential calibration. The detector response may depend on the
energy distribution of jet components, on the flavour composition (i.e. the fraction
of HF hadrons in the jet), or on the fact that the jet was initiated by a quark or
a gluon. A set of multiplicative corrections are sequentially applied to correct for
such effects, and impact only the resolution of the jet response function, but not the
energy scale. These corrections are derived from energy measurements performed in
specific parts of the detector such as the first layer of the HCAL, the last layer of
the LAr calorimeter, or for example by counting the number of tracks associated
to the jet and by looking at the muon spectrometer chambers aligned with the jet
axis. This latter measurement allows to reduce the impact of the punch trough of
hadrons in the MS in presence of highly-energetic jets. Such effect is negligible in
interaction point, (0,0,0).
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the analyses presented in this thesis. After GSC is applied, the jet pT resolution is
improved by almost 30% in the entire range between 20 GeV and 2 TeV.

In-situ calibration. A final correction to account for differences in the jet
response as measured in data and MC is applied. Such differences might arise from
a mismodelling of the hard-scatter interaction, underlying event or jet formation
process. The correction relies on the measurement of the average jet response, which
is performed both in data and MC simulation using Z+jets, γ+jets and multi-jet
events by comparing the jet pT to the one of a well-reconstructed and calibrated
object. To reduce the dependency on the presence of extra jets in the event or on
leakages in the reconstruction, the ratio between the response defined as in Equation
3.3

Rin situ =
〈 jet pT
reference object pT

〉
, (3.3)

evaluated in both data and MC, is calculated. The correction is evaluated in three
separate steps, described in detail in Ref. [138].
The first one is the η inter-calibration, and provides a correction to the JES to take
into account the fact that the ATLAS calorimeter is made of different technologies
in different η regions. This correction equalises the response of the forward region
(0.8 < |η| < 4.5) to the one of the central part, |η| < 0.8, where jets are assumed to
be well calibrated. Systematic uncertainties arising from this procedure are shown
in Figure 3.7(a) and 3.7(b) for jets with a pT of 50 GeV and 300 GeV respectively,
as a function of the |ηdet| variable. The leading source of uncertainty is related to
the choice of the simulated MC samples adopted in the evaluation of the correction.
Alternative ME and PS models are tested to derive such correction.
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Figure 3.7. Systematic uncertainties associated to the jet η inter-calibration procedure for
jets of 50 GeV (a) and 300 GeV (b) of transverse momentum as a function of the |ηdet|
variable. Figures from Ref. [138].

The second correction is performed as a function of the jet pT and corrects for
the response of the calorimeter to hadrons. It is based on the missing transverse
momentum projection fraction method, described in Ref. [140]. This relies on the
fact that at particle-level in a γ+jets event one has ~p γT + ~p recoil

T = ~0, where ~p recoil
T is
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the total hadronic momentum recoiling against the photon. At reconstruction-level,
instead, under the assumption that the photon is well calibrated, one can write

~p γT +RMPF · ~p recoil
T = − ~Emiss

T , (3.4)

whereRMPF indicates the calorimeter response to the hadrons and ~E miss
T is evaluated

from the topo-clusters and photon energy deposits. By projecting Equation 3.4 along
the γ direction, it is possible to extract RMPF. This is used to correct the response
of the measured jet. The correction is evaluated in both Z(→ e+e−/µ+µ−)+jets
and γ+jets events. Above 1 TeV, it is possible to evaluate the calibration factor by
using other lower-energy jets recoiling against a single jet. This multi-jet balance
(MJB) method allows to extend the calibration up to more than 2 TeV of jet pT. A
combination of the three measurements is performed to obtain a smooth correction
function used to correct data.
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Figure 3.8. (a) Relative weight of each measurement in the evaluation of the combined in
situ calibration as a function of jet pT. (b) Final in situ response factor as evaluated
from the 2015, 2016 and 2017 ATLAS data set, as a function of the jet pT. Figures from
Ref. [138].

The relative importance of each measurement is shown as a function of the jet
pT in Figure 3.8(a). The Z+jets measurements are mainly used in the low-medium
pT regime, where the systematic uncertainties associated to the measurement of
leptons are low. At pT ∼ 500 GeV the γ+jets measurement becomes the dominant
one in the combination, and the highest pT regime is, as already stated, covered by
the MJB method. In Figure 3.8(b) the ratio between the RMJB factor evaluated in
MC simulation and in data, is shown as a function of the jet pT.

The total uncertainty on the JES calibration is below 5% everywhere, and is
shown as a function of the jet pT and |η| in Figures 3.9(a) and 3.9(b), respectively.
The dominant contribution at low jet pT is due to pileup and the different response of
the detector to quark and gluon initiated jets. The absolute in-situ JES uncertainty
becomes the dominant contribution for pT higher than 400 GeV. At very high pT the
uncertainty is only due to the single-particle response. As a function of jet |η|,
contributions are almost flat, except for the one due to the jet η inter-calibration
procedure. The sharp increases at η ± 2.5 are related to non-closure between the



68 3. Event reconstruction performance

20 30 210 210×2 310 310×2
 [GeV]jet

T
p

0

0.02

0.04

0.06

0.08
Fr

ac
tio

na
l J

ES
 u

nc
er

ta
in

ty
ATLAS

 = 0.4 (EM+JES)R tkAnti-
 = 13 TeVsData 2015-2017, 

 = 0.0η
Inclusive jets

Total uncertainty
 JESin situAbsolute 
 JESin situRelative 

Flav. composition
Flav. response
Pile-up
Punch-through

(a)

4− 3− 2− 1− 0 1 2 3 4
η

0

0.02

0.04

0.06

0.08

Fr
ac

tio
na

l J
ES

 u
nc

er
ta

in
ty

ATLAS

 = 0.4 (EM+JES)R tkAnti-
 = 13 TeVsData 2015-2017, 

 = 60 GeVjet
T

p
Inclusive jets

Total uncertainty
 JESin situAbsolute 
 JESin situRelative 

Flav. composition
Flav. response
Pile-up
Punch-through

(b)

Figure 3.9. Total uncertainty on the JES determination and its sub-components shown as
a function of jet pT (a) and jet η (b). Figures from Ref. [138].

data and MC after the correction is applied. All the systematic uncertainties related
to the JES can be parameterized by 125 nuisance parameters. Reduction schemes
which make use of the eigenvector decomposition [141] are adopted by the analyses
presented in this thesis to reduce the number of nuisance parameters. As shown in
Ref. [138], a good description of the underlying uncertainty effects is kept.

Jet energy resolution The jet energy resolution (JER) can be parameterized
as a function of the jet pT as done in Equation 3.5,

σ(pT)
pT

= N

pT
⊕ S√

pT
⊕ c, (3.5)

where N , S and c are constant values. These represent respectively a noise term, a
stochastic term due to fluctuations in the response of the detector. The constant term
parameterize the fluctuations due to the jet formation position and its interaction
with the detector. This latter term dominates above 400 GeV. JER is measured
in multi-jet events, with the balance method described in Ref. [138]. The JER as
a function of jet pT is shown in Figure 3.10(a). The total systematic uncertainty
and a breakdown of its main components is shown in Figure 3.10(b). At low pT,
and very high pT, these components are directly related to JES uncertainties. At
medium pT, the largest contribution is due to the non-closure between the particle-
and reconstruction-level when evaluating the JER on MC samples.

Particle-flow jets
The particle-flow algorithm, whose description can be found in Ref. [142], can be
used to improve the reconstruction and calibration of jets. Before the anti-kt is
ran on the topo-clusters, the contribution of charged hadrons reconstructed in the
ID and associated with the jet is subtracted from the energy deposit. Such energy
contribution is replaced by the pT measured in the ID, which provides a better
measurement of charged hadrons with respect to the calorimeter. The assign of
tracks to the jet is performed via the so called ghost-association. This procedure
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Figure 3.10. (a) Relative jet energy resolution as a function of the jet pT, as measured in
data and MC dijet events. (b) Breakdown of the JER relative uncertainty as a function
of jet pT. Figures from Ref. [138].

assign a very low transverse momentum to each track, i.e. O(10−100), and include
those in the list of constituents on which the jet clustering algorithm is run. In this
way, tracks are associated to the jets even if the shape of such objects is irregular.
The subtraction of the energy associated to each track is not performed if this
falls into a significant energy deposit [138]. This is evaluated by comparing the
topo-cluster energy with the expected energy deposit from charged pions in the jet,
evaluated from MC simulations. For jet pT > 100 GeV, no subtraction is performed,
and the two jet reconstruction algorithms described coincide.

The calibration of particle-flow jets (PFlow) proceeds via the same steps already
described for EMTopo jets. A better angular resolution is observed for PFlow
jets [142], and the JES measurement is found to be affected by lower systematic
uncertainties. Moreover, as shown in Figure 3.11(a), the response function as
measured in data and MC simulation for the JES calibration is closer to unity at low
jet pT. Figure 3.11(b) shows that the JER can be improved at low jet pT thanks to
the better measurement of tracks with respect to topo-clusters in this regime. The
usage of tracks also allows for a reduction of the dependence of the jet reconstruction
algorithm on the pileup. PFlow jets are used in this thesis in Section 5.3, where
studies to improve ATLAS V H(→ bb̄) measurements are presented.

Large-radius jets

The reconstruction of jets with the anti-kt algorithm with a larger radius parameter
has been identified as one way of improving the sensitivity of LHC experiments to
the V H(→ bb̄) signal [143]. At high transverse momentum (pT(H)� mH), Higgs
boson decay products are expected to be separated by ∆R(b, b) ' 2mH/pT(H). This
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Figure 3.11. Comparison between the JES (a) and JER (b) response functions for EMTopo
and PFlow jets, defined as the ratio of each quantity as measured in data and MC, as a
function of the jet pT. Figures from Ref. [138].

topology can be used to significantly reduce the tt̄ background, since these events are
expected to have two b−jets in different detector hemispheres. Large-radius (large-R)
jets have been used so far also in several studies of the top quark, electroweak bosons
pair production and searches for heavy dibosons resonances.

Large-R jets reconstruction [144] starts as for EMTopo jets from the clustering
of topoclusters with the anti-kt algorithm. The default R parameter value chosen
by ATLAS is 1.0. To reduce the contribution from initial-state-radiation (ISR) and
pileup, a trimming procedure is performed following Ref. [145]. This procedure
consists in the identification within the large-R jet of sub-jets, reconstructed with
the kt algorithm with a radius parameter R = 0.2, with a pT below a fixed relative
threshold with respect to the large-R jet. Such contributions are removed from
the large-R jet candidate. The uncalibrated, i.e. before the application of JES
corrections, pT is required to be greater than 200 GeV, with |η| < 2.5.
The calibration procedure of large-R jets is close to the one performed for EMTopo
jets. In addition to the absolute JES calibration, an additional correction to the
jet mass scale (JMS), derived as a function of reconstructed jet energy and ηdet, is
applied. After these two steps the jets are said to be calibrated at the JES + JMS
scale. To improve the mass resolution, a combined jet mass is defined exploiting the
ID. Track-jets are built using reconstructed ID tracks as inputs of the anti-kt and
trimming algorithms. The track-jet mass is then defined as

mTA = mtrack
pcaloT
ptrackT

, (3.6)

where quantities with the ‘track’ label are evaluated from the track-jet, while ‘calo’
to the large-R jet; mTA is used to define the combined mass of the large-R jet

mcomb = wcalomcalo + wTAmTA, (3.7)

where the w terms are weights defined such that the mass resolution is better than
either the large-R jet and the track-jet mass resolution.
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Large-R jets are further calibrated with the in-situ procedure. The JMS is also
calibrated with an in-situ procedure. Two different methods are adopted: the
calorimeter-to-track response ratio, and the forward-folding, both described in detail
in Ref. [144]. The first method is only used to derive systematic uncertainties on
the JMS, and is based on the mean of the gaussian distribution of the double ratio
between data and MC simulation of RTRK =

〈
pcaloT /ptrackT

〉
. Deviations between

data and MC simulation are taken as systematic uncertainties. The forward folding
method instead performs a fit to the large-R jet mass in tt̄ events. In particular,
from the position and the shape of the W and top-quark peaks it is possible to
extract the jet mass scale and jet mass resolution.
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Figure 3.12. Ratio of the response function as measured in MC simulation and data for
the JES (a) and JMS (b) via the in-situ method for large R jets, as as a function of the
large-R jet pT. Figures from Ref. [144].

In Figure 3.12(a) the large-R jet pT response ratio between data and MC is
shown. As for EMTopo jets, the three in-situ measurements are combined to cover
the pT range from 200 GeV to about 2.4 TeV. The uncertainty is propagated from the
in situ measurements, and is about 1% at low pT and 2% at high pT. The dominant
one in this regime is the JES of the EMTopo jets used in the multijet balance
method. Figure 3.12(b) reports the response function for the jet mass scale as a
function of large R jet pT. This ratio is consistent with unity within uncertainties,
which are of the level of 2 to 5% in the 400 GeV-1 TeV pT range. The dominant
source of uncertainty on this quantity is due to the alternative modelling obtained
from different ME and PS generators of the MC samples used in the calibration
procedure.

Variable-radius track-jets

As already introduced, tracks which satisfy the quality criteria requirements described
in Table 3.1 can be used to build track-jets. The opening angle of hadronisation
products at high transverse momentum roughly scales as ∆R ∼ 1/pT. Variable-
radius (VR) jets have been introduced to catch this dependence [146]. The anti-kt
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algorithm is ran with an effective R parameter defined as

Reff(pT, ρ) = min
{

0.4,max
{

0.02, ρ
pT

}}
, (3.8)

which depends on the jet pT and on a parameter ρ. Tracks from the ID are used as
inputs to build the VR track-jets.

The parameter ρ determines how quickly the jet radius changes. Its default
parameter in ATLAS is 30 GeV. The dependence of R on the jet pT is shown
in Figure 3.13, overlaid to the leading VR track-jet pT distribution observed in
simulated qq → Z(νν)H(bb̄) events. As it can be seen, most of the events fall in the
range in which the R parameter of the VR track-jet is lower than 0.4. VR track-jets
are used by the boosted V H(bb̄) analysis, described in Section 5.2, to identify the
two b-jets from the H decay within the large-R jet.
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Figure 3.13. Effective R parameter of the anti-kT algorithm adopted in the definition
of VR track-jets shown as a function of pT, and overlaid to the leading VR track jet
pT distribution obtained in qq → Z(νν)H(bb̄) simulated events (arbitrary normalisation).

3.3.1 Pileup jet tagging
At large average number of interaction per bunch crossing, local fluctuations may
lead to the reconstruction of spurious low-pT pileup jets. In order to reduce such
contributions, the jet-vertex-fraction (JVF) [147] variable was developed. JVF is
defined as the scalar sum of the transverse momenta of tracks belonging to the HS
vertex and associated to a jet, divided by the same quantity, evaluated over all the
interaction vertices reconstructed in the collision. This quantity though is not stable
as a function of NPV, as the denominator increases. A corrected version of JVF is
introduced [147] to scale by NPV the sum of the pT of tracks associated with a jet
but not with the HS vertex.

In order to build a 2D discriminant to reduce pileup jets, an additional variable
is considered, RpT . This quantity is defined as the scalar sum of the pT of the tracks
associated with the jet and originating from the HS vertex, divided by the jet pT,
evaluated after the calibration. In fact, this includes already a subtraction of pileup
contributions. This variable is peaked at low values for pileup jets, and tends to be
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larger for the ones from the HS vertex, despite the fact the neutral component is not
included in the numerator. Using the k-nearest-neighbour algorithm [148], from the
2D distribution of the corrected-JVF and RpT variables a likelihood discriminator
called jet-vertex-tagger, JVT, is built. The JVT likelihood distribution, as a function
of the two aforementioned variables, is shown in Figure 3.14(a). The hard-scatter
identification efficiency is shown in Figure 3.14(b) as a function of average number
of interaction per bunch crossing, as obtained from MC multi-jet events. One can
observe how the efficiency for JVT is almost flat as a function of pileup, while it
decreases for JVF. The implementation of JVT leads to improved pileup jet rejection,
as 〈µ〉 = 33.7 in the Run-2 data set. The efficiency is measured in Z+jets events as
described in Ref. [147], and scale factors are derived to take into account potential
mismodelling in the simulation.
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Figure 3.14. (a) JVT likelihood function shown in the (JVF,RpT) plane. (b) Dependence
of the hard-scatter efficiency as a function of actual interaction per bunch crossing for
JVF and JVT for different requirements on the discriminant variables. Both figures are
obtained in simulated multi-jet events. Figures from Ref. [147].

3.3.2 Heavy-flavour jet tagging
The identification of jets initiated from b-quarks, also called b-tagging, plays a crucial
role in this thesis. Without such procedure, the measurement of the V H(bb̄) process
would not be possible due to the large QCD backgrounds of the LHC. Moreover,
b-tagging is also used in the search for dark matter in monojet final states, to
build a top-quark enriched control region to constrain large modelling systematic
uncertainties, as described in Section 4.9.

The long mean proper lifetime of b-hadrons3, of the order of picoseconds, leads to
3In the following b-hadrons and c-hadrons will refer respectively to B and D mesons, produced

in the hadronisation process of b and c quarks.
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displaced secondary vertices where multiple tracks are produced. In MC simulation
the truth flavour of each jet is identified in the following way: for each jet a truth
b−hadron is sought within a fixed radius cone of ∆R = 0.3; if such hadron is found
the jet is b-labelled. If none is found, a truth c-hadron is looked for in the same
way, and again, if found, the jet is said to be c-labelled. If also a c-hadron is not
found, then a truth τ -lepton is sought, and if this is not found then the jet is
light-flavour labelled, otherwise it is labelled as a τ -jet. At reconstruction-level,
instead, the identification of b-jets relies on a set of low-level taggers which access
the tracks in the event, or exploit kinematic constraint given by the b- and c-hadron
masses, to produce inputs for higher level taggers. For such algorithms, tracks are
ghost-associated to jets, assuming a variable radius parameter [149].

Four low-level taggers are defined:

• IP2D and IP3D [150]: likelihood ratio (LLR) discriminants based on the
transverse (d0/σ(d0)) and longitudinal (z0/σ(z0)) impact parameters signed
significance. Such distributions are expected to be asymmetric for particles
which do not decay promptly such as b-hadrons. The LLR of each tagger is
built from the ratio of the probability density functions derived for the different
truth jet flavours in MC simulation. Tracks are treated as independent from
each other, thus their likelihood value is multiplied to obtain a final one for
each tagger. The two values are given as input to the higher-level-taggers.

• SV1 [151]: aims at the reconstruction of secondary vertices within the jets.
The algorithm is seeded by a pair of tracks, and via a χ2 fit more tracks are
matched to the secondary vertices. The invariant mass of the system of tracks
is required to be less than 6 GeV. If a higher value is found, the vertex is
discarded. The algorithm outputs eight variables, such as the mass of the
vertex, the significance of the decay length and other information related to
the identified tracks.

• JetFitter [152]: aims at the reconstruction of the full b- and c-hadron decay
chains, by the identification of a flight direction which matches subsequent
decay vertices. It also outputs eight discriminant variables, mainly related to
the track multiplicity associated to each vertex.

• RNNIP [153]: recurrent neural network which takes as an input the signed
impact parameter significance of each track, the fraction of jet pT carried by
the track with respect to jet pT and the angular distance with respect to the
jet axis. It outputs four probabilities, one for each truth label discussed before,
which are combined to provide a single score for the jet.

Three distinct high-level-taggers are then defined based on the architecture and
inputs taken. MV2c10 [150, 149] is a BDT which uses the outputs from all the
above low-level-taggers, except for the RNNIP score. It is trained to separate b-jets
from c- and light-flavour jets. The output of such BDT is a score between -1 and 1,
whose distribution derived in simulated tt̄ events is shown in Figure 3.15(a). During
the training, the fraction of c-jets, with respect to the total background, is set to 7%
[149]. This enhances the discrimination power with respect to b-jets.
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Figure 3.15. MV2c10 (a) and DL1 (b) score distributions as determined in simulated tt̄
events. Figures from Ref. [149].

TheDL1 tagger uses the same input of MV2c10, with the addition of information
from JetFitter on possible tertiary vertices. It is based on a deep neural network,
and gives as an output three probabilities for each jet, pb, pc and pl. These are
combined a-posteriori to define a score which, in the case of b-tagging, is given by

DDL1 = ln
(

pb
fc · pc + (1− fc) · pl

)
, (3.9)

where fc is fixed to 0.08. This parameter is tuned to achieve sufficient discrimination
power between b- and c-jets. A c-tagger can be built in the same way by swapping
pb and pc and re-tuning the parameter f . The output score distribution of DL1 is
shown in Figure 3.15(b). The third tagger is called DL1r, and is an extension of
DL1. It takes the same inputs of DL1, with the addition of the RNNIP output. Its
perfomance on the tagging of PFlow jets are shown in Ref. [6], and further studies
are reported in this thesis in Section 5.3.

Single-cut operating working points (OP) are defined by applying a fixed cut on
the output scores. These are designed to provide an average b-tagging efficiency of
60%, 70%, 77% and 85%. The cut values, together with the corresponding rejection
factors are shown in Table 3.3. Pseudo-continuous b-tagging WPs can also be defined
by requiring the efficiency of tagging a jet to be within an interval, e.g. between
77% and 70%. Such WPs are adopted in the V H(→ bb̄) analysis since they allow
for the determination of the quality with which a jet is identified as b-tagged.

Tagging algorithms are calibrated by comparing the efficiency and mistag rates,
defined as the efficiency of tagging a c- or light-flavour jet as a b-jet, observed in
MC samples to the same quantities measured in data. Such calibration is performed
in tt̄ dilepton events for b-jets [149] and c-jets [154]. To calibrate the light-flavour
jet mistag rate, the calibration is performed on Z+jets events [155]. The b-tagging
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Table 3.3. Definition of single-cut WPs, and performance in terms of selection efficiency
and rejection factors, as evaluated on s tt̄ MC sample, for MV2 and DL1 b-tagging
algorithms. Table from Ref. [149].

εb
MV2 DL1

Selection Rejection Selection Rejection
c-jet τ-jet Light-flavour jet c-jet τ-jet Light-flavour jet

60% > 0.94 23 140 1200 > 2.74 27 220 1300
70% > 0.83 8.9 36 300 > 2.02 9.4 43 390
77% > 0.64 4.9 15 110 > 1.45 4.9 14 130
85% > 0.11 2.7 6.1 25 > 0.46 2.6 3.9 29

efficiency for the MV2c10 algorithm is shown as a function of jet pT and |η| in
Figures 3.16(a) and 3.16(b), respectively.
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Figure 3.16. b-jet tagging efficiency as measured in tt̄ dilepton events and in MC simulation
for the MV2c10 tagging algorithm. Figures from Ref. [149].

The degradation of the efficiency at low jet pT is due to the multiple scattering
of particles. In the same way, this phenomenon affects the efficiency at high |η|
values, since in that region particles interact with more detector material. At high
pT , instead, the tracks become to be more collimated and the tracking efficiency is
degraded.

SFs are derived from the ratio of the efficiency measured in data and in MC
simulation. These are assumed to be independent among different jets, and are
applied as a multiplicative correction to the event weights in the analyses. Additional
MC-to-MC scale factors are derived by comparing different MC generators which
adopt different ME generation algorithms, or alternative parton-shower models.
These are needed to correct the SF when the MC sample used in the calibration
procedure does not match the one adopted by an analysis. Further details on these
MC-to-MC SFs, and studies carried out on PFlow jets in the context of this thesis are
reported in Section 5.3. Systematic uncertainties on the flavour-tagging procedure
are propagated from the calibration analyses. Different sources of uncertainties can
affect the value of the SFs. An eigenvector decomposition is performed to reduce the
number of uncertainties which are propagated trough physics analyses selections to
derive the effect of flavour-tagging uncertainties. Different schemes can be adopted,
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based on the level of detail needed on the description of such uncertainties.

3.4 Missing transverse momentum
Missing transverse momentum ( ~Emiss

T ) is a 2D vector defined in the transverse plane
of the collisions, proxy of the production of non-interacting particles. It is the key
element of the searches of DM at particle colliders, since it is hypothesised that
WIMPs produced in particle collisions at the LHC escape the experiment undetected.
Moreover, it allows to identify Z(→ νν̄)H(→ bb̄) candidate events, thus improving
the sensitivity to the H(→ bb̄) process.

The ~Emiss
T is defined as in Equation 3.10,

~Emiss
T = −

∑
obj. i

~p iT −
∑
soft

signals j

~pT
j , (3.10)

where the first term is called hard term, and includes all the reconstructed and
calibrated objects, such as electrons, photons, hadronically decaying τ -leptons, jets
and muons. A soft term is added to take into account all the signals not associated
with any of the previous objects. This term can be evaluated considering ID tracks
or topo-clusters in the calorimeter. The standard ATLAS choice [156] is to consider a
track soft term (TST), which – although it does not take into account the presence of
neutral particles – is insensitive to pileup due to the fact that only tracks associated
to the HS vertex are considered.

The objects entering the definition of ~Emiss
T are independent from each other.

An ambiguity solving procedure is followed to avoid the double-counting of detector
signals [156]. The priority order is the following: electrons, photons, hadronically
decaying τ -leptons, jets and muons. A partial overlap of jets and electrons or photons
may happen. In this case, after the object selection for Emiss

T calculation, the ratio
κE = EEM

e (γ)/EEM
jet is evaluated. The superscript EM indicates that both objects are

considered calibrated at the electromagnetic scale, as discussed in Section 3.3. If κE
is lower than 0.5, the jet is included in ~Emiss

T calculation with its pT scaled by 1−κE ,
otherwise it is discarded, and the tracks associated only to the jet enter in the TST.
The overlap between muons and jets is also considered. Ghost-association between
the jet and the muon determines whether such two objects overlap. Requirements
on the transverse momentum ratio and on the number of tracks of the HS vertex
associated to the jet allow to understand if the jet is due to pileup, and therefore
needs to be removed. Moreover, muons might radiate hard photons at small angles,
which lead to a reconstructed jet in the calorimeter. In this case the number of
tracks associated to the HS vertex and the energy deposit characteristics, e.g. the jet
width4, allow for the identification of such jets. These are included in the calculation
of ~Emiss

T . Lastly, reconstructed tracks associated to the PV and close-by any electron,
photon, τ -lepton, or that are ghost associated to any jet, or match a muon ID track
are not considered in the TST.

The modelling in simulation of the magnitude of the ~Emiss
T , Emiss

T , of MC simu-
lations of Emiss

T in events with and without genuine Emiss
T is shown in Figure 3.17.

4The jet width is defined by the number of associated calorimeter cells.
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In this figure, data collected in 2015 are compared to MC in Z(→ µµ)+jets and
W (→ eν)+jets events. In the latter case, a requirement of 0 jets passing selection
criteria, as defined in Ref. [156], is applied. To reduce the dependence of the com-
parison on the MC generators adopted, each process is normalized to the generator
cross-section, and the overall distribution is scaled to the same integral of data. A
good agreement is observed in dimuon events, with data compatible with MC within
uncertainties. The mismodelling observed at low Emiss

T in W+jets events is due to
the fact that the contribution from multi-jetevents were not taken into account in
simulation.

(a) (b)

Figure 3.17. Comparison of the Emiss
T distribution in (a) Z+jets events and (b) W+jets

events, where genuine Emiss
T is expected from the non-reconstruction of the neutrino.

Figures from Ref. [156].

Detector response to Emiss
T can be evaluated in Z(→ µµ)+jets decays where

the expected Emiss
T is zero. In each event, the projection of the ~Emiss

T onto the
reconstructed flight direction of the Z boson ( ~AZ) is built,

〈
Emiss
T · ~AZ

〉
. If no jets

are present in the event, the expected value of such quantity is 0. Values below 0
are expected if the hadronic recoiling activity is underestimated. In Figure 3.18(a)
the Emiss

T response, as a function of the transverse momentum of the Z boson (pZT),
is shown. At low values, the missing neutral component in the soft term leads to
an underestimation of the hadronic recoil activity. At higher pT the jet term in
the ~Emiss

T definition tends to dominate, and a flat offset is observed. Data and MC
simulation are found to be in good agreement within uncetainties.

The resolution of Emiss
T measurement is determined by the rms of the x and y

components of the ~Emiss
T with respect to their expected value. This can be measured

in data selecting Z(→ µµ) events, where Emiss
T is expected to be zero. Figure 3.18(b)

shows the rms of the two ~Emiss
T components as a function of the scalar sum of

transverse energies of all objects reconstructed in Z(→ µµ) events, defined as ∑ET.
At low values of ∑ET the resolution is dominated by the measurement of the two
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muons, while the logarithmic behaviour above ∼ 180 GeV is related to the JER.

Systematic uncertainties on the Emiss
T reconstruction are provided for both

the scale and resolution measurement. The hard term uncertainty component is
propagated from the objects used in its definition. Soft-term systematic uncertainties
are evaluated from data and MC simulation by looking at ~

Emiss,soft
T components

parallel and perpendicular to the reconstructed direction of the hard term [156].

(a) (b)

Figure 3.18. (a) Comparison of the average projection of ~Emiss
T on the flight direction of

the Z boson in Z + jets events. (b) Resolution on the measurement of ~Emiss
T components

as measured in data and obtained in MC simulation in Z(→ µµ) + jets events. Figures
from Ref. [156].

Emiss
T reconstruction variants. As already mentioned, alternatively to the

TST, the soft term can be evaluated from calorimeter energy deposits not associated
to any reconstructed objects. The calorimeter soft term (CST) can be used to define
~Emiss,calo
T . However, such definition is highly sensitive to pileup. A lower resolution

at low Emiss
T is also expected due to worse performance of the calorimeter on the

measurement of low-pT objects with respect to the ID.
Another ~Emiss

T variant, adopted in the V H(bb̄) analysis as an input to the final MVA,
is the track-Emiss

T (~pmiss
T ). This is built using only tracks reconstructed in the ID

associated to the HS vertex. Such Emiss
T definition is insensitive to pileup. However,

it has an intrinsic lower-scale response, due to the fact that no neutral components
of jets, nor photons, are included. Moreover, while the Emiss

T reconstruction uses
jets with |η| up to 4.5, the ~pmiss

T reconstruction is limited by the acceptance of the
inner tracker, |η| < 2.5.
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Chapter 4

The Monojet search

The production of new physics phenomena at the LHC might go undetected in the
final state of the collisions, and lead to large missing energy. In order to overcome
the large hadronic background of LHC collisions, the presence of SM particles
reconstructed in the final state is often required. This leads to the so-called mono-X
signatures. At an hadron collider in particular, the emission of QCD initial state
radiation (ISR) is enhanced with respect to the emission of a photon, or the associated
production of an electroweak boson. Gluons hadronize in the final state and lead to a
monojet signature, a golden channel to look for new phenomena at the LHC. Events
with jets recoiling against a significant amount of missing transverse momentum
have been observed for the first time at CERN Spp̄S by the UA1 collaboration [157]
in 1984. Since then, several searches have been performed in this final state.

In this Chapter, the monojet analysis carried out with the data collected by the
ATLAS experiment, in pp collisions at

√
s = 13 TeV, during LHC Run 2 is presented.

These results have been published in Phys. Rev. D 103 (2021) 112006.
Section 4.1 presents a general overview of the analysis while in Section 4.2 the
background processes are discussed. The objects and event selection adopted in
the definition of the analysis regions are discussed in Section 4.3, 4.4 and 4.5. In
Section 4.6 a summary of the improvements with respect to the previous iteration of
this analysis in ATLAS is given. The background estimation is presented in Section
4.7, and a discussion of the systematic uncertainties is given in Section 4.8. Results
are finally presented in Section 4.9. Model independent limits, constrains on the
parameters of DM simplified models, and on the Higgs to invisible branching fraction
are discussed in Section 4.10. A re-interpretation of the results in terms of long lived
particles models is presented in Section 4.11. This work has been published as an
ATLAS public note, ATL-PHYS-PUB-2021-020.

4.1 The idea
In this analysis we look for events in which up to four hadronic jets recoil against a
large amount of missing transverse momentum, at least 200 GeV. Events in which
leptons are reconstructed are not considered as part of the signal region (SR). An
event display of a monojet like event is shown in Figure 4.1. This event has been
recorded in 2017 ATLAS data. It includes a central jet with pT = 1924 GeV and

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-020/
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Emiss
T = 1913 GeV. Such event might have been arisen from the associated production

of jets with a Z boson, the latter decaying into a pair of neutrino anti-neutrino
(Z → νν̄).

Figure 4.1. Monojet event recorded by the ATLAS experiment during 2017 data taking
campaign. The length of the green (yellow) bars is proportional to the energy deposits in
the electromagnetic (hadronic) calorimeter cells associated with the jet. Reconstructed
tracks in the ID are represented by orange lines. The direction of missing transverse
momentum is represented by the red dotted line. A view of the event in the transverse
plane is presented on the left part of the figure. Figure from the auxiliary material of
Ref. [4].

Other SM processes, like W (→ `ν)+jets, lead to the same final state if the
lepton is not correctly reconstructed. The goal is to look for deviations from the SM
predictions. It is therefore crucial to identify all the possible background sources.

A semi data-driven approach, based on a simultaneous fit to statistically inde-
pendent control regions (CR), is adopted to correct MC predictions of background
processes using data. Moreover, such CR allow to reduce the systematic uncertainties
associated with the predictions. The discriminant variable used in the search is the
Emiss
T . A total uncertainty between 1.2% and 4.2% is achieved on the background

predictions. Since no significant deviations from the SM are observed, upper limits
on the visible cross-section and on new phenomena models are set. An upper limit
on the branching fraction of the Higgs boson into invisible final states (B(H → inv.)
is also set.

4.2 Background processes
Background processes to the monojet search can be either irreducible or reducible.
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Irreducible backgrounds these processes lead to the exact same final state of the
sought signal. For this reason, it is not possible to apply a cut on kinematic
variables of the event to improve the signal significance. The Z(→ νν̄)+jets
process, produced via either strong or electroweak mode, is the main irreducible
background of the search. Another irreducible background would be the
production of a pair of Z bosons, both decaying into a pair of neutrinos.
However, the cross-section of the latter process is negligible with respect to
the former.

Reducible backgrounds leptonically decaying W bosons produced in association
with jets, dibosons, tt̄ and tW production include genuine Emiss

T from one or
more neutrinos in the final states. Such events include also leptons. If these
are not reconstructed, events would enter the SR. It is therefore crucial to
adopt efficient WP and loose cuts to identify any additional charged lepton,
such that these events are rejected (or assigned to one of the control regions, as
defined later in this Chapter). The Z(→ `+`−) process is an almost negligible
background of the search, though can be used to correct Z(→ νn̄u)+jets
predictions via a dilepton enriched CR.

Background processes are modelled with state of the art MC simulations, as described
in Section 4.2.1. As already mentioned, a set of control regions, defined in Section
4.5.2, is used to correct their predictions and constrain the associated modelling
uncertainties.

Additional background events arise from QCD multijet production. This process
is particularly relevant at low Emiss

T , since one or more soft jets not correctly
reconstructed in the final state lead to fake Emiss

T . Moreover, due to the large QCD
cross-section, this is the largest background. However, it can be significantly reduced
with an angular distance requirement between the Emiss

T direction and any jet in the
event. A monojet-like signature can be also emulated by high energetic particles
produced in the interaction between the beam and LHC collimators located near the
ATLAS interaction point. Muons can travel parallel to the beam pipe, and deposit a
significant amount of energy in the calorimeters, which emulates a jet. This process
is categorized as non-collision background (NCB). Cosmic muons are also a source of
NCB, but their contribution is reduced by timing requirements on the calorimeters
signals. Both the QCD background at low Emiss

T and NCB are not well modelled in
MC simulations. Their estimate, described in Section 4.7.1, is thus obtained in a
data driven way.

4.2.1 Monte Carlo simulation
The MC calculations adopted for the nominal predictions are described in this section.

Single vector boson production. W/Z+jets (V + jets) processes, where
the V production is not EW induced, are simulated using the Sherpa [158] 2.2.1
event generator. The matrix element (ME) calculations include up to 2 extra QCD
emissions at next-to-leading order (NLO), and up to 4 extra emissions at leading
order (LO), and are performed using the Comix [159] and Open Loops [160] libraries.



84 4. The Monojet search

The NNPDF3.0NNLO parton density function set [161] is used in the five number of
flavours scheme ME calculation. The ME generator is interfaced within Sherpa with
a parton shower algorithm based on the Catani-Seymour dipole formulation [162],
which adopts the cluster hadronisation model [163]. Matching is performed with the
CKKW method [164] using a 20 GeV threshold, and it is extended at NLO accuracy
with the ME+PS@NLO prescription [165]. To populate with enough statistical
precision the entire phase space, events are generated in slices of the parton level
max(HT, p

V
T) variable. HT is defined as the scalar sum of the pT of parton level

jets with pT > 20 GeV, and pVT is the transverse momentum of the vector boson as
calculated from ME leptons. A total of 6 samples, whose boundaries are set at [70,
140, 280, 500, 1000] GeV and the centre-of-mass energy, are obtained and merged
together. Events, normalised to the generator cross-section, are initially re-weighted
to an inclusive NNLO QCD calculation [166].

NNLO QCD and NLO EW virtual corrections to the production of vector bosons
in association with jets are applied following the prescriptions of Ref. [167]. These
include the effect of two-loop EW Sudakov logarithms evaluated at NLL accuracy.
Such terms are relevant at high boson pT, where the corrections to the cross-section
are of the order of few percent. The cross-section is reweighted via a one-dimensional
ratio between the differential cross-section as function of the boson pT provided
in theoretical predictions, and the one obtained with ATLAS MC simulations at
particle-level. This quantity is defined by the sum of the transverse momenta of the
leptons produced in the vector boson decay. To take into account the emission of
QED radiation off charged leptons, photons found within ∆R < 0.1 are reclustered
with them, forming the so-called dressed-leptons.

The reweighting is described by Equation 4.1

d
dpVT

d
d~yσ

V (~εMC, ~εTH) = d
dpVT

d
d~yσ

V
MC(~εMC)

d
dpVT

σVTH(~εTH)
d

dpVT
σVMC(~εMC)

, (4.1)

where d/d~y represents the dependency of the cross section on all the other vari-
ables. In the ratio on the right hand side of the equation, d/dpVT indicates that
such dependency is integrated out. ~εMC indicates the set systematic uncertainties
associated to the MC predictions. A set of theoretical systematic uncertainties, ~εTH,
are provided by the authors of Ref. [167] to take into account missing higher orders in
the calculation, the extrapolation between low and high pT and differences between
W and Z boson corrections. These prescription allow to correlate the estimate of
these two processes in a fit. Thus, in addition to Z(→ ``)+jets, W (→ `ν)+jets
events can be used to estimate the Z(→ νν̄)+jets background. More details on the
fit model are provided in Section 4.7.2.

Corrections are provided by the authors separately for the Z(→ `+`−), Z(→ νν̄)
and W (→ `ν) processes. These can be applied to every lepton flavour if FSR of
leptons is taken into account in the reconstruction of the boson pT. However, in the
MC samples used, the pT(V ) spectrum of the different lepton flavours is affected by
statistical fluctuations. Moreover, the overall cross-sections used to normalize the
events of different channels, extracted from the logs of the event generation stage,
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can be slightly different between different leptonic channels, thus introducing overall
relative shifts. These effects are not an issue, because the value given as an input
simplifies, a posteriori, in the ratio of equation 4.1. In Figure 4.2 a comparison of
the boson pT spectrum is presented for W (→ `ν)+jets and Z(→ `−`+)+jets evens,
for the three different lepton flavours.
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Figure 4.2. Comparison of cross-section predictions obtained in simulated V+jets events for
different lepton flavour channels. Events are generated according to the setup described
in this Section. Error bars shown in the bottom pane represent the relative statistical
uncertainty on the predictions.

In order to absorb such statistical fluctuations, the ratio on the right hand side of
Equation 4.1 is evaluated for each different lepton flavour. The obtained correction
factors are shown in Figure 4.3.

The size of the correction is compatible within different lepton flavours. Residual
differences are due to the two effects already discussed: statistical fluctuations
and slightly different values of the used cross-sections. While the latter effect is
completely re-absorbed a posteriori, the former only partially.

A slightly larger correction for Z + jets processes, and a different slope between
W (→ `ν)/Z(→ `−`+)/Z(→ νν̄), due to different EW corrections for each processes,
are observed. The dips present in the correction factors at around 140 GeV, 280 GeV,
500 GeV and 1 TeV are due to the procedure with which the MC samples are
generated. As already mentioned, Sherpa 2.2.1 V+jets samples have been produced
by splitting the phase space integration in max(HT,pT(V )) slices. Once these are
correctly weighted, the description of the cross-section is good, as already shown in
Figure 4.2. In the ratio with the inputs provided from the authors of the prescriptions
(i.e. smooth distributions) small steps appear. However, these are mostly reabsorbed
in the application of the correction factor. In Figure 4.3(c) it is possible to see how a
different choice of the slicing variable, used for the generation of part of the Z(→ νν̄)
+ jets events, leads to a smoother correction factor.

Details on the systematic uncertainties associated with the prescriptions, and
their impact on the background estimate, are discussed in Section 4.8.2.
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Figure 4.3. Correction factors used to reweight the V+jets processes to higher order.

Electroweak V+jets production. Even if the cross section of the V jj process
including a t-channel propagator is subdominant with respect to the strong mode,
this process becomes relevant on the tail of the Emiss

T distribution, as shown later in
Section 4.4. Thus, events not overlapping with the aforementioned ones are produced
using Herwig 7.1.3 (7.2 for final states including muons) [168] at NLO accuracy,
provided by the VbfNLO [169] package. The MMHT2014NLO PDF set [170] is used.

Top quark processes. tt̄ events are simulated at NLO accuracy using the
Powheg-Box v2 [89] generator with the NNPDF3.0NLO PDF set. The hdamp pa-
rameter, which regulates hard ISR emissions against which the tt̄ system can recoil,
is set to 1.5 times the mass of the top quark. The decay of such particle is handled
by MadSpin [171] to preserve the spin correlations. The ME is interfaced with
Pythia 8.230 [172] for the parton showering. The NNPDF2.3LO PDF set [173] is
used, together with the A14 set of tuned parameters [174]. The production rate,
branching fraction, and the kinematics of b- and c-hadrons decays are handled by
EvtGen v1.6.0 [175].
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Single top processes in the s-, t- and tW channels are simulated at NLO using
Powheg-Box v2, with the NNPDF3.0NLO PDF set. The ME generator is interfaced
with Pythia 8.2.30 for the parton showering. Also in this case, MadSpin, the A14
set of tuned parameters and EvtGen are used. To account for the interference with
the tt̄ process, the diagram removal (DR) scheme [176] has been chosen for the
nominal tW sample. Modelling differences with respect to the diagram subtraction
(DS) scheme have been included as a systematic uncertainty, as described in Section
4.8.2.

Dibosons production. Final states including the production of Z(→ ``)Z(→
``), Z(→ ``)W (→ `ν), Z(→ ``)Z(→ νν̄) and W (→ `ν)Z(→ νν̄) have been simu-
lated at NLO accuracy including one extra QCD emission, and at LO for up to
3 partons, using the Sherpa 2.2.2 event generator. The PDF set, merging and
matching procedure are the same adopted in the V+jets setup described previously
in this Section.

4.2.2 Event weights
Simulated MC events have an associated weight, used to take into account different
aspects described below.

First, MC events generated beyond LO have a weight which is needed to achieve
the correct cross-section distribution once a sufficient number of events is simulated.
Negative weighted events are generated to correctly reproduce the cancellations
which arise in the ME calculation. Weights are also associated to the PS part of
the generation, to take into account the Sudakow form factors associated with QCD
emissions. Each event need to be weighted by its associated value, and normalized
by the sum of all the weights from the events generated. Once multiplied by the
cross-section, the obtained distribution is correctly normalized. Higher order cross-
section calculations might be available for some processes. An inclusive reweight can
be implemented scaling the event weight for a k factor. Moreover, if the events are
generated with a filter, an efficiency εfilt. has to be taken into account in the event
weight. This is needed, because to obtain such event 1/εfilt. have been generated.

Once event weights normalised as mentioned above are multiplied by the inte-
grated luminosity, expected number of events is obtained.

A set of corrections related to the measurement procedure need to be taken into
account in the event weight. As already introduced in Section 3, the reconstruction
performance of physics objects in MC simulation is corrected by scale factors, SF.
These correct the obtained efficiencies to the one measured in data. One SF needs
to be applied each time a reconstruction, identification, isolation or tagging WP
of the objects is required. Typical values of the SF are close to unity. In a similar
way, inefficiency scale factors, also called anti-SF, are applied when a veto is set on
the reconstruction or identification of particular objects. In the monojet analysis,
anti-SF are introduced for the lepton veto applied in the SR and CR, and for the
veto of b-tagged jets in the definition of the single lepton CR. The categorization of
the events is discussed in Section 4.5.

Finally, an event weight is also derived to correct the distribution of the average
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interaction per bunch crossing, such that the observed pileup distribution in data is
correctly reproduced in the simulations.

The total event weight, which is used when histograms from MC events are
produced to perform a data to MC comparison and a fit to the data with MC
templates is given by the product of all the aforementioned components as

wtot =
∏
i

wi. (4.2)

The same technique is also applied for simulated signal samples.

4.3 Object definition
The reconstruction of final state jets, leptons, photons, hadronically-decaying τ
leptons and of the ~Emiss

T in the event proceeds as described in Chapter 3. For some
objects, two categories are defined: baseline and signal. This classification is used in
the pre-selection of the events, and in their categorization in the different regions of
the analysis. The definition of baseline objects is based on looser cut. It is meant to
maximise the identification efficiency. Signal ones are defined using tighter working
points or additional cuts instead, with the goal to identify well reconstructed objects.

Jets. No distinction between baseline and signal jets is made. They are required
to have pT > 30 GeV and |η| < 2.8. To suppress pileup jets, a requirement on
the JVT variable defined in Section 3.3.1, JVT > 0.59 is applied for central jets
(|η| < 2.4) with pT below 120 GeV. To identify fake jets, e.g. due to NCB sources or
noise bursts in the HEC, requirements on the topology of the energy deposits in the
calorimeter system are applied. The Loose cleaning WP, defined in Ref. [177], is
required. As an example, one jet is defined as BadLoose if one single layer of the
calorimeters include more than 99% of the jet energy.

Jets originating from the decay of b−quarks are identified using the MV2c10 dis-
criminant described in Section 3.3.2. Such jets are required to be within |η| < 2.5, and
to pass the cut that defines the single OP cut WP which provides ε ' 60% on average.

Electrons. Baseline electrons are required to satisfy ET > 7 GeV, |η| < 2.47,
and to be identified by the Loose&Blayer WP defined in Section 3.2.1. A requirement
on |z0 sin θ| < 0.5 mm is applied. Signal electrons need to satisfy the baseline quality
criteria, and to pass the Tight identification WP. Moreover, they are required to
have d0/σ(d0) < 5, pT > 30 GeV, and not to be within the crack-region of the EMC
(1.37 < |η| < 1.52).

Muons. Baseline muons are required to pass the Medium identification WP
defined in Section 3.2.2, and to have pT > 7 GeV and |η| < 2.5. To be labelled as
signal, muons are required to have d0/σ(d0) < 3, |z0 sin θ| < 0.5 mm and a transverse
momentum greater than 10 GeV.

τ leptons. Hadronically decaying τ leptons baseline definition requires pT >
20 GeV and |η| < 2.5. As for signal electrons, the crack-region of the EMC is vetoed.
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τhad candidates are required to pass the Loose identification WP. As discussed in
Section 4.4, τhad are only used to veto events, thus no signal definition is applied.

Photons. Baseline photons are required to pass the Tight identification criteria
(see Section 3.2.1), to have ET > 10 GeV and |η| < 2.37. Also in this case, since
photons are only used to veto events, no signal γ definition is applied.

Missing transverse momentum. The ~Emiss
T is calculated from the negative

vectorial sum of all the baseline objects defined above. Jets are included if they
satisfy the criteria pT > 20 GeV and |η| < 4.5. The track soft term is used to take
into account signals not associated to any of the aforementioned objects.

4.3.1 Overlap removal
To avoid double counting signals in the events, an overlap removal (OR) procedure
is performed. It takes into account all the baseline objects defined above, except
hadronically decaying tau leptons. Objects not passing the OR are removed from
the event. It is performed following the order below:

• electron - muon: if they share the same ID track, remove the electron since
the energy deposit in the calorimeter is likely to be originated from the muon;

• jet (j) - electron: if ∆R(j, e) < 0.2 the jet is removed and the electron is kept.
If 0.2 < ∆R(j, e) < 0.4 the jet is kept, and the electron discarded, since this is
likely to have been originated in the displaced decay of one hadron in the jet.

• jet - muon: if ∆R(j, µ) < 0.2 and the jet has at least three ghost associated
(GA) tracks, the muon is removed and the jet kept. If ∆R(j, µ) < 0.2 and less
than three GA tracks are associated to the jet, or the muon itself is GA to the
jet, then the latter is discarded. Finally, if 0.2 < ∆R(j, µ) < 0.4, the muon is
discarded and the jet is kept.

The last step of the OR procedure involve photons, which are discarded if
reconstructed within ∆R < 0.4 of an electron or a muon. If the separation between
a jet and a photon is below 0.4, the jet is discarded and the photon is kept.

4.4 Event pre-selection
Events in data are selected with calorimeter based Emiss

T triggers [120] and single
electron ones [178]. The former do not use any hits from the muon spectrometer,
therefore are suitable also to select W (→ µν)/Z(→ µµ)+jets events.

The Emiss
T triggers used in different periods of the Run 2 data taking campaign

are reported in Table 4.1. Trigger chains with increasing thresholds have been used
to cope with the evolving rates. The level 1 trigger threshold was kept at 50 GeV,
except for the first part of 2017 data taking. The HLT threshold varied between 90
and 110 GeV. The ‘mht’ and ‘pufit’ labels refer to different algorithms adopted to
reduced pileup contributions. These are described in Ref. [120].
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Table 4.1. Missing transverse momentum triggers used to select events.

Period Fraction of collected events Trigger chain

2015 - HLT_xe70_mht

2016
296393 ≤ run < 302872 4.6% HLT_xe90_mht_L1XE50
302919 ≤ run ≤ 303892 4.7% HLT_xe100_mht_L1XE50
303943 ≤ run ≤ 311481 90.7% HLT_xe110_mht_L1XE50

2017
325713 ≤ run ≤ 331975 12.6% HLT_xe110_pufit_L1XE55
332303 ≤ run ≤ 341649 87.4% HLT_xe110_pufit_L1XE50

2018
348197 ≤ run ≤ 350066 0.8% HLT_xe110_pufit_xe70_L1XE50
350067 ≤ run ≤ 364400 99.2% HLT_xe110_pufit_xe65_L1XE50

Different single electron trigger chains have been used via a logical or to collect
data, and are summarised in Table 4.2. The L1EM20VH trigger is fired if it finds a
candidate electron with at least 20 GeV of transverse energy at level 1, and no energy
deposits in the hadronic calorimeter; ‘lhloose’ indicates that the electron is required
to satisfy the loose identification criterion (the same holds for ‘medium’ and ‘tight’).
The suffix ‘nod0’ indicates that no requirements are set on the d0 parameter, and
‘ivarloose’ indicates that the electron is required to pass the loose isolation working
point. The energy threshold at HLT is defined by the ‘HLT_e’ part of the trigger
chain.

Table 4.2. Single electron triggers used to select events, combined via a logical or.

Period Trigger chain

2015
HLT_e24_lhmedium_L1EM20VH or

HLT_e60_lhmedium or
HLT_e120_lhloose

2016, ’17, ’18
HLT_e26_lhtight_nod0_ivarloose or

HLT_e60_lhmedium_nod0 or
HLT_e140_lhloose_nod0

Only events collected while the ATLAS detector was fully functioning are analysed.
The corresponding run numbers are stored in a good run list.

In the monojet analysis, all the events are required to have at least one primary
vertex, as defined in Section 3.1, and to contain at least one central jet (|η| < 2.4)
with pT > 150 GeV. On top of the Loose cleaning criterion, the jet is required to
satisfy the condition fch/fmax > 0.1. fch indicates the fraction of charged particles
included in the jet. fmax is the largest fraction of energy deposited in one single
calorimeter layer. NCB sources tend to have fch close to 0 and fmax close to 1, thus
are suppressed by this requirement. To reduce the multijet background, events with
jet multiplicity greater than four are rejected.
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4.5 Region definition
Events are categorized in six statistically independent regions, based on the number
of reconstructed leptons in the event. Such division defines a signal (or search)
region and the control regions (CR). These are enriched in background processes
including leptons instead, and are used in a simultaneous maximum likelihood fit,
described in Section 4.7, to correct the background predictions in the SR using data,
without looking at the SR itself.

4.5.1 Signal region

Events passing the pre-selection cuts are assigned to the signal region (SR) if they
have Emiss

T > 200 GeV and no baseline leptons, including τhad, nor photons are
reconstructed. To suppress the multijet background, a requirement on the angular
distance in the transverse plane between the ~Emiss

T direction and any jet in the event
is applied. In the previous iteration of the analysis a min∆φ(j, Emiss

T ) > 0.4 selection
was applied. Since the multijet background increases significantly when the minimum
Emiss
T requirement is lowered to 200 GeV and it has a large associated uncertainty

(cf. Section 4.7.1), a tighter selection is applied in the 200 GeV < Emiss
T < 250 GeV

bin to reduce its contribution. This choice is further motivated in Section 4.7.1.
In Figure 4.4 the distributions of the missing transverse momentum, jet multi-

plicity, leading jet pT, leading jet |η| and the minimum angular distance between
any jet and the direction of the ~Emiss

T are shown for data, and compared to the MC
predictions. Events are normalized to the generator cross-sections, and at this stage
the V+jets reweighting described in Section 4.2.1 is not applied yet as the purpose is
to check the performance of the modelling. The background composition, estimated
from MC simulation, shows that more than half of the total background is due to
the Z(→ νν̄)+jets process. The second-leading background is W (→ τν)+jets. In
the MC template both the leptonic and hadronic decays of the τ lepton are included.
Top-quark-related backgrounds constitute altogether a subdominant component
(∼ 3%). Though, this processes are affected by large modelling uncertainties at
high Emiss

T , as described in Section 4.8.2. The contribution of multijet and NCB
backgrounds is not shown in the plots. These reduce the slight excess of data
observed at low Emiss

T and leading jet pT values.
The modelling of the kinematic distributions presented is good. A slight offset is

observed in all the distributions, due to known differences between the measured
and Sherpa V+jets predicted cross-sections [179]. This motivates the use of CRs
to correct the predictions of the simulated samples.

4.5.2 Control regions

A total of five CRs are defined. Four are dedicated to the estimate of the Z(→
νν̄)+jets process, and are enriched in V+jets events. The last CR is instead defined
to constrain the modelling uncertainties associated with top-quark related processes.

Control regions are defined to be as close as possible to the SR. These are
obtained by inverting the lepton veto present in the SR definition. The τhad and γ
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Figure 4.4. Signal region events distributions of the (a) Emiss
T , (b) jet multiplicity, (c)

leading-jet pT (d) leading-jet |η| and (e) minimum ∆φ(j, Emiss
T ). Only MC statistical

uncertainties are shown. The generator cross-section is used to normalise the events,
and the V+jets reweighting, described in Section 4.2.1, is not applied.

vetoes are kept. The variable used in the simultaneous likelihood fit is the differential
distribution of p recoilT , the magnitude of the 2D vector
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~p recoil
T = ~Emiss

T +
∑
all `

~pT(`), (4.3)

where the sum is performed over all the signal leptons identified in the events. The
variable defined in this way is a proxy for the transverse momentum of the vector
boson in all the regions considered.

The requirement on the angular distance between any jet and the Emiss
T in the

event applied in SR is defined in CRs applying the same requirements on ~p recoil
T .

Single-electron control region

A control region enriched in the W (→ eν)+jets process is obtained selecting events
with the single electron triggers introduced in Section 4.4. Exactly one signal
electron which satisfies the Tight fixed-cut isolation working point, defined in
Section 3.2.1, is required. A veto on events with baseline muons, photons or τ
leptons is imposed. Events are required to have p recoil

T > 200 GeV. To target
W+jets events, the transverse mass of the electron-Emiss

T system, defined as mT =√
2pT(e)Emiss

T
[
1− cos(∆φ(e, Emiss

T )
]
, is required to be in the range [30, 110] GeV.

To reduce the multijet contribution at high lepton pT two additional cuts are applied:
the Emiss

T significance, defined as S = EmissT /
√
HT with HT the sum of jets pT , is

required to be greater than 5, and Emiss
T > 70 GeV. A b-jet veto is applied to keep the

region statistically independent to the one defined to be enriched in top-quark related
processes. Pre-fit p recoil

T , leading jet pT, lepton kinematic variables, transverse mass
and jet multiplicity distributions are shown in Figure 4.5. The trend observed in the
lepton pseudo-rapidity is a known mismodelling of the Sherpa V+jets sample. The
dips observed around η = ±1.4 are due to the crack-region of the EMC, which is
vetoed in the electron reconstruction. Overall a good modelling is observed, and the
residual discrepancy is due to known mis-modellings of the Sherpa V+jets samples
in part of the phase space.

Single muon control region

W (→ µν)+jets events are selected with the same Emiss
T trigger adopted for the SR.

Exactly one signal muon, and no other reconstructed baseline lepton or photon,
is required in the event. Summing up the muon transverse momentum with the
~Emiss
T , ~p recoil

T is obtained. Its magnitude is required to be greater than 200 GeV.
Also in this case, the transverse mass of the muon-Emiss

T system is required to be
30 GeV < mT < 100 GeV, and a b-jet veto is applied. The pre-fit p recoil

T , leading
jet pT, kinematics variables of the lepton, transverse mass and jet multiplicity
distributions are shown in Figure 4.6. The dip observed in the muon η distribution
around 0 is related to the reduced coverage of the MS. This is due to the presence
of shafts to allow the access to the inner part of the ATLAS detector. Also in this
case, the muon η asymmetry is a know mismodelling of Sherpa v2.2.1.

Di-electron control region
The di-electron control region is included in the likelihood fit for the first time in this
iteration of the ATLAS monojet search. It was already considered for the previous
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Figure 4.5. Pre-fit (a) p recoil
T , (b) leading jet pT (c) electron pT, (d) electron η, (e)

transverse mass of the electron-Emiss
T system, (f) jet multiplicity distributions of the

events selected in the single electron CR. Only MC statistical uncertainties are shown.
The generator cross-section is used to normalise the events, and the V+jets reweighting,
described in Section 4.2.1, is not applied.

one [180], performed with 36 fb−1, but the available statistics was not sufficient to
improve the SR backgrounds estimate. Z(→ ee)+jets events are targeted by requiring
exactly two reconstructed signal electrons, and no other baseline lepton or photon.



4.5 Region definition 95

200 400 600 800 1000 1200

1−10

1

10

210

310

410

510

610

710

810

E
ve

nt
s 

/ G
eV -1 = 13 TeV, 139 fbs

) Control Regionνµ →W(
 > 200 GeVrecoil

T
) > 150 GeV, p

1
(j

T
p

Data
Standard Model w. unc.

) + jetsνµ →W(
) + jetsντ →W(

) + jetsν l→VBF W(
tt
Single top
Diboson

) + jetsµµ →Z(

200 400 600 800 1000 1200
 [GeV]recoil

T
p

0.5

1

1.5

D
at

a/
S

M

(a)

200 400 600 800 1000 1200 1400

1−10

1

10

210

310

410

510

610

710

E
ve

nt
s 

/ G
eV -1 = 13 TeV, 139 fbs

) Control Regionνµ →W(
 > 200 GeVrecoil

T
) > 150 GeV, p

1
(j

T
p

Data
Standard Model w. unc.

) + jetsνµ →W(
) + jetsντ →W(

) + jetsν l→VBF W(
tt
Single top
Diboson

) + jetsµµ →Z(

200 400 600 800 1000 1200 1400
 [GeV]

T
Leading jet p

0.5

1

1.5

D
at

a/
S

M

(b)

0 100 200 300 400 500 600

1−10

1

10

210

310

410

510

610

710

810

E
ve

nt
s 

/ G
eV -1 = 13 TeV, 139 fbs

) Control Regionνµ →W(
 > 200 GeVrecoil

T
) > 150 GeV, p

1
(j

T
p

Data
Standard Model w. unc.

) + jetsνµ →W(
) + jetsντ →W(

) + jetsν l→VBF W(
tt
Single top
Diboson

) + jetsµµ →Z(

0 100 200 300 400 500 600
 [Gev]µ

t
p

0.5

1

1.5

D
at

a/
S

M

(c)

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

20

40

60

80

100

120

310×

E
ve

nt
s

-1 = 13 TeV, 139 fbs
) Control Regionνµ →W(

 > 200 GeVrecoil

T
) > 150 GeV, p

1
(j

T
p

Data
Standard Model w. unc.

) + jetsνµ →W(
) + jetsντ →W(

) + jetsν l→VBF W(
tt
Single top
Diboson

) + jetsµµ →Z(

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
µ

η

0.5

1

1.5

D
at

a/
S

M

(d)

0 20 40 60 80 100 120 140

20

40

60

80

100

120

140

160

180

200

220

240
310×

E
ve

nt
s

-1 = 13 TeV, 139 fbs
) Control Regionνµ →W(

 > 200 GeVrecoil

T
) > 150 GeV, p

1
(j

T
p

Data
Standard Model w. unc.

) + jetsνµ →W(
) + jetsντ →W(

) + jetsν l→VBF W(
tt
Single top
Diboson

) + jetsµµ →Z(

0 20 40 60 80 100 120 140
) transverse mass [GeV]ν,µ(

0.5

1

1.5

D
at

a/
S

M

(e)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

200

400

600

800

1000

310×

E
ve

nt
s

-1 = 13 TeV, 139 fbs
) Control Regionνµ →W(

 > 200 GeVrecoil

T
) > 150 GeV, p

1
(j

T
p

Data
Standard Model w. unc.

) + jetsνµ →W(
) + jetsντ →W(

) + jetsν l→VBF W(
tt
Single top
Diboson

) + jetsµµ →Z(

0 1 2 3 4
Jet multiplicity

0.5

1

1.5

D
at

a/
S

M

(f)

Figure 4.6. Pre-fit (a) p recoil
T , (b) leading jet pT (c) muon pT, (d) muon η, (e) transverse

mass of the muon-Emiss
T system, (f) jet multiplicity distributions of the events selected

in the single muon CR. Only MC statistical uncertainties are shown. The generator
cross-section is used to normalise the events, and the V+jets reweighting, described in
Section 4.2.1, is not applied.

No requirement on the charge of the leptons is applied. Single electron triggers are
adopted to pre-select data events. The two leptons are required to have an invariant
mass 66 GeV ≤ mee ≤ 116 GeV, and the total p recoil

T is required to be greater than
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200 GeV. The pre-fit modelling of selected kinematic variables, related to jets and
the two leptons, is shown in Figure 4.7. This CR is highly pure in Z(→ ee)+jets
events, which constitute more than 94% of the total expected background. The
introduction of the di-electron CR increases the data statistics available in 2L CRs
by ∼ 40%, therefore allowing to improve the background estimate.

Di-muon control region

A Z(→ µµ)+jets enriched CR is defined by the selection of data events with the
Emiss
T trigger. Exactly two signal muons are required to be reconstructed. As

for the di-electron CR, the invariant mass of the two muon system is required to
be 66 GeV < mµµ < 116 GeV. The total recoiling transverse momentum against
hadronic activity, p recoil

T , is required to be greater than 200 GeV. In Figure 4.8, the
pre-fit distributions of selected kinematic variables regarding jets and the muons in
the event are presented.

Top-quark processes control region

As described in Section 4.8.2, large modelling uncertainties affect the top-quark-
related processes. One of the major improvements of the previous iteration of the
ATLAS monojet analysis [180] was the introduction of a CR with a single muon plus
at least one b-tagged jet. In the full Run 2 result presented here, the definition of
the top CR has been extended. By the inclusion of events with a single electron plus
at least one b-jet, an increase of more than 30% of the available statistics has been
achieved. This allows to constrain further the modelling uncertainties associated
with the simulation of top-quark-related processes.

The definition of the top CR follows exactly the one of the single electron and
single muon CRs, except for the inversion of the b-jet veto. At least one b-tagged jet
is required in the events. To improve the statistical power of the region, the electron
and muon channels have been merged into a single one. Pre-fit distributions of jet
and lepton kinematic variables are shown in Figure 4.9.

A significant mismodelling is observed at high transverse momentum. This is
due to know mismodelling of the single-top process: the DR scheme in fact tends to
over-estimate the cross-section of the tW process. The shape difference observed
in the p recoil

T distribution between data and the MC prediction will be fixed in the
likelihood fit by the single-top modelling systematic uncertainty. More details on
this uncertainty are discussed in Section 4.8.2.

The MV2c10 score distribution of the leading jet is presented in Figure 4.10(a).
As expected, a peak of events around 1 is observed. This is due to the requirement
of at least one b-tagged jet in the events. In a sub-dominant portion of cases the
leading jet is not a b-tagged one, as shown by the additional accumulation of events
close to -1. Figure 4.10(b) shows instead the minimal angular distance between the
~p recoil
T direction and any jet in the event. As expected, in semi-leptonic tt̄ events
genuine Emiss

T is present due to the neutrinos originated in t → W (→ `ν)b decay.
Moreover, in boosted events, the W is likely to be close to the b-jet in the event.
W+jets production instead shows a distribution similar to the one observed in the SR,
with typically one jet recoiling against the vector boson. The step observed between
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Figure 4.7. Pre-fit (a) p recoil
T , (b) leading jet pT, (c,d) leading and sub-leading electron

pT, (e) invariant mass of the di-electron system and (f) jet multiplicity distributions
for events selected in the di-electron CR. Only statistical uncertainties are shown. The
generator cross-section is used to normalise the events, and the V+jets reweighting,
described in Section 4.2.1, is not applied.

the first two left bins of the distribution is due to the fact that the min∆φ(j, Emiss
T )

cut is different between the Emiss
T < 250 GeV and Emiss

T < 250 GeV ranges.
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Figure 4.8. Pre-fit (a) p recoil
T , (b) leading jet pT ,(c,d) leading and sub-leading muon pT,

(e) invariant mass of the di-muon system and (f) jet multiplicity distributions for events
selected in the di-muon CR. Only statistical uncertainties are shown. The generator
cross-section is used to normalise the events, and the V+jets reweighting, described in
Section 4.2.1, is not applied.
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Figure 4.9. Pre-fit (a) Emiss
T , (b) leading jet pT (c) lepton pT, (d) lepton η, (e) transverse

mass of the `-Emiss
T system and (f) jet multiplicity distributions of the events selected in

the top CR. Only statistical uncertainties are shown. Events are normalized to generator
cross-section, and the V+jets reweighting, described in Section 4.2.1, is not applied.

4.5.3 Trigger debug stream

As mentioned in Section 2.2.2, data events might cause the high-level trigger to
timeout. Therefore, the associated hits are read out on a separate stream, called
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Figure 4.10. Pre-fit (a) leading jet MV2c10 score and (b) min∆φ(j, Emiss
T ) distributions of

the events selected in the top CR.

debug stream. Such events are reconstructed offline (i.e. while the detector is not
recording the collisions). Then the usual event selection can be applied to look for
any events which should enter one of the aforementioned regions.

A total of 10 events was found to be selected in the monojet analysis regions.
Their category, data taking period and p recoil

T are reported in Table 4.3. No data from
the 2017 and 2018 data taking campaign debug stream passed the event selection.

Table 4.3. List of events selected from the trigger debug stream.

Region Run (year) p recoil
T [GeV]

279259 (2015) 209
279345 (2015) 260

SR 280423 (2015) 230
280500 (2015) 290
280614 (2015) 264
279169 (2015) 270

Single muon CR 279813 (2015) 252
279984 (2015) 471

Single electron CR 303208 (2016) 432
Top CR 302137 (2016) 292

4.6 Improvements with respect to the 36.2 fb−1 search
With respect to the previous iteration of the monojet analysis [180], several improve-
ments in the event selection and regions definition have been included.

The main one is the reduction of the p recoil
T threshold, which has been lowered

from 250 GeV to 200 GeV, and of the leading jet pT one, from 250 GeV to 150 GeV.
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These two improvements increase the sensitivity of the monojet analysis to signals
which have a softer spectrum than SM backgrounds. The sensitivity to WIMP
production via pseudo-scalar mediators, described by simplified models introduced
in Section 1.6.1, and to the H → invisible decays is expected to be improved.

Another significant change is the reduction of the pT thresholds used to define
baseline leptons. Previously, a minimum pT of 20 GeV was required for both electrons
and muons. This value is now 7 GeV. The impact of this change was quantified by
looking at the expected background events in SR. Inclusively, a reduction of 8%,
13% and 41% is observed for the W (→ τν), W (→ µν) and W (→ eν) backgrounds.
Also top-quark and dibosons backgrounds are reduced by 19% and 8% respectively.

The introduction of the τhad veto has no effect on the signal efficiency, but allows
to reduce the total SR background by 11%. The highest reduction is observed for
top-quark-related processes. A reduction in W (→ τν) + jets events of around 20%
is also observed. Minor reduction in the total background is also obtained in the
CR, with an inclusive reduction between 1.5 and 2%.

From the modelling point of view, EW production of V+jets processes have been
considered, as with the full Run 2 statistics their contribution is no more negligible
in the tail of the p recoil

T distributions. Moreover, the V+jets theory reweighting,
introduced in Section 4.2.1, has been updated according to the latest prescriptions,
which promote the cross-section to NNLO QCD and NLO EW accuracy. In the
previous iteration of the analysis, the reweight was performed to NLO QCD and
NLO EW accuracy.

The extended definition of the top control region and the inclusion of the two-
electron control region have been already discussed in the previous Section.

4.7 Background estimation
The main background of the search, V+jets production, is estimated in a semi-
data-driven way by correcting MC predictions in the SR by means of the four
statistically independent CR defined in the previous Section. The modelling of top-
quark processes is corrected in the b-jets enriched CR. The subdominant dibosons
and EW induced V+jets processes estimates are taken from MC predictions, and
their p recoil

T distributions can vary only for the effect of systematic uncertainties.
Multijet production and NCB contributions are instead estimated via a data driven
technique. Further details on the statistical model adopted for the fit are given in
Section 4.7.2, while in the next Section the estimate of the data driven backgrounds
is presented.

4.7.1 Data driven backgrounds
Multijet production. MC simulations fail to model with sufficient accuracy the
non gaussian response of the detector to low-pT jets. Thus, the multijet background
is estimated with the so-called jet smearing method. This has been already adopted
in the previous iteration of the ATLAS monojet analysis [180], and is described
below.

Data seed events are selected using single-jet triggers with thresholds in the [35,
380] GeV range. Since such triggers would exceed the available bandwidth to record
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the events, they are pre-scaled with average factors1 between 40000 and 1. This
value depends on the luminosity block, and is available for each of those.

An ATLAS standard tool, which provides jet response functions constrained
on data, is used to perform the background estimate. These functions, validated
in di-jet and tri-jet final states, are used to smear well-reconstructed multijet seed
events. Such sample is selected using a requirement on the Emiss

T significance
S = Emiss

T −8 GeV√
ET

< 0.05. The correction factor -8 GeV is introduced to take into
account the Emiss

T TST response, which misses the neutral component of the soft term.
In these seed events, jets are required to have at least pT ≥ 20 GeV. A smearing
of the four-momentum is performed one thousand times using the aforementioned
response functions. The monojet SR selection is then applied. The shape of the
multijet background is taken from the accepted events. The normalization of
the template is instead extracted from a multijet-enriched CR, defined with the
requirement min∆φ(j, Emiss

T ) < 0.3. In such region, the contributions from the other
SM backgrounds are subtracted using nominal MC predictions.

Due to the expected large contribution and large uncertainty associated with
the estimate, the cut defined to reject such background, min∆φ(j, Emiss

T ) > 0.4,
is further optimized. In order to obtain a multijet background rejection of 97%
in the SR, while keeping a 89% efficiency on Z(νν̄)+jets events, this quantity is
required to be greater than 0.6 in the first p recoil

T bin. In the second SR p recoil
T bin,

a cut min∆φ(j, Emiss
T ) > 0.4 leads to a Z(νν̄)+jets efficiency of 92% and a multijet

background rejection of 97%. The corresponding values for a threshold of 0.6 would
be 89% and 98%, thus justifying the choice of a different cut between the first two
p recoil
T bins.

The estimate of the multijet background is reported in Table 4.4. Negligible
contribution is observed above 600 GeV. A conservative uncertainty of 100% is
applied to the predictions.

Table 4.4. Multijet background SR estimates, obtained with the jet smearing method.

Emiss
T bin [GeV] Multijet yields ±100%

[200, 250] 18605
[250, 300] 5422
[300, 350] 1131
[350, 400] 387
[400, 500] 57
[500, 600] 5∑ 25607

Non-collision background. As previously mentioned in Section 4.2, monojet-
like topologies might arise from highly-energetic muons produced in the interaction
between the beam halo and LHC collimators. These fake jets can be discriminated
from the collision-originated ones by looking at the timing variable tjet. This is
defined as the average of the individual times of jet energy deposits, weighted by

1A pre-scaling factor of 10 means that on average one over 10 actual events is recorded.
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their fraction to the total energy. The time is evaluated with respect to the one of
the trigger. The distance with respect to the IP is taken into account by considering
an offset corresponding to the time a light-speed particle would take to reach such
detector element. NCB sources have |tjet| > 5 ns, as measured in unpaired bunches
[181]. The estimate of NCB background is performed in four consecutive steps. A
NCB enriched region is produced applying SR cuts, but inverting the tight cleaning
requirement on the leading jet. The total number of events is NNCB. In this region,
the number of out of time (OOT) events with tjet < −5 ns is counted, and a tagging
efficiency is defined as εNCB = NOOT

NCB /NNCB. By counting the OOT events in SR,
the final estimate of the NCB background is given by NCBSR = NOOT

SR /εNCB. The
estimated yields for each data taking year are reported in Table 4.5. Negligible
contribution is observed for p recoil

T > 700 GeV. As for the multijet background, a
conservative 100% uncertainty is applied on the yields.

Table 4.5. NCB SR estimates obtained with the jet timing method.

Emiss
T bin [GeV] NCB yields ±100%

[200, 250] 3513
[250, 300] 781
[300, 350] 243
[350, 400] 87
[400, 500] 46
[500, 600] 15
[600, 700] 8∑ 4693

4.7.2 Statistical model
The observable used in the simultaneous fit is the p recoil

T distribution. This coincides
with Emiss

T in the SR. The binning adopted in the maximum-likelihood fit is reported
in Table 4.6. In the following, the bins are also referred to as EMX, with X from 0
to 12.
Table 4.6. Binning of the p recoil

T distribution chosen for the maximum-likelihood fit.

p recoil
T bins[GeV]

[200, 250) [250, 300) [300, 350) [350, 400) [400, 500) [500, 600) [600, 700)
[700, 800) [800, 900) [900, 1000) [1000, 1100) [1100, 1200) [1200+)

Nominal background predictions can vary in the fit for the effect of free-floating
normalisation factor, κ, and gaussian-constrained nuisance parameters (NPs), α. The
latter are used to parameterize the effect of systematic uncertainties of experimental
and theoretical nature. The NP, as taken fully correlated among the different
p recoil
T bins, can affect both the normalization and the shape of the distributions.

Additional gaussian-constrained NPs, γ stat. parameters, describe the effect of MC
statistical uncertainty.
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One single normalization factor, κV , multiplies the bin-by-bin event yield pre-
dictions for V+jets processes. The correlated estimate between W and Z+jets
processes is possible thanks to a set of systematic uncertainties provided together
with the V+jets reweighting procedure described in Section 4.2.1, which take into
account differences between the W and Z processes. These are discussed further
in Section 4.8.2, and allow to estimate the irreducible Z(→ νν̄)+jets irreducible
background via W and Z enriched CR.

Two separate normalization factors are used to correct the predictions of the tt̄,
κtt̄, and single top-quark, κt, processes. This is motivated by the fact that the two
processes have two different p recoil

T differential distributions, as can be observed in
Figure 4.9(a). Furthermore, this decorrelation improves the background modelling in
the top CR. The three normalization factors are taken to be fully correlated among
different bins and regions.

The complete likelihood model is given by the product of Poisson distributions
(P) of observing Nobs

ri data events given the expected number of total events in
each bin p recoil

T bin i and of each region r, multiplied by gaussian distributions of
parameters α and γ which introduce the effect of systematic uncertainties on the
expected yields

L =
∏
r

∏
i

P
(
Nobs
ri |N exp

ri (κ, ~α,~γ)
)∏

α

G (α|0, 1)
∏
γ

G (γ|1, δγ) . (4.4)

The expected number of events in each region and bin is given by the sum of expected
signal and background events, N exp

ri = µN sig
ri +Nbkg

ri . Signal predictions are scaled
by a freely-floating normalisation factor, µ, which is called signal strength. Expected
background yields can be expressed as

Nbkg
ri = κV

(
N
Z(νν̄)+j
ri +N

W (eν)+j
ri +N

W (µν)+j
ri +N

W (τν)+j
ri +

+NZ(ee)+j
ri +N

Z(µµ)+j
ri +N

Z(ττ)+j
ri

)
+

+ κtt̄N
tt̄
ri + κtN

single−t
ri +

+Ndiboson
ri +NEWW+j

ri +NEWZ+j
ri +

+N
multijet
ri +NNCB

ri .

(4.5)

As already mentioned, each term of Equation 4.5 can vary for the effect of systematic
uncertainties as

Nri = Nnominal
ri · (1 +

∑
j

f(αj)θjri) · γri, (4.6)

where αj is associated to a specific source of systematic uncertainty j, and θjri is the
relative size of such uncertainty in the region r and bin i. Two values are given as
input, and commonly referred to as ±1σ variations, and a function f , a sixth-grade
polynomial up to α = 1, and an exponential extrapolation for larger values is chosen,
as described in Ref. [182], to infer the number of expected events for each value of
the α parameter.
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As previously mentioned, γ NPs parameterize the effect of MC statistical un-
certainties. Their size, δγ , corresponds to the relative MC statistical uncertainty in
a given bin. Also these parameters have a gaussian constraint, and the total MC
yields vary in a continuous way between the nominal value and the ±1σ variations.
Gamma parameters are treated as fully uncorrelated, as it is assumed that every
p recoil
T of every region is an independent counting experiment. These parameters are
included only if the relative MC statistical uncertainty of the total background in
one bin, σexpi , is such that

√
Nobsri < 10 · σexpri . For this reason, gamma parameters

are included for the bins at large p recoil
T values, where the equivalent integrated

luminosity of simulated samples is necessarily limited.

4.7.3 Fit strategies
Two set of fits are performed to the data, called hereafter exclusive and inclusive.
Exclusive fits adopt the bins defined in Table 4.6, and are performed in three
consecutive steps. First, a control-region-only fit is performed. This allows an
unbiased estimate of the total SR background, and of the impact of systematic
uncertainties on it. If no significant deviations from SM predictions are observed,
a signal-plus-control-region (SR+CRs) fit in the background-only hypothesis, i.e.
fixing µ = 0, is performed. This gives a feeling on how much the predictions change
by introducing also the SR in the fit. Finally, a SR+CR fit under different BSM
hypotheses is performed introducing the signal predictions and floating the signal
strength. Upper limits are set on the parameters of such models.

Thirteen inclusive fits are performed by considering single-binned regions. These
are called IM, from 0 to 12. These regions are built by integrating the expected yields
over the p recoil

T bins for the different thresholds. From such fits, model-independent
limits on the visible cross-section, defined as σvissig = σsig×A×ε with A the acceptance
and ε the reconstruction efficiency, are derived.

4.8 Systematic uncertainties
The overall normalization and shape of the p recoil

T distributions used in the fit
can vary for the effect of systematic uncertainties. Sources of uncertainty can be
divided in two groups. One associated with the measurement of physics objects, i.e.
experimental. One due to uncertainties on the theoretical predictions used in the
MC simulation, i.e. modelling.

4.8.1 Experimental uncertainties
Experimental uncertainties are related to the measurement of the energy and momen-
tum scales of the reconstructed objects, as well as to the reconstruction, identification
and selection efficiencies. These affect all the MC simulated samples, thus the mul-
tijet and NCB processes are excluded, as they are data-driven. Variations of the
p recoil
T spectrum are obtained by propagating the effect of each NP through the

monojet analysis selection.
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Luminosity. An uncertainty of 1.7% is set on the combined full-Run 2 ATLAS
data set. The evaluation is documented in Ref. [123]. Such uncertainty is expected
to cancel out in the background estimation procedure, as it assumes the same value
for every process, and is flat as a function of p recoil

T .

Jets. The jet energy scale (JES) calibration and the jet energy resolution
(JER) measurement are affected by uncertainties, as described in Section 3.3. Five
NPs are associated to the η inter-calibration procedure, 30 NPs are associated
to the JES in-situ measurement and 13 NPs to the JER one. The latter cover
both the case in which the resolution is higher in MC than in data, and vice
versa. Additional systematic uncertainties account for the jet composition, the single
particle response at high-pT, possible punch-through effects and the efficiency of
the JVT cut requirement. The JES uncertainty of b-jets (BJES) is treated separately.

Flavour tagging of jets. Fifteen NPs are related to the flavour-tagging proce-
dure. Three, four and five NPs account for the variation of FTAG SF respectively of
b-, c- and light-flavour jets. Two separate NPs account for the extrapolation of the
tagging SF from the calibrated range to high pT jets, and from c-quark to τ -lepton
originated jets.

Missing transverse momentum. Uncertainties on the measurement of the
scale and resolution of the TST of ~Emiss

T are propagated through the monojet analysis.
These account for the effects described in Section 3.4. Three independent NPs are
introduced: one for the uncertainty on the resolution of the measurement of the
longitudinal component, one for the transverse component and one for the scale
measurement.

Electrons. Two NPs are introduced to take into account uncertainties associated
to the trigger procedure. Concerning electron identification, two different systematic
schemes have been adopted for the regions which require reconstructed electrons and
for the ones which set a veto on such objects. This choice is motivated by the fact
that different identification working points are used to identify the electrons the two
cases. In regions requiring signal electrons, the Simplified scheme adopted include
respectively 16 and 18 correlated and uncorrelated variations of the identification
scale factors across different (pT, η) bins. This reflects a more accurate description
of the identification performance, and therefore of the systematic uncertainty effects.
In SR, single and di-muon CR instead, a simpler scheme, called Total, is used, and
it includes only one single NP to parameterize electrons identification uncertainties.

Reconstruction and isolation efficiency uncertainties are taken into account by
two separate NPs. Two additional NPs describe the energy scale and energy resolu-
tion uncertainties.

Muons. Systematic uncertainties on the muon reconstruction and identification
efficiency are separated for pT(µ) below and above 15 GeV. NPs are introduced to
take into account uncertainties on the track-to-vertex association performed for the
reconstruction of combined muons, and on the resolution of the pT measurement
performed with the ID and the MS. Two NPs parameterize the uncertainty in the
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measurement of the sagitta due to the alignment of the ID.
To cover differences in the identification efficiency of Medium muons with

pT > 300 GeV, as measured in data and MC, additional uncertainties are derived
in 5 bins of muon-pT and 3 |η| intervals. These contributions add up to fifteen
extra NPs, whose effect is mainly present in the tail of the p recoil

T distribution of the
Z(→ µµ)+jets CR.

Tau leptons. Two NPs are introduced to take into account uncertainties in the
τhad reconstruction, while six reflect uncertainties in the identification procedure,
as parameterized in different bins of τ pT. Separate contributions are derived for
one- and three-prong tracks. Additional three NP account for uncertainties in the
calibration procedure.

Pileup modelling. One nuisance parameter takes into account the uncertainty
associated to the pileup-reweighting procedure adopted to match in simulation the
distribution of the average number of interactions per bunch-crossing observed in
data.

A summary of all the systematic uncertainties, along with the name of the NP
used in the technical implementation of the fit, is shown in Table 4.8 and Table 4.7.

The pre-fit effect of experimental systematic uncertainties, defined as the variation
of the total background in each bin, is presented for the SR and all the CR in Figure
4.11, and compared to the data statistical uncertainty. NPs belonging to the same
category are summed in quadrature. Sub-dominant contributions are neglected, as
described in the next Section. Flavour-tagging-related systematic uncertainties affect
the background predictions only in the regions where either a veto or a selection on
b-jets is present.

Smoothing and pruning of systematic uncertainties

Systematic uncertainties can modify the shape of the p recoil
T distribution. Therefore

its crucial to ensure that non-physical fluctuations due to limited MC statistic are
removed. Moreover, large changes in the expected yields for a given background
in two consecutive bins can lead to instabilities in the numerical minimization of
the likelihood during the fit procedure. For these purposes, a smoothing of the
systematic shapes is performed. Two algorithms have been adopted: the monotonic
and the parabolic rebinning. Both evaluate the MC statistical uncertainty in each
bin of the p recoil

T distribution. For the bins in which this is above a fixed threshold,
the monotonic (parabolic) algorithm rebins until no extrema (at most one local
extremum) in the shape is left.

Sub-percent-level uncertainties on processes contributing at the percent level
to the total background have no power at all in the fit, nor impact on the final
result. Instead, they introduce numerical instabilities in the likelihood minimization
procedure. Therefore, NPs parameterizing uncertainties which have negligible impact
on the final result are not included in the likelihood model. In the previous iteration
of the analysis pruning was performed on a bin-by-bin basis. If the associated
variation of the process in one bin was below 0.1% (pre-fit), the NP was removed
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from only that bin. In the analysis presented in this thesis a new global-aware
pruning is developed. It is based on three consecutive steps:

1. the integrated p recoil
T distribution of the process must be greater than 0.2% of

the total integrated background of the region considered;

2. the systematic variation must be greater than 0.2% in at least one p recoil
T bin;

3. the effect of the systematic variation on the process considered must vary its
yields by more than 0.002% of the total background in at least one p recoil

T bin.

If all the conditions above are satisfied, then the systematic shape is included in
the likelihood model for every bin of the region considered. Pruning and smoothing
are applied only to experimental systematic uncertainties, and largely improve the
numerical stability of the fit. The systematic uncertainty associated to the luminosity
measurement is always applied.

Most of the systematic uncertainties associated to the reconstruction of τhad
leptons are removed from the likelihood model, as well as the ones associated with
low pT muons (below 15 GeV).
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Table 4.7. Summary of the experimental systematic uncertainties related to leptons.

Systematic uncertainty Short description
Electrons
EL_EFF_Trigger_TOTAL_1NPCOR_PLUS_UNCOR trigger efficiency unc.EL_EFF_TriggerEff_TOTAL_1NPCOR_PLUS_UNCOR
EL_EFF_Reco_TOTAL_1NPCOR_PLUS_UNCOR unc. on the reconstruction efficiency
EL_EFF_ID_CorrUncertaintyNP 16 correlated identification efficiency uncertainties of signal electrons
EL_EFF_ID_UncorrUncertaintyNP 18 uncorrelated identification efficiency uncertainties of signal electrons
EL_EFF_ID_TOTAL_1NPCOR_PLUS_UNCOR identification efficiency unc. of baseline electrons
EL_EFF_Iso_TOTAL_1NPCOR_PLUS_UNCOR isolation efficiency unc.
EG_SCALE_ALL energy scale unc.
EG_RESOLUTION_ALL energy resolution unc.
Muons
MUON_EFF_RECO_STAT reconstruction unc. for pT(µ) > 15 GeVMUON_EFF_RECO_SYS
MUON_EFF_RECO_STAT_LOWPT reconstruction and ID efficiency unc. for pT(µ) < 15 GeVMUON_EFF_RECO_SYS _LOWPT
MUON_ISO_STAT isolation efficiency unc.MUON_ISO_SYS
MUON_TTVA_STAT track-to-vertex association efficiency unc.MUON_TTVA_SYS
MUONS_SCALE transverse momentum scale unc.
MUONS_SAGITTA_RHO variations in the scale of the momentum from the sagitta measurementMUONS_SAGITTA_RESBIAS
MUONS_ID momentum resolution unc. from inner detector
MUONS_MS momentum resolution unc. from muon system
MUON_EFF_ID_HighPT unc. to cover mismodelling of Medium muons at high pT
Tau leptons
TAUS_TRUEHADTAU_EFF_RECO_HIGHPT reconstruction unc. for 3-prong taus with pT > 100 GeV
TAUS_TRUEHADTAU_EFF_RECO_TOTAL τhad reconstruction unc.
TAUS_TRUEHADTAU_EFF_JETID_1PRONGSTATSYSTUNCORR2025 statistical unc. on the identification eff. for 1-prong taus with 20 < pT < 25 GeV
TAUS_TRUEHADTAU_EFF_JETID_1PRONGSTATSYSTUNCORR2530 statistical unc. on the identification eff. for 1-prong taus with 25 < pT < 30 GeV
TAUS_TRUEHADTAU_EFF_JETID_1PRONGSTATSYSTUNCORR3040 statistical unc. on the identification eff. for 1-prong taus with 30 < pT < 40 GeV
TAUS_TRUEHADTAU_EFF_JETID_1PRONGSTATSYSTUNCORRGE40 statistical unc. on the identification eff. for 1-prong taus with pT > 40 GeV
TAUS_TRUEHADTAU_EFF_JETID_3PRONGSTATSYSTUNCORR2030 statistical unc. on the identification eff. for 3-prong taus with 20 < pT < 30 GeV
TAUS_TRUEHADTAU_EFF_JETID_3PRONGSTATSYSTUNCORRGE30 statistical unc. on the identification eff. for 3-prong taus with pT > 30 GeV
TAUS_TRUEHADTAU_EFF_JETID_HIGHPT statistical unc. on the identification efficiency of taus with pT > 100 GeV
TAUS_TRUEHADTAU_EFF_JETID_SYST systematic unc. on the identification of τhad
TAUS_TRUEHADTAU_SME_TES_DETECTOR unc. on the τ energy scale due to detector effects
TAUS_TRUEHADTAU_SME_TES_INSITU unc. on the τ energy scale due to in-situ corrections
TAUS_TRUEHADTAU_SME_TES_MODEL unc. on the τ energy scale due the MC modelling
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Table 4.8. Summary of the experimental systematic uncertainties related to jets, missing transverse momentum and other effects.

Systematic uncertainty Short description
Luminosity unc. on the total integrated luminosity
Pileup
PRW_DATASF unc. on the pileup reweighting procedure
Jets
JET_EffectiveNP JES uncertainties, 30 NP
JET_EtaIntercalibration calibrate the scale of forward jets with respect to central jets, 5 NP
JET_FullJER_EffectiveNP JER uncertainties, 13 NP
JET_Flavour_Composition uncertainties on the fraction of HF hadrons in a jet
JET_Flavour_Response uncertainties on the particle originating the jet (quark vs gluon)
JET_SingleParticle_HighPt effect on the in-situ calibration of single particle response unc.
JET_PunchThrough_MC16 Punch-through unc.
JET_Pileup uncertainties associated to the pileup energy corrections
JvtEfficiency JVT efficiency unc.
JET_BJES JES for b-quark originated jets
Flavour tagging
FT_EFF_EIGEN_B unc. on the tagging SF derived for b-jets, 3 NP
FT_EFF_EIGEN_C unc. on the tagging SF derived for c-jets, 4 NP
FT_EFF_EIGEN_Light unc. on the tagging SF derived for light-flavour jets, 5 NP
FT_EFF_EIGEN_extrapolation b-tagging efficiency unc. on the extrapolation on high pT-jets
FT_EFF_EIGEN_extrapolation_from_charm b-tagging efficiency unc. on τ -jets
Missing transverse momentum
MET_SoftTrk_Scale track-based soft term related to longitudinal scale unc.
MET_SoftTrk_ResoPerp resolution unc. of the TST transverse component
MET_SoftTrk_ResoPara resolution unc. of the TST longitudinal component
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Figure 4.11. Pre-fit effect of experimental systematic uncertainties on the total background
expectations of each region. The data statistical uncertainty is also shown. NPs are
grouped in different categories and the total effect is obtained from the sum in quadrature
of the various effects.
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4.8.2 Modelling uncertainties

V+jets processes. A set of systematic uncertainties is provided by the authors of
the prescriptions [167] used to reweight V+jets predictions to higher order.

Three systematic uncertainties cover pure QCD effects. The first one (δ1K)
accounts for the truncation of the perturbative series in αs. This is evaluated
by varying the renormalization and factorization scales both independently and
simultaneously by a factor 0.5 and 2. The half-width of the resulting band is
taken as an uncertainty. A second systematic uncertainty (δ2K) is used to cover
possible biases in the extrapolation between low and high pT. It is estimated via a
shape distortion of the scale variations band. The last pure QCD uncertainty (δ3K)
accounts for the non universality of NNLO QCD corrections between W and Z+jets
processes. All the systematic uncertainties mentioned are correlated between the
V+jets processes.

Three systematic uncertainties cover pure EW effects: δ1κ accounts for higher
order Sudakov logarithms beyond the two loops calculation. The second one, δ2κ,
accounts for NLO EW terms at high-pT not taken into account in the corrections.
Since these might be different for W (→ `ν)+jets, Z(→ ``)+jets and Z(→ νν̄)+jets
processes, the corresponding NP is decorrelated between the three. The last pure
EW uncertainty (δ3κ) accounts for the approximations adopted in the calculation of
the two-loop Sudakov logarithms. The unknown effects might differ between W and
Z+jets processes, thus the NP is decorrelated between the two vector bosons.

An uncertainty takes into account alternative ways of implementing mixed
QCD+EW corrections (namely the additive and multiplicative schemes, whose
description can be found in Ref. [183]). Its size is equal to 5% of the difference
observed between the two methods. The authors provide also 100 variations associ-
ated with the PDF set used in the calculations, PDF4LHC NNLO supplemented
with QED effects from the LuxQED set. To reduce the degrees of freedom included
in the fit, and improve its numerical stability, the variations obtained on the pT(V )
spectrum are summed in quadrature. As shown in Figure 4.12 for Z(→ νν̄)+jets and
W (→ eν)+jets processes, this is a conservative approach. Similar pre-fit impact is
observed for the other processes. An additional uncertainty has been set on processes
including τ leptons. This is due to differences between the τ definition in the parton
level calculations and the one available in MC simulation.

The pre-fit effect on the total SR background of the systematic uncertainties
discussed is shown in Figure 4.13. The effect of the Z(→ ``)+jets δ2κ systematic
uncertainty is null since the Z(→ ``)+jets background is negligible in SR.

Electroweak V+jets production Electroweak production of vector bosons
is simulated using the Herwig 7 generator. No alternative setups of the same
generator is available to evaluate modelling uncertainties. Renormalization and
factorization scale variations, αs and PDF uncertainties are propagated from the
ones evaluated in a Sherpa 2.2.1 V jj+0,1,2 jets @ LO setup. Such uncertainties are
expected to be conservative, since the nominal setup is simulated at an higher level
of perturbative accuracy (NLO). Moreover, the EW production of V+jets processes
is subdominant with respect to the strong mode.

Renormalization and factorization scales are varied by a factor 0.5 and 2 one at
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Figure 4.12. Effect of PDF variations on (a) Z(→ νν̄)+jets and (b)W (→ eν)+jets process
as a function of the pT(V ). Gray lines indicate each single variation, while the red lines
indicate the sum in quadrature of the components.
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Figure 4.13. Pre-fit effect of the systematic uncertainties associated to the V+jets processes
on the total SR background, shown as a function of p recoil

T . Figure from the auxiliary
material of Ref. [4].

a time and simultaneously. Half the width of the obtained envelope has been taken
as the uncertainty. PDF uncertainties are evaluated by summing in quadrature
the variations obtained from the 100 replicas included in the NNPDF3.0NNLO
set. αs has been varied between the nominal value, αs = 0.118 and two values,
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αs = 0.117, 0.119 and the corresponding variation observed in the p recoil
T distribution

is taken as an uncertainty. The three uncertainties are summed in quadrature to
obtain the total ±1σ combined variations. In Figure 4.14, the total uncertainty
associated to EW Z+jets in SR and EW W+jets in single muon CR is shown as
a function of p recoil

T . Uncertainties between 20% to 60% are obtained. Similar
contributions are observed in the other control regions for both samples.
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Figure 4.14. Total modelling uncertainty associated to the electroweak production of
Z+jets and W+jets, respectively evaluated in (a) SR and (b) single muon CR as a
function of p recoil

T .

Dibosons production. Uncertainties on double vector-boson production are
evaluated using the internal weights variations available in the adopted Sherpa sam-
ples. These are the same renormalization and factorization scale, αs and PDF
variations described for the Sherpa electroweak V+jets setup.

Additional systematic uncertainties are considered to take into account the
variations of the resummation and matching scales. Such variations require the
production of alternative samples. These are available only at truth level, and only
for W (→ `ν)Z(→ ``) final states. The variation of the cross-section prediction
is evaluated inclusively in a tri-lepton enriched region after requiring the SR pre-
selection cuts. The matching scale is varied from the nominal value of 20 GeV to
15 and 30 GeV, and the resummation scale is varied by a factor 0.25,4. Moreover,
the parton shower dipole recoil scheme is switched between the default setting [184],
and an alternative one [162]. The impact of these three effects on the cross-section
is reported in Table 4.9.

All the variations are summed in quadrature with the scale, αs and PDF ones.
The total uncertainty on dibosons production, as a function of p recoil

T , is shown in
Figure 4.15(a) and 4.15(b) for the SR and the single electron CR respectively. It
ranges between 15% and 40% with increasing p recoil

T .

Top-quark processes. Modelling uncertainties on tt̄ and single-t quark pro-
duction are evaluated by means of alternative available MC samples.



4.8 Systematic uncertainties 115

Table 4.9. Modelling systematic uncertainties due to alternative setups of the dibosons
MC simulation.

Alternative setup Variation [%]
Resummation scale variation × {0.25, 4} {10.8, -4.4}

Matching scale {15,30} GeV {0.7, -1.6}
Dipole recoil scheme variation 5.1
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Figure 4.15. Total modelling uncertainty associated to the production of vector boson
pairs, evaluated respectively in (a) SR and (b) single electron CR, shown as a function
of p recoil

T .

The nominal setup for tt̄ simulation is described in Section 4.2.1. Powheg is
used to generate the ME process and Pythia8 for parton showering. Uncertainties
are estimated by comparing to alternative simulations. Uncertainties on the hard-
scatter process (HS) modelling and matching to the PS derive from comparison
with a MadGraph5 aMC@NLO plus Pythia 8 setup. The parton shower and
hadronisation model are compared to a setup based on Powheg and the Herwig7
PS.

Uncertainties are set on the choice of the hdamp factor, which controls the
matching between the Powheg ME generation and the showering performed by
Pythia8. This parameter regulates the ISR which recoils against the tt̄ system.
Alternative samples, generated varying the nominal hdamp parameter from its nominal
value of 1.5 ·mtop to {0.5, 3} ·mtop are compared to the nominal setup.

Final-state-radiation uncertainties are derived by varying the value of αs in the
PS of the nominal setup. PDF uncertainties are negligible with respect to the effects
mentioned before.

Uncertainties on the ME, HS, PS, hadronization and fragmentation modelling
of the single-t processes are evaluated in the same way. An additional uncertainty
is derived for the tW process by comparing the p recoil

T distribution obtained by
switching to the diagram removal scheme to remove the overlap with the tt̄ sample.
The difference is expected to be large at high p recoil

T . It is the dominant source of
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uncertainty for the single-t production.
The different variations obtained on the p recoil

T spectrum are summed in quadra-
ture to derive two combined systematic uncertainties, one for tt̄ production and one
for single-t processes. These two uncertainties are shown in Figure 4.16 and 4.17 for
the SR and the top CR respectively.
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Figure 4.16. Combined modelling uncertainty associated to the (a) tt̄ and (b) single-top
quark production in SR, as a function of p recoil

T .
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Figure 4.17. Combined modelling uncertainty associated to the (a) tt̄ and (b) single-top
quark production in top CR, as a function of p recoil

T .

The impact of including one NP for each source of systematic uncertainty is
tested in the fit. No differences on the final results is observed with respect to a
two-NP-only setup. Thus, for the sake of simplicity, only two nuisance parameters
are included in the likelihood model
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4.9 Background estimation results

After a CR only fit is performed, a good agreement between data and SM predictions
is observed overall in the CR p recoil

T distributions. In figure 4.18 the results obtained
in the single-lepton control regions are presented. A deviation of −2σ, evaluated as
(Data−SM)/

√
σ2
data + σ2

MC is observed in the [500, 600] GeV p recoil
T bin of the single

muon CR. In two bins of the single-electron CR a slight excess of data is observed.
The deviation, below the level of 2σ, might be due to mis-reconstructed jets faking
electrons, or to fluctuations in the background MC templates.

The level of uncertainty in the single muon (electron) CR on the total back-
ground ranges between 0.25% (0.27%) to 4% (4.1%). In the top-quark CR the MC
mismodelling due to top quark processes are fixed, and a total uncertainty of 0.57%
to 20% respectively at low and high p recoil

T is reached.
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Figure 4.18. Comparison between data and MC predictions of the p recoil
T distribution, in

single-lepton CR, after a CR only fit is performed. The last bin in the distributions
include the overflow. The band in the bottom pane includes both the statistical and
systematic uncertainties on the background predictions. Figures from Ref. [4].

Di-lepton CR p recoil
T distributions are presented in Figure 4.19. Also in this case

good agreement between data and the background predictions is observed. In the di-
electron CR a similar level of uncertainty to the single-lepton one is observed, ranging
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between 0.37% and 4.5%. The di-muon CR is affected in the tail by large additional
systematic uncertainties included to correct mismodelling of high-pT muons. Thus,
the total uncertainty ranges between 0.31% and 10%. In Table 4.10 the yields before
and after the fit in each region, split for background components, are reported.
These are obtained inclusively for p recoil

T > 200 GeV.
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Figure 4.19. Comparison between data and MC predictions for the p recoil
T distribution, in

di-lepton CR, after a CR only fit is performed. The last bin in the distributions include
the overflow. The band in the bottom pane includes both the statistical and systematic
uncertainties on the background predictions. Figures from Ref. [4].

The p recoil
T distribution observed in the SR are shown in Figure 4.20, and

compared to SM predictions obtained after performing a CRs-only or SR+CRs
fit. Agreement is observed between data and SM predictions. The total level
of uncertainty varies between 1.2%, at p recoil

T 200 GeV, and 4.2% for p recoil
T >

1.2 TeV. The effect of adding the SR to the fit for the background estimation,
in the background-only hypothesis, is shown in the same figure. The background
predictions are not significantly affected. However, the uncertainty on the background
predictions is reduced by almost half of the value obtained after a CR only fit. This
is due to the fact that the SR has a non-negligible statistical power, and allows to
further constrain modelling systematic uncertainties.

After the CR-only fit, an inclusive effective k factor, defined as the ratio between
the post-fit and pre-fit yields, of 1.13± 0.01 is observed for V+jets backgrounds in
the SR. In the same region, the tt̄ background is corrected by a multiplicative factor
of 0.9 ± 0.1, and the single-t background overall gets scaled by a factor 1.6 ± 0.4.
These values do not correspond to the best-fit value of the normalization factors
included in the likelihood model, due to non-zero post-fit values of the NPs, which
imply non-zero effects on the overall normalization of these backgrounds. Systematic
uncertainties, in fact, can not only modify the shape of the p recoil

T distributions, but
also their overall normalization. The values of the normalization factors obtained in
the CR-only and background-only SR+CR fit are reported in Table 4.11.

The value obtained for the normalization factor of the single-t quark processes is
balanced by a negative pull of the NP which parameterize the single top combined
uncertainty. The best-fit value of all the α NPs included in the fit are reported in
Figure 4.21. The constrains observed on the ‘VBF theo sys’, ‘singletop combined
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Table 4.10. Data and expected events for p recoilT > 200 GeV in each CR. The top part
shows the post-CR-only fit predictions, while in the bottom one the pre-fit expected
events are reported. Negligible contributions are indicated by a dash. Table from Ref.
[4].

precoil
T

> 200 GeV W → µν W → eν Top Z → µµ Z → ee

Data events (139 fb−1) 1 364 958 699 674 225 606 196 800 145 531

SM prediction (post-fit) 1 364 800 ± 3300 699 700 ± 1800 225 600 ± 1100 197 000 ± 600 145 500 ± 500

Fitted W → eν – 578 800 ± 3400 16 100 ± 900 – –
Fitted W → µν 1 149 000 ± 6000 – 31 600 ± 1700 – –
Fitted W → τν 71 500 ± 800 45 200 ± 500 3380 ± 180 – –
Fitted VBF W + jets 26 200 ± 3100 14 300 ± 1700 2020 ± 340 – –
Fitted Z → ee – – – – 138 100 ± 700
Fitted Z → µµ 21 500 ± 500 – 778 ± 20 185 200 ± 900 –
Fitted Z → ττ – 1900 ± 50 – – –
Fitted Z → νν – – – – –
Fitted VBF Z + jets – – – 3300 ± 400 2530 ± 320
Fitted single-t 22 000 ± 6000 13 200 ± 3500 33 000 ± 10 000 350 ± 170 110 ± 60
Fitted tt̄ 52 000 ± 4000 34 000 ± 2800 137 000 ± 9000 4000 ± 400 1790 ± 180
Expected dibosons 23 000 ± 4000 12 400 ± 1900 1880 ± 340 4000 ± 700 2900 ± 500

MC exp. SM events 1 220 000 ± 60 000 623 000 ± 32 000 233 000 ± 31 000 175 000 ± 9000 127 000 ± 7000

Fit input W → eν – 509 000 ± 27 000 14 200 ± 1200 – –
Fit input W → µν 1 010 000 ± 50 000 – 28 000 ± 2300 – –
Fit input W → τν 63 000 ± 3400 39 800 ± 2100 2970 ± 250 – –
Fit input VBF W + jets 22 000 ± 4000 11 700 ± 2300 1500 ± 500 – –
Fit input Z → ee – – – – 120 000 ± 7000
Fit input Z → µµ 18 900 ± 1100 – 689 ± 23 163 000 ± 9000 –
Fit input Z → ττ – 1680 ± 60 – – –
Fit input Z → νν – – – – –
Fit input VBF Z + jets – – – 2700 ± 500 2000 ± 400
Fit input single-t 16 000 ± 6000 10 000 ± 4000 28 000 ± 13 000 700 ± 500 280 ± 210
Fit input tt̄ 60 000 ± 7000 39 000 ± 5000 155 000 ± 27 000 4600 ± 1300 2000 ± 700
Fit input dibosons 23 000 ± 4000 12 600 ± 2300 1900 ± 400 4100 ± 800 3000 ± 600

Table 4.11. Best fit value of the free-floating normalization factors obtained in the CR
only and SR+CR background-only fits.

Normalization factor CR only fit SR+CR (µ = 0) fit
κV 1.13± 0.04 1.15± 0.04
κtt̄ 0.85+0.10

−0.09 0.87+0.10
−0.09

κt 2.88+0.44
−0.42 2.84+0.46

−0.43

sys’ and ‘ttbar combined sys’ NP are due to the fact that the corresponding pre-fit
uncertainties are very large. In a similar way, data are able to constrain the effect of
some of the systematic uncertainties associated to jets, electrons and muons. Pulls
of the NP away from the α pre-fit value of 0 reflect shape corrections which are
applied to the p recoil

T spectrum in the various control regions. The impact of pulls
and constrains of systematic uncertainties on the background estimation is discussed
in Section 4.9.1.
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Figure 4.20. Observed p recoil
T distribution in the signal region compared to background

predictions as estimated in a CR only fit. The total uncertainty on the background
predictions is reported in the bottom pane, where the data-to-SM ratio is presented.
The black (red) points and band represent this ratio and the background total relative
uncertainty as obtained from the CR (SR+CR in the null signal hypothesis) fit. The
expected p recoil

T spectrum for three benchmark BSM signals is also reported. Figure
from Ref. [4].
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(a) Pull plot of the NP parametrizing experimental and modelling systematic uncertainties.
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(b) Pull plot of the γ parameters, taking into account the effect of MC statistical uncertainty.
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122 4. The Monojet search

The correlation matrix between the various NPs, after a CR-only fit is performed,
is presented in Figure 4.22. Only the NPs with at least a correlation ρij > 0.2 are
shown. A strong anti-correlation is observed between the normalization factor of
the tt̄ process and its combined modelling systematic uncertainty. This is due to the
normalization component carried by the latter. The nuisance parameter is pulled
to correct the p recoil

T shape of the background, and the shift in the normalization
is balanced by the κ factor. A similar interplay is observed between the NP of the
single-t quark combined modelling systematic and κt.
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Figure 4.22. Correlation matrix of the parameters included in the likelihood model, after
a CR-only fit is performed.

The correlation between the luminosity NP and the normalization factor is
expected, as the former is flat in p recoil

T , as the κ factors. A correlation is observed
between NPs parameterizing electron and muon systematic uncertainties. This is
expected due to the fact that electron- and muon-enriched regions are linked by the
unique normalization factor applied to V+jets processes.

4.9.1 Post-fit systematic uncertainties
The effect of systematic uncertainties on the SR background estimation is evaluated
by comparing the nominal background estimation with the one obtained in two fits
for each NP αi. These are done fixing the NP at its best-fit value plus or minus
its uncertainty as obtained in a CR-only fit, α̂i ± σα̂i , and repeating the CR-only
fit. The total background shift, relative to the post-CR-only fit one, represents
the impact of the systematic uncertainty on the background estimate. This can be
visualized as in Figures 4.23 and 4.24 for bins of increasing p recoil

T . The effect of MC
statistical uncertainty, taken into account in the likelihood via the γ parameters, is
also evaluated but is not shown in the plots below. This choice is made because



4.9 Background estimation results 123

neither partial cancellation, nor constrain can happen on such parameters, since
they are decorrelated among regions and bins.
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Figure 4.23. Representation of the impact of the largest 30 systematic uncertainties on
the background estimate for two medium-p recoil

T bins.



124 4. The Monojet search

3− 2− 1− 0 1 2 3
Impact on total background [%]

σPre-fit +1 σPost-fit +1

σPre-fit -1 σPost-fit -1

EL EFF ID CorrUncNP14 El CRs

JET FullJER EffectiveNP 5

MUON EFF ID HighPT pt2 eta0

JET Flavor Response

MUON EFF ID HighPT pt3 eta0

FT EFF Light systematics

MUON EFF ID HighPT pt4 eta0

singletop combined Sys

vjets d2kappa EW Zll

ttbar combined Sys

EL EFF ID TOTAL 1NPCOR PLUS UNCOR NOT El CRs

MET SoftTrk Scale

EL EFF ID CorrUncNP11 El CRs

JET EffectiveNP Modelling2

EL EFF ID SIMPLIFIED UncorrUncNP17 El CRs

vjets dK PDF

vjets dK NNLO mix

PRW DATASF

JET Flavor Composition

MUON SAGITTA RESBIAS

FT EFF extrapolation

vjets d1K NNLO

EL EFF ID SIMPLIFIED UncorrUncNP8 El CRs

EG SCALE ALL

vjets d2kappa EW W

JET EffectiveNP Mixed1

vjets d2K NNLO

vjets d3kappa EW Z

vjets d2kappa EW Zvv

MUON EFF RECO SYS

-1 = 13 TeV, 139 fbs

Signal Region

 < 900 GeVrecoil

T
800 < p

Ranking 1 to 30

(a) 800 < p recoil
T < 900 GeV

3− 2− 1− 0 1 2 3
Impact on total background [%]

σPre-fit +1 σPost-fit +1

σPre-fit -1 σPost-fit -1

MUON EFF ID HighPT pt2 eta0

JET FullJER EffectiveNP 7

FT EFF C systematics

EL EFF ID CorrUncNP11 El CRs

EL EFF ID SIMPLIFIED UncorrUncNP17 El CRs

vjets d3kappa EW W

JET FullJER EffectiveNP 6

vjets d1kappa EW

JET FullJER EffectiveNP 10

JET FullJER EffectiveNP 2

JET EffectiveNP Mixed1

vjets d2K NNLO

MUON EFF ID HighPT pt3 eta0

JET Flavor Composition

vjets d1K NNLO

JET FullJER EffectiveNP 3

MUON EFF ID HighPT pt4 eta0

JET FullJER EffectiveNP 5

MUON SAGITTA RESBIAS

vjets dK PDF

vjets dK NNLO mix

ttbar combined Sys

EL EFF ID SIMPLIFIED UncorrUncNP8 El CRs

EG SCALE ALL

FT EFF extrapolation

vjets d2kappa EW W

VBF theo sys

vjets d2kappa EW Zvv

vjets d3kappa EW Z

MUON EFF RECO SYS

-1 = 13 TeV, 139 fbs

Signal Region

 > 1200 GeVrecoil

T
p

Ranking 1 to 30

(b) p recoil
T > 1.2 TeV

Figure 4.24. Representation of the impact of the largest 30 systematic uncertainties on
the background estimate for two high-p recoil

T bins.

In these plots, the pre-fit effect indicates the shift in the total background
observed when the nominal template is switched with the varied one. Electron-
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and muon-related systematic uncertainties are expected to have a negligible pre-fit
effect on the total SR background2. Though, such uncertainties have a non-zero
impact on the post-fit estimated yields. This is due to the fact that SR back-
grounds are estimated via CRs in which those systematic uncertainties are dominant.
For this reason, NPs associated to muon and electron reconstruction and identi-
fication efficiencies are expected to be among the top-ranked systematic uncertainties.

In the lowest bin, 200 < p recoil
T < 250 GeV, the dominant source of uncertainty

is related to the multijet background. It is followed by the uncertainty on the
identification of electrons in the region which have a veto on such objects, as it is for
the SR. Among the top-ranked, systematic uncertainties on the TST of the Emiss

T are
present. This term, in fact, is mostly relevant at low p recoil

T . Some NPs show a
large difference between the pre-fit and post-fit effect, as some of the jet-related
ones. This is due to the fact that, in the background estimation procedure, NPs
which have the same effect between the signal and CRs tend to cancel. In the
350 < p recoil

T < 400 GeV bin, the multijet background becomes subdominant, and so
its uncertainty. Uncertainties on the resolution of the Emiss

T TST also become less
important.

At higher p recoil
T , as in the 800 < p recoil

T < 900 GeV bin shown in Figure 4.24(a),
V+jets modelling uncertainties start to dominate the total one. The second- and
third-ranked NPs are in fact related to uncertainties on the EW corrections of such
processes. In the highest p recoil

T bin this is also true. The single dominant component
though is however still related to the muon muon reconstruction efficiency, but nine
out of 12 V+jets modelling uncertainties are among the top 30 ranked ones. The
EW V+jets backgrounds modelling uncertainty is also among the five top-ranked,
due to its large pre-fit effect.

In Table 4.12, the effect of systematic uncertainties grouped by category is
presented for each SR p recoil

T bin. The grouping is performed by summing in
quadrature the impact of each NP belonging to each category. This table also shows
the effect of having a limited amount of simulated events. As it can be seen from
the last row of the Table, the combined impact on the background uncertainty of
the γ parameters is the second-dominant one in the last two p recoil

T bins. Innovative
methods to efficiently populate the tails of the pT(V ) distributions are discussed in
this thesis in Chapter 6.

2Represented by the almost invisible filled bars
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Table 4.12. Summary of the effect of systematic uncertainties on the SR background
estimation, presented for different p recoil

T bins, indicated by EM. Table from the auxiliary
material of Ref. [4].

Source (%) EM0 EM1 EM2 EM3 EM4 EM5 EM6 EM7 EM8 EM9 EM10 EM11 EM12
Flavor tagging 0.1 0.13 0.15 0.17 0.19 0.25 0.33 0.41 0.49 0.57 0.62 0.7 0.87
Jet energy scale 0.17 0.2 0.27 0.25 0.28 0.39 0.5 0.63 0.8 0.89 0.9 1.0 0.97
Jet energy resolution 0.15 0.2 0.21 0.25 0.32 0.37 0.4 0.37 0.31 0.34 0.43 0.62 1.28
Jet JVT efficiency 0.0 0.0 0.01 0.01 0.01 0.01 0.01 0.01 0.0 0.01 0.01 0.02 0.03
Pile-up reweighting 0.37 0.35 0.34 0.33 0.32 0.3 0.32 0.34 0.36 0.33 0.26 0.24 0.3
Emiss
T resolution 0.34 0.31 0.25 0.2 0.18 0.14 0.08 0.05 0.04 0.05 0.05 0.06 0.07

Emiss
T scale 0.53 0.46 0.4 0.36 0.31 0.27 0.26 0.26 0.25 0.26 0.27 0.27 0.3

Electron and photon energy resolution 0.0 0.0 0.0 0.0 0.0 0.01 0.01 0.02 0.02 0.03 0.04 0.05 0.08
Electron and photon energy scale 0.3 0.3 0.31 0.32 0.33 0.36 0.4 0.44 0.48 0.54 0.6 0.66 0.74
Electron identification efficiency 0.58 0.56 0.54 0.54 0.54 0.56 0.6 0.67 0.73 0.8 0.85 0.92 1.06
Electron reconstruction efficiency 0.16 0.16 0.16 0.16 0.16 0.15 0.15 0.16 0.16 0.17 0.18 0.18 0.2
Muon identification efficiency 0.06 0.07 0.07 0.04 0.03 0.11 0.2 0.29 0.38 0.48 0.58 0.7 0.9
Muon reconstruction efficiency 0.41 0.48 0.56 0.63 0.73 0.82 0.92 1.03 1.13 1.21 1.27 1.35 1.49
Muon momentum scale 0.1 0.12 0.15 0.17 0.2 0.26 0.31 0.37 0.42 0.48 0.53 0.58 0.66
τ-lepton identification efficiency 0.1 0.1 0.09 0.09 0.08 0.07 0.06 0.06 0.05 0.06 0.06 0.06 0.07
Luminosity 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.03 0.05
Diboson theory 0.04 0.04 0.04 0.04 0.04 0.02 0.01 0.04 0.04 0.05 0.06 0.1 0.22
Noncollision background 0.2 0.1 0.08 0.06 0.05 0.05 0.08 0.0 0.0 0.0 0.0 0.0 0.0
Multijet background 1.04 0.72 0.36 0.28 0.06 0.02 0.01 0.0 0.01 0.0 0.0 0.0 0.0
Single-top theory 0.15 0.15 0.14 0.15 0.17 0.22 0.24 0.22 0.23 0.17 0.13 0.13 0.28
tt̄ theory 0.07 0.07 0.06 0.06 0.08 0.13 0.18 0.22 0.24 0.33 0.4 0.52 0.71
V+jets τ lepton definition 0.05 0.04 0.04 0.04 0.04 0.04 0.06 0.07 0.08 0.1 0.12 0.16 0.13
V+jets pure QCD corrections 0.24 0.28 0.33 0.39 0.44 0.5 0.61 0.73 0.83 0.9 0.89 0.96 1.07
V+jets pure EW corrections 0.17 0.25 0.35 0.45 0.58 0.78 0.96 1.15 1.36 1.53 1.69 1.89 2.2
V+jets mixed QCD - EW corrections 0.02 0.04 0.06 0.08 0.12 0.18 0.23 0.28 0.33 0.4 0.45 0.54 0.7
V+jets PDF 0.02 0.03 0.01 0.03 0.04 0.08 0.16 0.23 0.3 0.35 0.39 0.48 0.69
VBF EW V+jets backgrounds 0.02 0.03 0.04 0.06 0.09 0.13 0.17 0.16 0.16 0.03 0.24 0.53 1.1
Limited MC statistics 0.05 0.06 0.06 0.06 0.08 0.13 0.56 0.6 0.9 1.0 1.21 1.76 1.86
Total bkg. unc. 1.48 1.26 1.13 1.14 1.22 1.42 1.76 2.03 2.41 2.69 2.98 3.53 4.21

A further grouping of the systematic uncertainties is done in Figure 4.25. The
top pane presents the contributions to the total uncertainty due to detector related
effects; in the bottom one, modelling uncertainties are grouped.

It is possible to see, also in this case, how the dominant sources of uncertainty
at low p recoil

T are the one associated with data-driven estimated backgrounds. Con-
tributions from muon and electron detector-related uncertainties arise from the
background estimate strategy, which adopts lepton-enriched CRs. At high p recoil

T ,
instead, the modelling of V+jets processes is the dominant term. The other contri-
butions are below the percent level. Data statistical uncertainties ranges between
the sub-permille level and 7%.
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Figure 4.25. Summary of the sources of uncertainty on the background estimation in SR.
The data statistical uncertainty is overlaid in both panes, and shown by black dots.
Figure from the auxiliary material of Ref. [4].

4.9.2 Inclusive fit

As anticipated in Section 4.7.3, inclusive fits are performed to derive model-independent
limits. Before this step, discussed in Section 4.10.1, CR-only fits are performed.
Since in a cut-and-count setup the shape of the p recoil

T is not adopted, the likelihood
model is slightly modified. Instead of having two separate normalization factors for
top quark processes, a single one is used since two NFs would be degenerate being
the regions single-binned. The two background contributions are therefore summed
together, and the effect of systematic uncertainties is derived by weighting the pre-fit
effect on each sample by its fraction to the total yields. In Table 4.13 the best fit
value of the normalization factors obtained after a CR-only fit is reported. Each
column corresponds to a separate fit.

The statistical power of the highest p recoil
T bins of the top-quark CR is poor,

therefore the normalization factor is extracted with large uncertainty. Moreover, the
large value observed for the p recoil

T > 1 TeV is balanced by a pull at the 1σ level of
the combined top-quark modelling NP.

Since the shape information is not available in the fit, the NPs are less constrained,
and in general the total expected uncertainty on the background estimate is larger. A
comparison of the expected and observed yields between the inclusive and exclusive
fits is presented in Table 4.14.

While a direct comparison of the yields is not meaningful, the relative uncertainty
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Table 4.13. Best-fit value of the normalization factor in each of the 13 single-bin inclusive
fits performed to the CR only.

IM0 IM1 IM2 IM3 IM4 IM5 IM6
κV 1.14+0.06

−0.06 1.14+0.06
−0.06 1.14+0.06

−0.06 1.14+0.06
−0.06 1.13+0.06

−0.06 1.13+0.07
−0.07 1.13+0.08

−0.07

κt 0.92+0.17
−0.12 0.89+0.18

−0.12 0.85+0.18
−0.13 0.82+0.21

−0.13 0.81+0.23
−0.15 0.73+0.31

−0.17 0.73+0.52
−0.24

IM7 IM8 IM9 IM10 IM11 IM12
κV 1.16+0.09

−0.09 1.16+0.10
−0.10 1.20+0.12

−0.11 1.11+0.15
−0.14 1.20+0.16

−0.18 1.21+0.19
−0.17

κt 0.59+0.62
−0.22 0.47+0.94

−0.23 0.42+1.57
−0.27 5.3+6.6

−3.8 0.6+4.9
−0.5 0.2+1.7

−0.2

Table 4.14. Comparison of data and SM predictions obtained in a CR-only fit to the
p recoil
T spectrum performed using inclusive and exclusive bins. In the inclusive case the

table refers to the result of 13 separate fits with increasing p recoil
T threshold. Table from

Ref. [4].

Inclusive Signal Region Exclusive Signal Region
Region Predicted Observed Region Predicted Observed
IM0 3 120 000± 40 000 3 148 643 EM0 1 783 000± 26 000 1 791 624
IM1 1 346 000± 16 000 1 357 019 EM1 753 000± 9000 752 328
IM2 597 000± 8000 604 691 EM2 314 000± 3500 313 912
IM3 286 000± 4000 290 779 EM3 140 100± 1600 141 036
IM4 146 400± 2300 149 743 EM4 101 600± 1200 102 888
IM5 45 550± 1000 46 855 EM5 29 200± 400 29 458
IM6 16 800± 500 17 397 EM6 10 000± 180 10 203
IM7 7070± 240 7194 EM7 3870± 80 3986
IM8 3180± 130 3208 EM8 1640± 40 1663
IM9 1560± 80 1545 EM9 754± 20 738
IM10 720± 60 807 EM10 359± 10 413
IM11 407± 34 394 EM11 182± 6 187
IM12 223± 19 207 EM12 218± 9 207

on the prediction gives a feeling of the power of the shape fit in constraining
systematics. The level of uncertainty on the background predictions is similar in
the first three IM and EM regions. Above p recoil

T = 350 GeV the predictions in
exclusive bins are affected by a lower uncertainty. For this reason the sensitivity of
an exclusive shape fit to new phenomena is higher. On the other hand, the inclusive
fit can be used to set limits on the visible cross-section and it does not need as an
input the p recoil

T shape of a new physics processes.

4.10 Interpretation of the results
In this Section, the constrains set on BSM phenomena using the monojet analysis
are presented. To derive such upper limits, in the likelihood model introduced in
Equation 4.4 the term parametrizing the signal yields is considered.

4.10.1 Model-independent limits
Model independent limits on the visible cross-section, defined as σ multiplied by
acceptance times efficiency, are derived by considering inclusive SR+CR fits. Using
the modified frequentist approach described in Ref. [185], an upper limit at 95% of
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confidence level is obtained on the signal yields. This is converted into a cross-section
value dividing by the integrated luminosity, 139 fb−1. Results are presented in Table
4.15.

Table 4.15. Upper limits on the visible cross-section, as obtained from the inclusive SR+CR
fits. Table from Ref. [4].

Selection 〈σ〉95
obs [fb] S95

obs S95
exp

precoil
T > 200 GeV 736 102 274 83 000+22 000

−23 000
precoil

T > 250 GeV 296 41 158 33 800+11 300
−9400

precoil
T > 300 GeV 150 20 893 15 400+5900

−4300
precoil

T > 350 GeV 86 11 937 8300+3100
−2300

precoil
T > 400 GeV 52 7214 4700+1800

−1300
precoil

T > 500 GeV 21 2918 1930+730
−540

precoil
T > 600 GeV 10 1391 940+360

−260
precoil

T > 700 GeV 4.1 574 490+190
−140

precoil
T > 800 GeV 2.1 298 277+106

−77
precoil

T > 900 GeV 1.2 164 168+65
−47

precoil
T > 1000 GeV 1.3 186 119+45

−33
precoil

T > 1100 GeV 0.5 73 75+28
−21

precoil
T > 1200 GeV 0.3 40 49+19

−14

A comparison with existing limits, obtained in the previous iteration of the
monojet analysis performed by the ATLAS collaboration with the partial Run 2 data
set [180], is shown in Figure 4.26. The stronger upper limits obtained are mainly
due to the increase in data statistics available, since no information on the shape is
used in inclusive fits. However, two improvements of the analysis presented in this
thesis are visible here: the additional bin at low p recoil

T and an improved binning at
high p recoil

T .

4.10.2 Constraints on simplified dark matter models

MC simulated samples are produced according to the simplified DM models intro-
duced in Section 1.6.1.

pp→ χχ+j events are generated in the hypothesis of the exchange of a s−channel
axial vector (DMA) or pseudo-scalar mediator (DMP), at NLO and LO in QCD
respectively, using Powheg-Box [89]. The revision 3049 of the models, documented in
Ref. [88] is adopted. NNPDF3.0NLO (NNPDF2.3LO) is the PDF set used in the ME
generation for the DMA (DMP) signal. The renormalization and factorization scales
are taken equal to

√
m2
χχ + pT,j1 + pT,j1 , where pT,j1 is the transverse momentum

of the hardest jet at ME level. The mediator width is set to the minimal allowed, as
discussed in Section 1.6.1. For the DMA (DMP) model, the coupling between the
mediator and SM particles is set to the benchmark value of gq = 0.25 (gq = 1), while
the coupling with DM particles is set to gχ = 1 (gχ = 1). Events are generated with
a truth Emiss

T filter of 150 GeV, which is checked to be fully efficient at reconstruction
level above 200 GeV. The ME calculation is interfaced with Pythia 8.205 for the
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Figure 4.26. Observed upper limits on the visible cross-section, compared to the expected
value, and results obtained in the previous iteration of the monojet analysis by the
ATLAS collaboration partial Run 2 data set.

parton showering, with the NNPDF2.3LO set of PDF and the A14 tune of the
parameters.

A grid of signal points is generated, as shown in Figure 4.27. Since in the on-shell
regime the signal acceptance is constant for different values of the mass of the
WIMPs [86], simulated samples are produced for several values of the mediator mass
fixing mχ = 1 GeV. Fewer events are generated only at truth level to evaluate the
cross-sections for mχ 6= 1 to perform a rescaling of the obtained limits up to the
diagonal of the (mmed,mχ) plane.

Signal systematic uncertainties. Since DM particles escape undetected from
ATLAS, experimental systematic uncertainties are derived in the same way as it is
done for the SM background samples. The main source of systematic is due JES
and JER. Variations of the pre-fit signal yields due to detector-related uncertainties
are presented for two benchmark signals in Table 4.16. Uncertainties on lepton
reconstruction and identification are due to the presence of the veto in SR on such
objects. However, they have a subdominant effect.
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Figure 4.27. Simulated signal samples grid for DM model dependent interpretation. Credits to Giuliano Gustavino.

Table 4.16. Pre-fit impact of systematic uncertainties on the SR expected signal yields for two DM benchmark signals.

p recoil
T interval [GeV]

Source (%) [200,250] [250,300] [300,350] [350,400] [400,500] [500,600] [600,700] [700,800] [800,900] [900,1000] [1000,1100] [1100,1200] [1200,+∞)
DMA, mχ = 1 GeV, mZA = 2 TeV
Muons 0.01 0.01 0.0 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Electrons 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.05
Jets 1.32 1.56 1.85 1.88 1.78 1.79 1.85 1.98 2.15 2.34 2.84 3.55 4.18
Emiss
T 0.2 0.2 0.19 0.19 0.2 0.22 0.21 0.19 0.18 0.19 0.19 0.2 0.27

DMP, mχ = 1 GeV, mZP = 100 GeV
Muons 0.01 0.0 0.01 0.01 0.02 0.02 0.04 0.07 0.08 0.08 0.08 0.08 0.08
Electrons 0.04 0.05 0.05 0.06 0.08 0.12 0.15 0.16 0.21 0.25 0.25 0.25 0.25
Jets 4.37 4.41 4.53 4.5 4.83 4.93 5.02 6.09 6.76 6.81 6.81 6.81 6.81
Emiss
T 0.38 0.29 0.11 0.06 0.11 0.29 0.53 0.69 0.73 0.73 0.73 0.73 0.73



132 4. The Monojet search

The effect of modelling systematic uncertainties can be divided in an overall
normalization and an acceptance component. The latter can affect how events are
distributed among different p recoil

T bins, and therefore is included in the likelihood fit.
The former instead is an uncertainty on a somehow arbitrary cross-section, therefore
its effect is only shown a posteriori on the exclusion contour.

Uncertainties on the truncation of the perturbative QCD series are estimated by
varying the renormalization and factorization scales. Six variations, both individual
and simultaneous by a factor 0.5 and 2 are performed on µr and µf . Cases in which
one scale is varied by a factor 0.5 and the other by a factor 2 are not included.
Half of the width of the obtained envelope is taken as the uncertainty. Scale
variation uncertainties range between 0.1% and 6.5% for DMA signal samples. Lower
uncertainties are obtained for samples with higher DM and mediator mass. On
DMP samples, uncertainties range between 0.4% and 21%; also in this case higher
mediator masses lead to lower scale uncertainties.

PDF acceptance uncertainties are evaluated from the 100 replicas available in the
NNPDF sets. Each variation is summed in quadrature to form a final uncertainty.
No significant dependencies on the mediator or DM mass is observed for the DMA
model. Uncertainties range between 0.1% and 10%. For the DMP signal samples,
lower uncertainties are observed for higher DM mass. Overall, PDF uncertainties
are between 0.2% and 20%. In both cases, such uncertainties increase as a function
of p recoil

T .
Additional modelling uncertainties are evaluated on the tuning of ISR, FSR

and multiple-parton interactions parameters. Five independent schemes are tested,
and the variation of each scheme with respect to the nominal one is summed in
quadrature to the other to obtain a combined uncertainty. An effect of around 3%
(6%) is observed for DMA (DMP) signal samples.

As already mentioned, overall cross-section uncertainties are applied to the ex-
clusion contour directly. Scale (PDF) uncertainties on the total cross-section give a
5% (20%) variation of the cross section of DMA signal samples, and 10% (+50%

−30%).

The effect of systematic uncertainties on the signal strength, measured in the
SR+CR fit including signal MC predictions, can be evaluated by means of the
ranking plots. The idea behind is similar to the one presented in Section 4.9.1. The
best fit value of the signal strength is compared to the one obtained in a fit in which
a single NP is fixed to its best fit value ±1σ post-fit. The absolute shift of the signal
strength, ∆µ, shows the impact of the systematic uncertainty on the measurement.
The ranking plots of two benchmark signals are presented in Figure 4.28. As already
mentioned, DMA signals have an harder spectrum than SM backgrounds. Among
the top-ranked NPs, in fact, V+jets modelling ones are found, since most of the
sensitivity comes from the tail of the p recoil

T distribution. On the contrary, DMP
signals have a softer p recoil

T spectrum than SM processes, thus the signal strength is
expected to be more affected by systematic uncertainties dominant at low p recoil

T .
The top-ranked NP in this case is the one associated with the multijet background
estimate. However, all the p recoil

T shape is used in the fit, thus also in this case V+jets
modelling uncertainties have a leading impact on the measured signal strength.
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Figure 4.28. Ranking plots obtained for a DMA (a) and DMP (b) benchmark signal point.
Ranking of the systematic uncertainties on the measured cross-section σ for a DMA
(a) and DMP (b) benchmark signal point. The figure shows the effect of the fifteen
most significant uncertainties. Further details on the procedure to derive the effect are
provided in the text. Figures from the auxiliary material of Ref. [4].

Exclusion contours. In Figure 4.29(a) the exclusion contour obtained for the
DMA model is presented. Results are shown in the (mZA ,mχ) plane; the shaded in
the bottom-left corner indicates values of the parameters for which the theory is no
longer perturbative. The red line indicates the value of the parameters of the model
considered which would match the observed relic density observed in the universe
by WMAP. The evolution as a function of the model parameters is evaluated with
the MadDM tool [186]. Values of the parameters where Ωch

2 < 0.12 would imply that
this model is not able to account for all the observed relic density.

Values of the axial-vector mediator mass up to 2067 GeV are excluded for WIMPs
of 1 GeV of mass. The largest value of mχ excluded is 585 GeV, for a mediator with
mZA ' 1.5 TeV. The sensitivity rapidly drops in the off-shell-regime since the cross-
section of the interaction is suppressed by a factor 1/m4

ZA
. Compared to previously

obtained results [180], the excluded value of the mediator mass is increased by
about 450 GeV. Results are obtained also under the hypothesis of the exchange of
a vector mediator (DMV). Since the acceptance of the DMA and DMV models is
the same, exclusion limits obtained on the former model are rescaled by the ratio of
the cross-sections. Obtained results in the DMV hypothesis are presented in Figure
4.29(b).

The DMA exclusion contour is further converted into a limit on the interaction
cross-section between WIMPs and SM nucleons. Due to the axial-vector nature of
the mediator, limits are set under a spin-dependent interaction hypothesis. The
translation of the limits is done as described in Section 1.6.1 of this thesis, and the
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Figure 4.29. Exclusion contours in the (mmed,mχ) plane for the (a) DMA and (b) DMV
simplified models, for fixed values of the coupling constants, gq = 0.25, gχ = 1. Figures
from Ref. [4] and its auxiliary material.

obtained results are presented in Figure 4.30.
In this case, limits are shown at 90% of CL, to be compared with direct detection

(DD) search results. Compared to the ones of the PICO-60 [187], Lux [188] and
XENON-1T [189] experiments, ATLAS results are able to exclude lower values of
the interaction cross-section, and to expand current boundaries to lower WIMP
mass values. However, ATLAS results strongly depend on the assumptions made on
the value of the couplings between the mediator and WIMPs, and on the width of
the mediator. Different choices, in fact, can drastically affect the monojet exclusion
power. Direct detection contours instead remain unchanged.

Following the procedure described in Section 1.6.1, the DMV exclusion contour
is translated into boundaries on the spin independent WIMP-nucleon scattering
cross section at 90% CL. This is presented in Figure 4.31 as a function of the WIMP
mass. Results are compared to recent results from DD search, provided by the
XENON-1T [190, 191], PandaX [192] and DarkSide [193] experiments. Stronger
limits are obtained at low WIMP mass values. Again though, ATLAS results are
strongly model-dependent, and might change drastically under different assumptions
with respect to those made in the considered DMV model.
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Figure 4.30. Exclusion contours in the WIMP mass, interaction cross section with protons
(a) and neutrons (b) plane, in the spin dependent interaction hypothesis. Limits
are compared with the ones obtained by DD search. ATLAS results depend on the
assumptions made on the value of the couplings between the mediator and WIMPs, and
on the width of the mediator. Figures from Ref. [4].
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Figure 4.31. Exclusion contours in the WIMP mass, scattering cross-section with SM
particles plane, in the spin independent interaction hypothesis. Limits are compared
with the ones obtained by DD search. ATLAS results depend on the assumptions made
on the value of the couplings between the mediator and WIMPs, and on the width of
the mediator. Figures from the auxiliary material of Ref. [4].

Exclusion contours on the DMP model are presented in Figure 4.32(a) at 95%
CL. This is the first time that the monojet analysis of the ATLAS collaboration is
able to close an exclusion contour for such model in the (mZP ,mχ) plane. This is
possible thanks to the lower p recoil

T and leading jet pT thresholds adopted in this



136 4. The Monojet search

version of the analysis.
Values of the mass of the mediator up to 376 GeV are excluded for 1 GeV WIMPs.

The shape of the +2σ expected band and +1σobs uncertainty can be better understood
by looking at Figure 4.32(b). This shows the 95% CL upper limit on the signal
strength, as measured for models of different mediator mass and fixed mχ = 1 GeV.
The +2σ band is above 1 for values of the mediator mass up to around 300 GeV.
The cross-section of these processes rapidly increases around the two mtop threshold,
since additional diagrams including the top quark have to be considered. Thus, the
sensitivity also increases, and the resulting limits are stronger.
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Figure 4.32. (a) Exclusion contour in the (mZP ,mχ) plane for the DMP model (figure
from Ref. [4]). (b) Upper limit on the signal strength (µ) obtained for the DMP model
with a fixed value of mχ = 1 GeV. In both plots the coupling constants are fixed to the
benchmark value of gq = gχ = 1.

The results obtained for a pseudo-scalar mediator are translated into upper limits
on the WIMP-pair annihilation rate, as described in Section 1.6.1. This quantity is
defined as the product of the interaction cross-section times the relative velocity of
DM particles, averaged over the DM velocity distribution (〈σvrel〉). Upper limits
on this quantity are shown in Figure 4.33 as a function of the WIMP mass. The
obtained result is compared to the indirect detection DM search performed by the
Fermi-LAT experiment [194]. Values above the drawn lines are excluded at 95% of
CL. Also in this case, ATLAS results depend on the assumptions made in the DMP
simplified model considered.

Comparison to other ATLAS dark matter searches

In the wider ATLAS picture, the monojet analysis provides complementary results
to other DM searches [195]. In the on-shell regime, it is the most sensitive mono-
X search on DMA, DMV and DMP models. Searches which target the resonant
production of the new mediator, instead, like the dijet one [196], exclude higher
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values of its mass. A summary plot of ATLAS constraints on the DMA model is
presented in Figure 4.34. The off-shell region for mediator masses below 500 GeV
is not covered by the standard dijet search due to limitations of trigger thresholds.
This lower part is covered instead by tri-jet searches or by trigger-level-analyses,
which can afford lower trigger thresholds at the cost of limited amount of information
read out from the detector. References to the mentioned searches are given in the
figure.
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Concerning the DMP model, also in this case other ATLAS searches provide
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Figure 4.35. Comparison of the constraints obtained by various ATLAS analyses on the
parameters of the DMP model. Figure from Ref. [195].

complementary sensitivity to its parameter space. In Figure 4.35, the upper limit
on the signal strength for WIMP masses of 1 GeV is presented as a function of the
mediator mass. Even if the monojet analysis is not setting the strongest limits on
the signal strength at low mmed, it is the one that excludes the largest value, up to
mZP = 376 GeV.

4.10.3 Constraints on compressed SUSY scenarios

Simulated signal samples of the SUSY models introduced in Section 1.6.1 have
been generated for several benchmark points of mq̃ and mχ̃0

1
. The hard scattering

process is generated with MadGraph v2.2.3 including up to two additional partons
at LO in QCD. The NNPDF23LO PDF set is used, and the renormalization and
factorization scales are set to µ =

√∑
im

2
i + p2

T,i, where the sum includes all the
final state particles generated at ME level. The ME is interfaced with Pythia 8.186
for the parton showering using the CKKW-L prescription; the matching scale is
set to mq̃/4. Signal samples cross-sections have been normalized at approximate
NNLO+NNLL accuracy following Ref. [197, 198].

As already discussed in Section 1.6.1, the monojet analysis is sensitive in the
so-called compressed scenario, which foresee a small mass difference between the
decaying squark and the neutralino. Signal samples have been thus generated for
∆(mq̃,mχ̃0

1
) ' 5÷ 50 GeV, while the mass of the squarks is varied between 300 and

1200 GeV.

Signal systematic uncertainties. As for the simplified DM models, the
produced neutralinos do not interact with the ATLAS detector, thus experimental
systematic uncertainties are derived as done for SM backgrounds. Pre-fit signal
yields of the models considered vary mainly for the effect of systematic uncertainties
associated with the jet measurements, with contributions ranging between 2% and
5% at low at high precoilT , respectively.
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Signal modelling uncertainties are also taken into account. Due to lack of Monte
Carlo statistics, modelling uncertainties are evaluated by looking at the inclusive
yields variations, thus no Emiss

T dependence is taken into account. The effect of a
variation in the renormalization and factorization scales, or in the PDF set adopted
in the signal generation are evaluated following the prescriptions reported in Ref.
[199].

PDF uncertainties include both an intra- and an inter-PDF set component. The
former effect is evaluated by taking the RMS of the 100 replicas variations available
in the NNPDF set. The latter is derived by a comparison of the yields obtained using
the CT10 and MMHT2014lo68c PDF sets. The two variations are then summed
in quadrature. Scale and PDF variations are consistent between different mass
points and between the different SUSY models considered. Thus the uncertainties
calculated from the (mt̃,mχ̃0

1
) = (700, 693) GeV point of the direct stop decay process

simulation is used for all the SUSY signal samples.
Additional uncertainties are derived for the variation of PS parameters which

impact the modelling of ISR, FSR and multi-parton interactions. Such contributions
are summed in quadrature into a single systematic uncertainty.

The effect of modelling uncertainties is summarised in Table 4.17. Merging scale
variations are also reported, and are derived by comparing the nominal predictions
with the ones from alternative choices.

Table 4.17. Modelling systematic uncertainties due to alternative setups of the SUSY
signal samples MC simulation.

Modelling uncertainty Variation [%]
Renormalization scale ±2.8
Factorization scale ±2.8

Merging scale ±7.0
ISR+FSR+MPI ±7.6

PDF ±5.1

Exclusion contours. The exclusion contour obtained for the squark pair
production model is reported in Figure 4.36(a). Limits are shown in the plane in
which the x-axis corresponds to the squark mass, mq̃, and the y-axis is the mass
difference between the decaying squark and the neutralino. Squark masses below
800 ÷ 900 GeV are excluded for mass splittings between 5 and 50 GeV, with most
stringent limits obtained in the most compressed scenario. The results obtained by
the monojet analysis presented in this thesis is compared to the previous iteration
of this analysis, and as can be seen largest mass splittings have been investigated
in the newer result. In Figure 4.36(b) constraints on the sbottom pair production
model are presented in the (mb̃1

,mχ̃0
1
) plane. Limits on the sbottom quarks of mass

are extended up to around 550 GeV for low mass splittings.
Similar exclusion contours are presented in Figure 4.37 for the search of top-

squarks. In particular, in Figure 4.37(a) the constraints set on the mass values
considering the direct stop quark decay into a charm quark and a neutralino, while
Figure 4.37(b) shows the limit obtained considering four-body decays of the top-
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(b) for the squark and sbottom pair production models, respectively. Figure from Ref.
[4].

squarks. Stop masses up to around 560 GeV are excluded by the presented analysis,
extending significantly previous limits set by the monojet analysis performed with
part of the LHC Run 2 data-set [180].
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the squark pair production and the direct and four-body decays, respectively. Figure
from Ref. [4].
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4.10.4 Constraints on the H → inv. branching ratio

The Higgs boson branching fraction to invisible final states (B(H → inv.)) via the
H → ZZ∗ → νν̄νν̄ process, is predicted by the standard model to be 0.1% [35]. Any
deviations from such value might hint that new phenomena not accounted for in the
SM lead to the production of invisible particles, such as DM ones. Direct searches
for the H → inv. decay have been performed in different topologies in ATLAS, and
the latest combination of such results was able to constrain the B(H → inv.) below
the 10% level at 90% of CL [41]. These results however do not include the ones from
the full Run 2 monojet search, which are provided by the analysis presented in this
thesis.

All the production modes of the Higgs boson are taken into account. The leading
one is the gluon-gluon fusion (ggF) which accounts for 73% of the total accepted SR
events. The second contribution is due to vector boson fusion (VBF) production,
18%, followed by the V H topology (including gg → ZH), 8% and the tt̄H process,
1%. Simulated samples are produced at NLO in QCD using Powheg-Box v2 for all
the aforementioned processes, except for the ggF and gg → ZH one. For the former
Powheg NNLOPS [200, 201] is used to generate events at NNLO in QCD, while
the latter is generated in Powheg at LO. The PDF4LHC_NLO PDF set has been
used in all cases for the nominal predictions. The ggF, VBF and VH samples are
interfaced with Pythia 8.230 (8.212 for gg → ZH) for the parton showering, and
use the AZNLO tune and the CTEQ6L1 PDF set. The tt̄H sample uses the A14
tune and NNPDF2.3LO as PDF set instead. All the simulated samples are interfaced
with EvtGen, which handles the HF hadrons description. Samples cross-sections
are normalized to the highest order available. Gluon-gluon fusion production is
normalized to the next-to-NNLO QCD and NLO EW cross-section, VBF production
to the NNLO QCD and NLO EW one. Events produced in the VH (excluding
gg → ZH) and tt̄H topologies are normalized to the NLO QCD and NLO EW
cross-section, while the gg → ZH process to the NLO+NLL QCD accuracy.

In all samples, the Higgs boson is forced to decay in four neutrinos, via the
process H → ZZ∗ → νν̄νν̄, 100% of the times. Upper limits on the signal strength
of such a process is directly converted into a limit on B(H → inv.).

Experimental systematic uncertainties can vary the pre-fit event yields of the
H → inv. signal. The largest effects are related to JES and JER uncertainties.
Modelling uncertainties are also considered. PDF uncertainties are derived taking
in each p recoil

T bin the standard deviation of the 30 PDF4LHC_NLO eigenvector
variations. Scale uncertainties are derived as recommended by the LHC Higgs
working group. Uncertainties on the PS model are evaluated by comparing the
nominal sample to alternative predictions obtained varying the renormalization and
factorization scales, the value of αs, and the hadronization model. Uncertainties on
higher order EW corrections are applied to the VBF sample. An overview of the
size of the different contributions is presented in Table 4.18.

The observed (expected) upper limit on the B(H → inv.) is 34%(39+16
−11%) at

95% CL. This is the third most stringent limit, up to date, set by a single ATLAS
analysis.
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Table 4.18. Pre-fit effect of experimental and modelling systematic uncertainties associated
with the H → inv. signal sample, as a function of the p recoil

T bin.

p recoil
T bin [GeV]

Source (%) [200,250] [250,300] [300,350] [350,400] [400,500] [500,600] [600,700] [700,800] [800,900] [900,1000] [1000,1100] [1100,1200] [1200+)
Experimental uncertainties
Muons 0.02 0.04 0.06 0.09 0.11 0.22 0.45 0.77 0.91 0.91 0.91 0.91 0.91
Electrons 0.08 0.09 0.11 0.14 0.16 0.25 0.43 0.56 0.59 0.59 0.59 0.59 0.59
Jets 3.68 4.19 4.61 4.79 4.74 4.8 5.37 6.41 6.91 6.91 6.91 6.91 6.91
Emiss
T 0.26 0.24 0.08 0.23 0.37 0.43 0.66 0.85 0.9 0.9 0.9 0.9 0.9

Modelling uncertainties
Scale variation 10
PDF variations 0.38 0.39 0.39 0.41 0.45 0.47 0.50 0.55 0.6 0.67 0.68 0.70 0.76
Parton shower uncertainties 3.0 3.3 3.6 3.9 4.2 4.7 5.3 6.0 6.6 7.6 7.9 8.3 8.8
EW corrections 1.4 1.7 2.1 2.5 3.0 3.8 4.6 5.4 6.2 6.9 7.9 8.5 10

4.11 Monojet and Long-Lived-Particles
Simulated signal events of the FRVZ (Hss) model are generated at LO in QCD using
MadGraph5 aMC@NLO v2.6.2 generator [202], using Pythia v8.212 (v8.230) for
parton showering, with the NNPDF2.3LO PDF set and the A14 tune. In the FRVZ
model, hidden-sector particles masses are set to the benchmark values ofmfd = 5 GeV
and mHLPS = 2 GeV. The simulated γd mass is chosen to be 400 MeV. Events are
generated for three benchmark dark photon mean lifetime values, expressed in terms
of cτ∼, 5, 50 and 500 mm.

A lifetime reweighting procedure (LTR) is used to emulate a new signal sample
characterized by a different value of the mean lifetime, such that it is possible to
probe the model as a function of cτ . For a simulated sample of a given cτsim, the
lifetime of each γd , indicated by ti, follows the probability distribution function

f(ti|τsim) = 1
τsim

exp
(
− ti
τsim

)
. (4.7)

To correct the total event weight defined in Section 4.2.2, a LTR weight is calculated
by multiplying weights obtained for each dark photon given their proper lifetimes.
The weight for each γd is calculated from the ratio of the exponential probability
distributions with mean proper lifetime τsim and the one with the new mean proper
lifetime value τnew, given the lifetime of the considered dark photon. It can be
written as

wi(ti|τsim → τnew) = τsim
τnew

exp
[
−ti

( 1
τnew

− 1
τsim

)]
. (4.8)

However, if this procedure is applied in order to reweight a sample from τsim to
taunew with τnew � τsim or τnew � τsim, to reproduce the expected decay time
distribution many events will be weighted with a very small LTR weight, while a
few will be weighted with a very large LTR weight. For this reason, the resulting
re-weighted sample will be affected by large statistical uncertainty.

In order to overcome such a limitation, if multiple generated samples are available
it is possible to adopt a multi-sample LTR. This method uses part of the events of
the samples with mean lifetime τsim1 . . . τsimn to build a new one characterized by
τnew. The multi-sample LTR consists in applying the simple-LTR, but the events
are taken from the different samples such that no large LTR weights appear.

As previously mentioned, in the case of the investigated FRVZ model three
samples of different mean proper lifetime were generated. Since in the events there
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are two dark photons, for a sample with fixed mean proper-lifetime τsim1 , the
distribution of the sum of the decay times of the two dark photons is given by

f(t1 + t2|τsim1) = 1
τ2
sim1

exp
(
− t1 + t2
τsim1

)
. (4.9)

The cτ value for which the distributions with mean lifetime cτsim1 and τsim2 are
equal is called critical time, and its used to decide whether or not to use the events
of each generated sample to build the new one, with a mean lifetime cτnew. With N
generated samples, N − 1 critical times can be found, and are given by

τcij = 2 ln
(
τj
τi

)/(
1
τi
− 1
τj

)
, (4.10)

were i and j represent two consecutive simulated cτ values (that are for example
in this case 5 mm and 50 mm, or 50 mm and 500 mm). The factor 2 is associated
to the fact that there are 2 LLPs in the final states. It can be trivially derived by
imposing the equivalence of two Equations 4.9, written for two benchmark cτ values.

For each event of the generated sample with cτsim1 , the sum of the decay times
of the dark photons, t1 + t2, is evaluated. If t1 + t2 < cτ12, the event is kept and a
LTR weight is evaluated per each dark photon via Equation 4.8, using τsim = τsim1 .
If t1 + t2 > cτ12 the events are not used. A similar procedure is adopted to re-weight
the events of the other two generated sample, and in the end the re-weighted one
is produced. This procedure can be easily extended to N samples or M long-lived-
particles in the final states, and allows to maximise the available MC statistics wile
keeping the LTR weight limited.

The procedure can be further understood by looking at Figure 4.38, which shows
the distribution of the sum of the lifetime of two dark photons for cτ1 = 5 mm,
cτ2 = 50 mm and cτ3 = 500 mm. The distribution for the hypothetical re-weighted
sample with cτ = 225 mm is shown by the dashed line. In each interval of t1 + t2,
below cτ12, between cτ12 and cτ23, and above cτ23, only the events from the most
populated generated sample are used to build the re-weighted one.

The LTR procedure has been cross-validated by re-weighting one generated
sample (e.g. the one with cτ = 5 mm) to the mean lifetime of another generated one
(e.g cτ = 50 mm). A perfect closure is observed between the p recoil

T distributions of
the generated and reweighted samples.

For the Hss model, three different values of the mass of the scalar particle
s have been considered, 15, 35 and 55 GeV. For each mass value, two simulated
signal samples at different lifetime values, ranging between a few cm and 5.5 m, are
available. Also in this case, the multi-sample LTR is performed to produce more
samples in order to test multiple cτ hypotheses.

In both models, only the gluon-gluon fusion production of the SM Higgs boson
is considered. At very large lifetime values, one would expect that the upper limit
on such model converges to the monojet constraint on the BH→inv. This does not
happen for two reasons: the first is that VBF and V H production modes of the
Higgs boson, taken into account in the result presented in Section 4.10.4, account
for a non-negligible contribution to the total expected number of events. The second



144 4. The Monojet search

1 10 210 310
c(t1+t2) [mm]

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

F
ra

ct
io

n 
of

 e
ve

nt
s

12τc

23τc

 = 5 mmsim1τc

 = 50 mmsim2τc

 = 500 mmsim3τc

 = 250 mmnewτc

Figure 4.38. Distributions of the sum of the decay time of two dark photons, indicated by
t1 and t2 respectively, for the three generated benchmark samples. These are compared
to the distribution of an hypothetical new sample of cτ = 225 mm. The vertical lines
represent the critical times, as defined in the text.

one is that in monojet the simulation of the ggF process is done at NNLO in QCD,
while for this LLP models is done at LO. The difference between the differential
p recoil
T event yield can be up to 50% at high transverse momentum. To correct for

the latter effect, a one dimensional reweight of the p recoil
T distribution is performed

in LLP signal samples. It is based on the pT of the truth Higgs boson in each event,
such that particle-level distributions of the pT(H) obtained in the LO QCD samples
match the distribution predicted by the NNLO one. After this correction, samples
are normalized to the N3LO QCD and NLO EW cross-section.

The p recoil
T shape for samples with very large cτ values is found to be consistent

with the one used in the monojet analysis for the ggF H → inv. process. This allows
to extrapolate the limits obtained as a function of cτ of the LLP up to very large
lifetime values. Such extrapolation is also performed to mitigate the impact of the
MC statistical uncertainty. In fact, as previously mentioned the LTR procedure
does not yield reliable results when a MC sample is re-weighted to a significantly
different lifetime value. For weighted events the relative MC statistical uncertainty
σrel is given by

σrel =

√∑Ngen
i w2

i∑Ngen
i wi

= 1√
Ngen

√
1 +

σ2
wi

〈w〉2 , (4.11)

where Ngen is the number of generated events, wi is the weight of each event, σ2
wi

the variance of the event weights, and 〈w〉 their mean value. By looking at the
distribution of σwi/〈w〉 it is possible to see the effect of the LTR procedure on the
MC statistical uncertainty of the emulated benchmark samples. This is presented
in Figure 4.39. As can be easily seen, the MC statistical uncertainty will increase
when moving far from the cτ values of the generated samples, where instead σwi/〈w〉
reaches a minimum.
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Figure 4.39. Distribution of the ratio between the standard deviation of the event weights
and their mean (in the plot indicated with ŵ), as a function of the mean lifetime of the
benchmark signal samples tested for the FRVZ model. The red lines indicate the values
of cτ of the generated signal samples.

Signal systematic uncertainties. Experimental systematic uncertainties are
taken into account for the FRVZ and Hss models. It is assumed that the standard
description of physics objects holds also for these models, since the decay product of
LLPs are visible SM particles. The pre-fit effect is reported for two benchmark signal
models in Table 4.19. Only jet and Emiss

T reconstruction effects are non negligible.
For these two models, theoretical uncertainties are not taken into account.

Table 4.19. Effect of detector-related systematic uncertainties on the pre-fit event yields
of two benchmark LLP signal samples. Table from Ref. [5].

Source of uncertainty and impact on the prefit signal yields (%)
FRVZ model, mH = 125 GeV, mγd = 400 MeV, cτd = 500 mm
Jet energy scale 1.8 − 2.4
Jet energy resolution 1.0 − 2.1
Jet quark/gluon composition and response 0.9 − 2.8
Emiss
T scale and resolution 1.2 − 2.6

Hss model, mH = 125 GeV, ms = 5 GeV, cτs = 411 mm
Jet energy scale 1.7 − 2.3
Jet energy resolution 1.0 − 3.3
Jet quark/gluon composition and response 0.7 − 3.1
Emiss
T scale and resolution 0.1 − 2.9

Results
Upper limits at 95% of CL on the branching fraction of the Higgs boson into a pair
of γd are reported in Figure 4.40, as a function of cτd. The analysis efficiency varies
for the different dark-photon decay modes: a γd decaying into two muons may go
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completely undetected in the final state if the baseline muon requirements, as defined
in Section 4.3, are not satisfied. Analogously, a γd decaying into electrons or light
hadrons in the outer layer of the calorimeter can deposit only a portion of its energy
in the detector, thus originating low-pT jets which do not pass the selection criteria.
For these reasons, three separate channels are considered. These are based on the
truth decay products of the dark photon in the events:

• Muonic channel: both γd in the event decay into a pair of muons;

• Hadronic channel: both γd decay into a pair of electrons or light hadrons;

• Mixed channel: a γd decays into a pair of muons and the other decays into
either a pair of electrons or into light hadrons.

These definitions are closely related to the ones adopted in Ref. [99], which are based
on reconstructed objects in the final states. While a large hierarchy in the sensitivity
is observed in the dedicated analysis, the sensitivity of the monojet reinterpretation
is similar in all the channels for large dark photon lifetimes, where it is expected to
set new constraints.

Existing constrains are improved by the monojet analysis for cτd < 0.9 mm. The
sensitivity in this regime is due to the fact that decay products of the γd are not
properly identified in the final states. In particular, the sensitivity of the Muonic
channel derives from the fact that standard reconstruction algorithms target prompt
muons. Indeed, baseline muons, as defined as in Section 4.3, are required to have an
inner-detector track matched to muon spectrometer hits, and to be associated to
the primary vertex. Thus, even for small lifetimes, the boost of the γd in the final
states is such that their decay products may not satisfy these criteria, escaping from
the interaction point not-identified. However, the sensitivity decreases rapidly in
more prompt-like regimes.

The sensitivity loss observed in the hadronic channel below cτd = 102 mm is
mainly due to the photon veto present in the monojet SR definition. This has
the largest impact in events with displaced electrons. These in fact lead to energy
deposits in the electromagnetic calorimeter which are not associated to any track,
which is indeed the signature of the prompt production of a photon.

At large lifetime values, cτd > 102 mm, the observed limits tend to be flat,
since most of the LLPs decay outside the fiducial volume of the ATLAS experiment.
For this reason, the upper limits are extrapolated to very large lifetimes from the
value of cτd for which the p recoil

T distribution matches the one expected from the
gg → H → inv process. The observed upper limit on the B(H → inv) is checked to
be consistent with the ones obtained with the FRVZ benchmark signal samples with
very long lifetime values, and corresponds to B(H → 2γd +X) < 50% at 95%.

The results of both this reinterpretation and the displaced jets ATLAS search
in the Higgs sector are also shown in Figure 4.41 as a function of the γd kinetic
mixing parameter ε and the γd mass. In this case, limits are shown at 90% CL to be
compared with the results of other non-ATLAS searches [203]. To obtain such result,
it is assumed that the p recoil

T shape of the FRVZ signal does not change significantly
for different γd masses. Therefore, the limit obtained for a 400 MeV γd in the three
aforementioned channels has been rescaled according the γd BR.
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The exclusion contour corresponding to B(H → 2γd + X) = 50% is used as
a benchmark value. In the range of γd mass [0.2, 2] GeV, the monojet analysis
can exclude values of the kinetic mixing parameters below 10−6 for very light dark
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photons, and ε ≤ 2 · 10−6 for γd with mγd = 2 GeV. The shape of the contour is
directly related to the branching fractions of the γd decays: for masses of the γd below
0.5 GeV the sensitivity slightly increases because the BR of the γd in pairs of muons
increases. As can be seen from Figure 4.40, in fact the most sensitive channels are
the Muonic and the Mixed ones. Figure 4.41 highlights the complementarity of
the searches carried out by the ATLAS experiment. In the future, more stringent
limits in this regime might be set from the Higgs to invisible search carried out via
the VBF production mechanism, obtaining a similar contour to the one from the
monojet analysis, but at much lower values of B(H → 2γd + X).

Results obtained on the Hss model are presented in Figure 4.42. These are
compared to the constraints obtained by other ATLAS searches tuned for such
signatures [204, 205, 206]. The complementarity among the several analyses can be
observed for all the mass values of the scalar particles s, for which different lifetimes
regimes are probed by different detection techniques. As for the FRVZ model, the
monojet analysis extends current limits to higher cτs values.

Differences on the exclusion contours between the several scalar mass hypotheses
are expected because of their different boost in the Higgs boson decay. In the
asymptotic regime (i.e. for ∼infinite lifetimes) the monojet result approaches
B(H → ss) = 50% @95% CL, which, again, is the value obtained by probing the
H → inv process produced via ggF only. Hence, such a process is used to extrapolate
the contours at lifetime values higher than the one corresponding to the cτ reweighted
sample having a compatible p recoil

T distribution. Also in this case, constraints on the
invisible branching fraction of the Higgs boson are shown for a comparison. The
difference between the value obtained in this reinterpretation for large lifetime values
is entirely due to the additional production mechanisms considered in the Higgs to
invisible interpretation presented in Section 4.10.4.
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ATLAS Run 1 and Run 2 results [41] are also shown in the asymptotic regime of infinite
lifetime. Figure from Ref. [5].





151

Chapter 5

Measurement of the V H(bb̄)
process

The Higgs boson has been only recently discovered, in 2012, and its properties are
still today being studied. As introduced previously in Section 1.1.1, the decay to a bb̄
pair is the most probable for the SM Higgs boson, being B(H → bb̄) = 58.2% [207].
Without an efficient identification of the b-jets which arise from the hadronisation
of the b-quarks, such process would be impossible to distinguish from the QCD
multijet background of the LHC collisions. To further suppress this process, it is
possible to look at the V H production mode of the Higgs boson. Indeed, even if
the cross-section is approximately fifteen (WH) to fifty (ZH) times lower than the
gluon-gluon fusion one, the presence of the vector boson allows to tag the events via
its leptonic decays.

Measurements of the V H(→ bb̄) process are discussed in this Chapter. After a
general overview of the channel, in Section 5.2 the latest results obtained by the
ATLAS collaboration are reviewed, and the main limitations of them are discussed.
Studies carried out in preparation for an analysis of the data which will persist for
several years as a legacy of the Run 2 of the LHC are presented in Section 5.3. In
this Section I discuss how latest improvements in the flavour tagging procedure
can improve the analysis, and I present studies to find an optimal combination of
alternative reconstruction techniques to improve the sensitivity to the signal process.
Furthermore, in Section 5.3.2 an innovative method to reduce the effect of limited
MC statistics is presented.

As the results in preparation will remain as a legacy of the Run 2 period of
the LHC it is important to extract as much information as possible from the
data being analysed. A complementary approach to the simplified-template-cross-
section measurements (STXS) is presented in Section 5.4, where the measurement
of a fiducial differential cross-section of the Z(→ νν̄)H(→ bb̄) process is discussed.
Preliminary results are also shown. This study provides foundations for a more
complete measurement of the V H(→ bb̄) process considering all the leptonic decay
modes of the vector boson produced in association with the Higgs boson, which will
be included in the upcoming results.
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5.1 The H → bb̄ observation
Three distinct channels can be exploited and combined to maximise the sensitivity
to the signal by considering the V H production mode. These correspond to the
Z(→ νν̄)H(→ bb̄), W (→ `ν)H(→ bb̄) and Z(→ ``)H(→ bb̄) (` = e, µ) processes,
which define the 0-, 1- and 2-lepton (L) channels, respectively. The main background
process of the 0- and 2-L channels is the production of a Z boson in association with
heavy-flavour (HF) jets. Minor contribution in the 0L channel arise also from tt̄ and
W+HF production. In the 1L channel, instead, the main backgrounds are due to tt̄
and W+HF production.

The observation of the V H production mode and of the H → bb̄ decay has
been reported by the ATLAS and CMS collaborations in Refs. [28, 29]. Partial
LHC Run 2 results in the bb̄, γγ and ZZ∗ → 4` (` = e, µ), obtained with a data
set corresponding to 79.8 fb−1, allowed ATLAS to observe the V H process with a
significance of 5.5σ (5.4 expected). To achieve the 5σ threshold for the H → bb̄
decay, partial LHC Run 2 results from the V H(→ bb̄) analysis reported in Ref. [28]
were combined with results from other searches carried out in other production
channels, performed with both LHC Run 1 and Run 2 data. The combination of the
V H, tt̄H and V BF production modes, with the latter also carrying a non-negligible
signal component from the gluon-gluon fusion process, resulted in a 5.4σ excess over
the background-only hypothesis, above the ‘observation’ threshold. Results for the
observation of both the V H and H → bb̄ process are reported in Figure 5.1, showing
the contribution of each mentioned production- and decay-mode of the Higgs boson.
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Figure 5.1. Breakdown of the different contributions to the signal strength, given by
µ = σ/σSM, which provides the observation of the (a) V H and (b) H → bb̄ processes, as
measured by the ATLAS collaboration. Figures from Ref. [28].

As it can be seen in Fig. 5.1(a), the H → bb̄ decay provides the best sensitivity to
the V H production mode, thanks to the large branching fraction of the Higgs boson
in such channel. On the other hand, the V H process provides the best sensitivity
for H → bb̄ decays, thanks to an equilibrium between the cross-section value and
the cleanliness of the final state.

The first observation of the V H(→ bb̄) combined process was achieved by the
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ATLAS collaboration with the full LHC Run 2 data set, corresponding to 139 fb−1

of integrated luminosity. A significance of 6.7σ is reported in Ref. [42], which also
provided for the ZH and WH production modes a rejection of the background-only
hypothesis with 5.3σ and 4.0σ, respectively.

5.2 The starting point: preliminary V H(→ bb̄) analyses
The latest ATLAS V H(→ bb̄) measurements, performed with the full LHC Run 2
data set, adopted two different techniques to reconstruct the Higgs boson candidate
in the events. In the resolved analysis [42], Higgs boson candidates are formed by
pairs of b-tagged anti-kT R = 0.4 jets. At large pT (H), however, the Higgs boson
decay products are emitted closer to each other, thus the efficiency of reconstructing
two well-separated jets in the final state is reduced. The boosted analysis [208]
exploits large-R jets, introduced in Section 3.3 of this thesis, to better catch such
final states. The two published analyses are not completely orthogonal: while the
resolved one is sensitive for pT(V ) above 150 GeV (75 GeV for Z(→ `−`+)H(→ bb̄)
process), the boosted analysis requires a vector boson pT of at least 250 GeV. In
the range between 250 and 500 GeV, the overlap in the events used in the two
analyses is non-negligible. In this range, in fact, both the reconstruction techniques
provide a good signal reconstruction efficiency. Strategies to remove such overlap in
the combination of the two methods, foreseen for the Legacy Run 2 analysis, are
discussed in Section 5.3.3, where different options are presented.

In this section the workflow of the two published analysis is reviewed, and
their main limitations are discussed. Methods and improvements to overcome such
limitations are discussed in Section 5.3.

5.2.1 Signal and background simulations
Simulated MC samples are used to model the SM backgrounds as done in the
monojet analysis. Such predictions are also in this case corrected by means of
orthogonal control regions, which are defined in the next Section. The same generator
configurations adopted in the monojet analysis, and described in Section 4.2.1,
are used in the resolved and boosted V H(→ bb̄) analyses. However, the V+jets
reweighting is not applied in this case, since it was developed originally for the
monojet phase space only. Moreover, the impact of NLO EW corrections to the
background predictions are expected to be small in the V H(→ bb̄) analysis, since
the pT(V ) is low.

V H signal processes initiated by quark pairs are simulated with the Powheg gen-
erator and the Multiscale Improved NLO procedure (MiNLO) [209]. The gg → ZH
signal process instead is simulated at LO in QCD with Powheg. Both simula-
tions are interfaced to Pythia8 for the parton showering, and the AZNLO set
of tuned parameters, described in Ref. [210], is adopted. Both the ME and PS
algorithms use the NNPDF3.0 PDF set, but the ME calculations are reweighted to
the PDF4LHC15NLO PDF set via the internal algorithm of Powheg-Box v2.

Signal samples are normalized to the state-of-the-art cross-section calculations.
The qq → ZH and qq → WH processes are normalized to NNLO QCD + NLO
EW accuracy [211, 212]. The NLO EW differential cross-section is computed as a
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function of pT(V ) using the Hawk package [213], and a correction function is used to
re-weight the signal events. A shape uncertainty of the size of the correction is then
introduced in the likelihood fit to take into account this reweight. The gg → ZH
process cross-section instead is calculated at NLO+NLL in QCD [214, 215].

5.2.2 Object definition
Both analyses consider three leptonic channels, as introduced in Section 5.1, defined
by the number of identified electrons or muons from the leptonic decay of the V pro-
duced in association with the Higgs boson. Electrons and muons are reconstructed
in the final states as described in Section 3.2. As done in the monojet analyses, two
categories of these objects are defined: V H-loose and V H-signal leptons.

V H-loose electrons are required to have pT > 7 GeV, |η| < 2.47, and to satisfy
the Loose&Blayer identification WP (cf. Section 3.2.1). They are also required to
have |d0/σd0 | < 5, |z0 sin θ| < 0.5 mm, and to satisfy the fixed-cut Loose isolation
WP as defined in Section 3.2.1.

On top of such requirements, V H−signal electrons are required to have pT >
27 GeV. For the 1L channel, WH−signal electrons are defined by requiring stricter
identification and isolation WPs to better suppress the multijet background. The
Tight identification and Fixed-Cut-High-Pt-Calo-Only isolation WP are required.
The latter is based on a differential cut on the Eisol,R=0.2

T,cone variable, defined in Section
3.2.1, which is required to be less than 3.5 GeV.

V H-loose muons are required to be reconstructed within |η| < 2.7, and to
have pT > 7 GeV. Moreover, the Loose selection WP, defined in Section 3.2.2, is
required along with |d0/σd0 | < 3, |z0 sin θ| < 0.5 mm. Muons are also required
to pass the loose fixed cut isolation WP, which requires Eisol,R=0.2

T,cone /pT < 0.3, and
pisol,R=0.3
T,var-cone/pT < 0.15.

As for the electrons, ZH−signal muons are required to pass the loose selection
and to have at least pT > 27 GeV. WH−signal muons are defined by stricter
requirements on the identification, Medium quality, and on the isolation, Fixed-Cut-
High-Pt-Calo-Only WP (cf. Section 3.2.2). For these muons, the pT threshold is
reduced to 25 GeV.

Hadronically decaying τ -leptons are used only in the evaluation of the missing
transverse momentum of the event, and in the overlap removal procedure. Differently
to what is done in the monojet analysis, a τ -lepton veto is not applied in the
V H(→ bb̄) analysis, because it would reduce significantly the W (→ τν)H(→ bb̄)
signal component.

The reconstruction of such objects is performed according to Section 3.2.3, and
candidates are required to have pT > 20 GeV, |η| < 2.5 (excluding the crack region),
and to pass the Medium identification WP.

Hadronic jets are reconstructed as described in Section 3.3. The resolved analysis
adopts only anti-kt R = 0.4 EMTopo jets, while in the boosted one large-R jets and
VR track-jets are also used. The requirements applied on these objects are reported
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below separately for each topology.

Resolved analysis. In the resolved V H(→ bb̄) analysis, jets are defined as
signal and forward. The former are required to be central, |η| < 2.5, and have
pT > 20 GeV. Below 60 GeV a further requirement of |η| < 2.4 and JVT > 0.59 is
applied to suppress pileup contributions. Forward jets are required to have at least
pT > 30 GeV, and 2.5 < |η| < 4.5. A loose jet cleaning requirement, as described for
the monojet analysis in Section 4.3, is applied to all jets in the events.

Two corrections are applied to b-jets, aiming to improve their energy scale and
resolution. These take into account the undetected energy deposits in the calorimeter
of some of the decay products of the b-hadrons, such as neutrinos, or muons produced
in semi-leptonic decays of unstable hadrons. The first correction is related to muons,
which loose only part of their energy in the calorimeters, and they are typically
removed in the overlap removal procedure with jets. The criteria for such a removal
are described later in this section. To correct the jet energy measurement, the
four momentum of the reconstructed muon is summed together with the one of
the reconstructed jet, and the corresponding energy deposit in the calorimeter is
removed. If more than one muon is found within a jet, only the one closer to its
axis is considered for the application of the correction. This procedure is applied
both to data and simulated events.

The second correction applies only to simulated events, and takes into account
the missing energy deposit of the neutrinos. The size of the correction is different
between semi-leptonic and hadronic decays of the b-hadrons. Two functions are
derived from particle-level jets. An effect of around 10%, decreasing with the jet
pT, and almost vanishing at 70 GeV, is found for hadronic decays of the b-hadrons.
Semi-leptonic decay corrections are found to be of the same size, however a constant
off-set of ∼ 7% is observed. Thus at low jet pT, the total size of the correction is
about 20%.

Such a correction is applied only in the 0 and 1L channels. In the 2L channel,
instead, a kinematic fit to the ``bb̄ system is applied. This allows to exploit percent-
level resolution on the reconstruction of the lepton energy and momentum scale to
improve the JES, which is of the level of 5÷ 10%. The four-body system is balanced
in the transverse plane, thus the transverse momenta of the jets and leptons are
fitted including constraints on the resolution of the transverse momentum, on m``

and a term which accounts for the lower response of b-jets due to the presence of
neutrinos.

Both the corrections mentioned in this sub-section are applied after the event
selection is performed. The event ~Emiss

T is built using uncorrected jets. The per-
formance of the corrections on the mbb scale and resolution are presented for the
resolved analysis in Figure 5.2(a) for the simulated qq → Z(→ ``)H(→ bb̄) process.

Boosted analysis. To better catch the Higgs boson decay products at high
pT (H), the boosted analysis adopts large-R jets reconstructed with the anti-kt
algorithm with R = 1.0. At least one large-R jet with pT > 250 GeV and |η| < 2 is
required in the events. Moreover, its invariant mass is required to be mJ > 50 GeV,
since below this threshold no calibration of the JMS is provided.

VR track-jets of pT > 10 GeV and |η| < 2.5 are used to identify, within the



156 5. Measurement of the V H(bb̄) process

0 20 40 60 80 100 120 140 160 180 200

 [GeV]bbm

0

1

2

3

4

5

6

7
E

v
e

n
ts

 /
 5

 G
e
V

Standard Calibration (std.)
Muon­in­jet Correction

PtReco Correction

Kinematic Fit

std.
σ)/σ­

std.
σ [GeV]    (σ     

     

15.9        0%

13.8        13%

13.2        17%

9.1          43%

ATLAS Simulation
­1 = 13 TeV, 139 fbs

 llbb→ ZH →qq 

2 leptons, 2 jets, 2 b­tags

 150 GeV≥ V

T
p

(a)

0 20 40 60 80 100 120 140 160 180 200

 [GeV]Jm

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

E
ve

nt
s 

/ 5
 G

eV

Standard Calibration (std.)

Muon-in-jet Correction

Kinematic Fit

std.
σ)/σ-

std.
σ [GeV]    (σ     

     

13.0        0%

12.1        7%

9.3          28%

ATLAS Simulation
-1 = 13 TeV, 139 fbs

 llbb→ ZH →qq 
 1 large-R jets, SR≥2 lep., 

 < 400 GeVV
T

 p≤250 GeV 

(b)

Figure 5.2. Effect of the corrections applied to EMTopo jets in the resolved analysis
[42] (a) and to the large-R jet in the boosted analysis [208] (b). Further details on the
event selection applied to obtain these distributions are presented in Section 5.2.3 and
5.2.4,respectively.

large-R jet, the hadronisation products of the two highly-energetic b-quarks. Ghost
association with the large-R jet of the VR track jets is performed, and at least two
of them are required in the events.

Anti-kt R = 0.4 EMTopo jets are used in the boosted analysis only in the event
categorization. These are retained in the events if they have pT > 30 GeV and
|η| < 4.5. Jets within |η| < 2.5 and below 120 GeV of pT are required to pass a
requirement on the JVT discriminant, JVT > 0.59, to suppress pileup contributions.

As done in the resolved analysis, to account for muons originating in b-hadron
decays, the large-R-jet four momentum is corrected too. All muons within the
track-jets which are ghost associated with the large-R jet are considered. The mcalo
term of the combined mass (cfr. Equation 3.7 in Section 3.3) is corrected after the
sum of the large-R jet and muon four momenta. The mTA term is evaluated using
the new pcaloT value, and then the new combined mass is calculated. No corrections
for neutrinos are applied in the boosted analysis. In the 2L channel, the kinematic-fit
already described for the resolved analysis is additionally performed. The impact of
such correction on the mJ distribution is presented in Figure 5.2(b).

Overlap removal

An overlap removal procedure of pre-selected objects is done to avoid a double
counting of detector signals, as already described also for the monojet analysis in
Section 4.3.

At first, the overlap between hadronically decaying τ -leptons and electrons (e) /
muons (µ) is solved by removing τ candidates if they have ∆R(τ, e/µ) < 0.2.

If a muon which is not identified as combined (cfr. Section 3.2.2) is found within
a cone of ∆R = 0.2 of a τ -lepton candidate of pT > 50 GeV, then the latter is
retained and the muon is removed.

Combined muons which share an ID track with an electron, are retained, while
the electron is removed. However, if the muon is calorimeter tagged, it is removed
instead and the electron is kept.
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EMTopo jets found within ∆R(j, e) = 0.2 of an electron are removed, while if
∆R(j, e) < max[0.2,min(0.4, 0.04 + 10 GeV/pT(e))], then the electron is removed.

Concerning muon and EMTopo jets, if ∆R(j, µ) < 0.2 or the muon is ghost-
associated with the jet then two conditions are evaluated. If the jet has less
than three associated reconstructed ID tracks, or pT(µ)/pT(j) > 0.5 and the ratio
between the muon pT and the scalar sum of the tracks associated with the jet is
greater than 0.7, then the jet is removed. For any surviving jet, if ∆R(j, µ) <
max[0.2,min(0.4, 0.04 + 10 GeV/pT(µ))] the muon is removed.

In the boosted analysis, an overlap removal is applied to large-R jets and electrons:
if ∆R(e, large-R j) < 1.2, the large-R jet is removed.

5.2.3 Flavour tagging strategy
The identification of jets originating from b-quarks is central in this analysis. In MC
simulated events, the flavour labelling procedure introduced in Section 3.3.2 is used.
In the resolved analysis flavour tagging is applied to all the signal jets reconstructed
in the event. In the boosted channels, the tagging is instead applied only to the
leading two VR track-jets associated with the large-R jet. Such choice was done to
optimise the signal significance. Flavour tagging is also applied to VR track-jets not
matched with the Higgs boson large-R jet candidate.

The same discriminant algorithm adopted by the monojet analysis, MV2c10, is
used. The chosen working point is the one providing an average efficiency of 70%.
The corresponding c- and light-jet rejection factors are given in Table 3.3 of Section
3.3.2. This procedure is referred to in the following as direct tagging (DT). The
calibration of the tagging algorithm has been performed on both the EMTopo and
VR track-jets collections separately, and follows the method described in Ref. [149].

When applied to MC simulation, DT reduces the number of events available to
describe the background processes. For event categories including jets which are c-
or light-flavour labelled, due to the high rejection rates of the MV2c10 algorithm
most of the MC events are rejected, thus large statistical fluctuations arise. To
recover a smooth template of the kinematic distributions of background processes,
an event-weighting technique called truth tagging (TT) can be used. This allows to
keep all the MC events, which are re-weighted based on the characteristics of the
jets in the events as follows. The flavour tagging performance are parameterised
by means of two-dimensional efficiency maps derived from tt̄ single- and di-lepton
events. These maps provide the tagging efficiency ε binned as a function of jet pT
and |η|. This description is accurate enough for isolated jets, while lacks in capturing
the correlations between close-by jets in boosted environments. For this reason, the
TT cannot be used in the boosted analysis. A way to overcome such limitation is
presented in Section 5.3.2.

Efficiency maps depend on the jet label, the jet reconstruction technique (EM-
Topo, PFlow, VR track-jets), the tagger (MV2, DL1, DL1r), the chosen working
point, and most importantly on the MC generator used in their derivation. Efficiency
maps obtained with Powheg+Pythia 8 tt̄ events are presented in Figure 5.3(a). A
different granularity is chosen to build such maps, taking into account the available
MC statistics, and keeping the relative uncertainty below a few percent. This is
also the main reason why the parameterization is performed only in two dimensions.
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A bin-by-bin interpolation is then performed to obtain a smooth and continuous
surface.
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Figure 5.3. Efficiency maps obtained from single- and di-lepton tt̄ events for the MV2c10
tagger algorithm and the 70% efficiency WP with the Powheg+Pythia 8 generator
for (a) b−labelled jets, (b) c−labelled jets, (c) τ -jets and (d) light-flavour jets.

For each jet in the event, the value εtag is read from the efficiency maps either
to represent the b-tag probability or the mis-tag rate. In events with only two jets,
the total corresponding weight is built as the product of the εtag values. If three
jets are found, namely ja, jb and jc, a choice of two-out-of-three to be considered as
tagged is needed. Three combinations are thus produced: in each one, two jets are
considered as tagged and the corresponding efficiency value is assigned, while for
the third one 1− εtag is assigned, representing an anti-tagging probability. For each
case, the total weight is derived as εja · εjb · (1− εjc) (and permutations of a, b, c).
By normalising each combination weight to the sum of all of them, a probabilistic
choice of one of the three configurations to represent the event can be done. This
procedure can be extended to the case of n jets: all combinations of 2 jets out-of-n
tagged and the rest not-tagged are made. A pair which will form the Higgs boson
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candidate is then chosen based on its relative tagging probability.
In the application of TT in the resolved V H(→ bb̄) analysis, a bias on the closure

with the DT was found for bb̄ final states, while a good description was observed
for the others. This motivated the development of an hybrid-tagging (HT) strategy.
It consists in the application of TT only to the non-b-labelled jets, for which DT
is applied. Hybrid tagging proceeds in two steps: at first jets in the events are
separated between b-labelled and not. To the first ones the DT is applied. If two
jets are direct-tagged, the event weight associated to the truth-tagged jets is built by
requiring the non-tag probability, i.e. 1− εtag. Otherwise truth tagging is performed
as outlined above, and the truth-tagged jets are selected via the aforementioned
probabilistic algorithm.

HT is used in the resolved analysis for the training of the multivariate algorithm
used as a discriminant in the maximum likelihood fit which is used in the extraction
of the V H(bb̄) signal (cf. Section 5.2.5). TT instead is used in both analyses in
the derivation of modelling systematic uncertainties. Any bias introduced by this
technique cancels in the ratio performed to estimate the effect of the considered
variation.

5.2.4 Event selection and categorization

Data events are required to be in the good run list introduced in Section 4.4. For
both data and simulated collisions, the presence of at least one reconstructed PV is
required. Events of the 0, 1 and 2L channels are selected using the same Emiss

T and
single-electron triggers used in the monojet analysis, reported in Tables 4.1 and 4.2.
In the 2L channel of the resolved analysis, single-muon triggers are also adopted.
The combination of trigger chains is listed in Table 5.1. The ‘iloose’ and ‘ivarmedium’
suffixes refer to isolation criteria (cf. Section 3.2.2).

Table 5.1. Single-muon triggers used to select events for the 2L channel, combined via a
logical or.

Period Trigger chain

2015 HLT_mu20_iloose_L1MU15 or HLT_mu50
2016, ’17, ’18 HLT_mu50 or HLT_mu26_ivarmedium

Resolved analysis. In the 0 and 1L channels of the resolved analysis, only
events with at least 2 signal jets, and at most 3 jets (including forward ones), are
selected. To reduce the large tt̄ background, events with 4 or more jets are vetoed.
Since this background is sub-dominant in the 2L channel, events with more than 3
jets are allowed. Therein b-tagging is applied to all signal jets and exactly two tagged
jets are required in the events. The leading one is required to have pT > 45 GeV.
Additional selections, specific to each of the leptonic channel, are summarised below.

Zero lepton: Events are required to have exactly 0 V H-loose leptons recon-
structed, and EmissT > 150 GeV due to trigger limitations: the trigger efficiency, in
fact, reaches around 90% at 150 GeV. To remove a known mismodelling in simulation
due to an interplay between the Emiss

T trigger and the number of jets in the events,
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the scalar sum of the pT of all the jets is required to be greater than 120 GeV
(150 GeV) in events with two (three) jets.

To reduce multijet contributions, anti-QCD cuts based on the angular separation
between jets and the ~Emiss

T are applied. The minimum angular distance between any
jet and the Emiss

T in the event is 0.2 (0.3) for two (three) jets events. In addition, the
two jets forming the Higgs boson candidate (h) are required to satisfy |∆φ| < 140◦.
Moreover, it is required that |∆φ(h,Emiss

T )| > 120◦, and that the angular separation
between the Emiss

T and the track-Emiss
T is below 90◦. After such selection, the domi-

nant background process is Z(→ νν̄)+HF, followed by tt̄ production. The latter is
more dominant in the 3 jet category.

One lepton: In the 1L channel, the transverse momentum of the vector boson
produced in association with the Higgs boson is reconstructed from the vectorial
sum of Emiss

T and of the lepton momentum in the (x, y) plane. Events are required
to include exactly one WH-signal lepton, as defined before, and no additional V H-
loose leptons. In the electron channel, to reduce mis-reconstructed cases, Emiss

T is
required to be greater than 30 GeV. The main background processes of the 1L
channel after event selection are tt̄ and W+HF production. A sub-dominant multijet
component is present, and estimated in a data-driven way as documented in Ref. [42].

Two leptons: Exactly two same-flavour leptons are required in the events.
At least one of those is required to pass the stricter ZH−signal requirement. The
invariant mass of the two lepton system is required to be close to the Z-pole,
81 < m`` < 101 GeV. The vector boson pT is determined by the sum of the momenta
of the two leptons. In this channel, the only background process is due to the
Z+HF process. Top-quark pair production is a sub-dominant component, and it is
estimated in a data-driven way in an orthogonal electron-muon CR.

In all three channels, minor backgrounds arise from the production of a pair of
vector bosons, with one of them decaying into a pair of HF quarks (b or c). This
process is very similar to the V H signal, and is exploited in the analysis to perform
a validation of the fit and background model on the V V peak. Further details on
the measurement of this process are provided in Ref. [42].

Boosted analysis. Events in the boosted topology are selected if at least one
large-R jet is reconstructed. Two VR track-jets ghost-associated with it are required.
The leading large-R jet is taken to be the Higgs boson candidate. b-tagging is applied
to the two leading VR track-jets, and both are required to pass the WP defined
above. The mass of the Higgs boson candidate is taken to be the one of the large-R
jet. Specific selections applied to the three leptonic channels are summarised below.
The background composition in each of these is very similar to what is observed in
the resolved analysis.

Zero lepton: The Emiss
T in the event, proxy for the reconstruction of the

Z boson produced in association with the Higgs boson, is required to be at least
250 GeV. This value approximately corresponds to an angular separation (∆R)
of the two Higgs boson decay products of 1, therefore these can be reconstructed
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within a single large-R jet with R = 1.0. As for the resolved analysis, exactly 0
VH-loose leptons are required in the events. To suppress the multijet background
which could lead to fake Emiss

T , ∆Φ(Emiss
T , Hcand) > 120◦ is required. Moreover, the

cuts ∆Φ(Emiss
T , pmiss

T < 90◦ and min ∆Φ(j, Emiss
T ) > 30◦ are applied. For the latter,

only the EMTopo jets reconstructed outside the H candidate large-R jet, and with
a pT greater than 70 GeV, are considered.

One lepton: Events are selected requiring the same criteria of the resolved anal-
ysis and by tightening the Emiss

T cut to 50 GeV. Additionally, a cut on the absolute
rapidity separation between the large-R jet and the vector boson, |∆y(W,H)| < 1.4,
is applied. To evaluate such quantity, the neutrino momentum is needed, and it is
evaluated by imposing to the lepton-neutrino system a mass constraint of the W
boson.

Two leptons: The same criteria of the resolved analysis concerning leptons
are applied to select candidate events. The additional cut on the rapidity separation
between the Z boson and the large-R jet, introduced in the 1L boosted channel, is
applied also in this case. To improve the rejection of the Z+jets background, the
leptons pT imbalance, defined as (p`1T − p`2T )/pZT, is required to be lower than < 0.8.
This variable provides discrimination power between the Z+jets and V H processes
[216].

Region definition

In each leptonic channel, events are further categorized in pT(V ) bins in both the
resolved and boosted analyses to enhance the sensitivity to the Higgs boson signal. A
set of signal and control regions are defined, and their definition in the two analyses
is reported below.

Resolved analysis. The 0 and 1L channels are split in two pT(V ) bins, 150 <
pT(V ) < 250 GeV and pT(V ) > 250 GeV, while in the 2L one also the 75 < pT(V ) <
150 GeV interval is considered.

Furthermore, signal and control regions are defined with a requirement on the
angular separation between the two b-tagged jets as a function of the vector boson
pT. This cut is motivated by the fact that in H → bb̄ decays, the angular separation
of the decay products is given by ∆R(b, b) ' 2mH

pT(H) . Such correlation is not present
in V+jets and tt̄ production. V+HF events are quite uniform, with a component
which accumulates at low values of ∆R(b, b) due to the gluon-splitting phenomenon.
In tt̄ events, instead, the two b-jets tend to be produced in opposite hemispheres
of the detector, thus events populate the higher values of ∆R(b, b). Such control
regions are used in the maximum likelihood fit to correct the normalisation of the
SM predictions.

In Figures 5.4(a), the contribution of background processes in the (Emiss
T ,∆R(b, b))

plane in the 0L channel for the two- and three-jet categories is shown. The profile
of the signal distribution, and its RMS, are overlaid to show the aforementioned
correlation. Two functions define the signal region (SR) and the High-∆R and
Low-∆R control regions. These have been optimised with the 1L selection, and used
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in all lepton channels. The high-∆R cut has been defined such that at least 95%
(85%) of the signal events in the two (three) jet category are included in the SR.
The lower boundary has been tuned such that 10% of the total dibosons events are
included in the low-∆R CR. This allows to keep the SR contamination from such
processes low, yet enough contribution is present to perform the cross-check analysis
on the V V peak, as described later in Section 5.2.5.
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Figure 5.4. Distribution of the ∆R between the two b-tagged jets in the events for the
sum of the background processes as a function of Emiss

T obtained in the (a) two- and
(b) three-jet categories of the 0 lepton channel. The profile and RMS of the signal
distribution is overlaid, and the functions which determine the separation between the
low-∆R, SR and high-∆R regions are shown.

In the fit model, CRs consists of inclusive bins, while in the SR either a mul-
tivariate discriminant built via a boosted decision tree (BDTV H), or the binned
distribution of the invariant mass of the two b-jets system (mbb) are used to enhance
the sensitivity to the Higgs boson signal.

Considering the pT (V ), jet multiplicity, and ∆R(b, b) splitting, a total of 28 CRs
and 14 SRs are defined. A summary of the event categories is presented in Table 5.2.

Boosted analysis. Events are split in two pT(V ) bins, [250, 400] GeV and
pT(V ) > 400 GeV. These intervals overlap with the ones defined in the resolved
analysis, since especially up to 500 GeV events are efficiently reconstructed in both
topologies. Studies to solve such overlap in the combination of the two analyses are
presented in Section 5.3.3.

To suppress the tt̄ background, the boosted analysis SRs are defined by requiring
that any track-jet not matched with the large-R jet Higgs boson candidate is not
tagged. In the 0 and 1L channels, a further splitting of the SR is done. The High-
purity SR and Low-purity SR are defined by requiring either 0 or ≥ 1 EMTopo jet
with ∆R > 1 with the Higgs boson candidate jet. Such a categorization is performed
using EMTopo jets since the associated systematic uncertainties can be used to
estimate migrations of events between the two signal regions. The available statistics
in the 2L channel is not enough to allow such categorization.

A set of control regions is defined in the 0 and 1L channels to constrain the tt̄
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Table 5.2. Summary of the defined signal and control regions of the resolved V H(→ bb̄)
analysis. In the single binned regions, here indicated with ‘Yields’, no shape information
of either the BDT or the mbb distribution is used, but only the inclusive number of
events.

Channel Region
Category

75 < pVT < 150 GeV 150 < pVT < 250 GeV pVT > 250 GeV
2-jets (≥) 3-jets 2-jets (≥) 3-jets 2-jets (≥) 3-jets

Low-∆R-CR − − Yields Yields Yields Yields
0L SR − − Binned Binned Binned Binned

High-∆R-CR − − Yields Yields Yields Yields

Low-∆R-CR − − Yields Yields Yields Yields
1L SR − − Binned Binned Binned Binned

High-∆R-CR − − Yields Yields Yields Yields

Low-∆R-CR Yields Yields Yields Yields Yields Yields
2L SR Binned Binned Binned Binned Binned Binned

High-∆R-CR Yields Yields Yields Yields Yields Yields

background. These are defined by changing the requirement of exactly 0 b-tagged
track-jets outside the large-R jet, to at least an additional one. By construction
these regions are enriched in the tt̄ process. The large-R jet with two matched
and b-tagged VR track-jets in such regions is most of the times reconstructed from
the top-quark decay and the hadronic W boson, with one jet which mis-tagged as
originated from a b quark.

In all regions of the boosted analysis, the invariant mass of the leading large-R
jet, mJ, is the discriminant variable adopted to extract the Higgs boson signal via
the statistical model described in the next Section.

5.2.5 Statistical model and fit strategies

The statistical analysis is performed with a binned likelihood function given by
the product over all bins and regions, of the distributions considered, of Poisson
terms. As in Equation 4.4, the number of expected events in each bin is given
by the sum of the background and signal contributions. Both of these depend on
gaussian-constrained nuisance parameters and freely-floating normalization factors.
Signal events are scaled by the freely-floating signal strength, µ. The effect of
experimental and modelling systematic uncertainties, along with the effect of limited
MC statistics, is parameterized in the likelihood via gaussian-constrained NPs. The
fit models of the resolved and boosted analyses is summarised below.

Resolved analysis. To maximise the sensitivity to the V H(→ bb̄) signal, BDTs
are used to build the main discriminant variable. A cross-check fit is also performed
by looking at the less sensitive mbb distribution. The improved sensitivity achieved
with the BDT is due to the fact that it includes also the mbb distribution of the
events, in addition to other variables, as described in Ref. [42]. In this thesis the
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BDT discriminant is not used as an effort to improve the MVA analysis is ongoing.
Therefore, the studies presented to improve the current published results presented
in Section 5.3.3 were performed by looking at the mbb distributions. Moreover, the
fiducial cross-section measurement study presented in Section 5.4 is based on the
mbb fit. The reader is referred to Ref. [42] for more details on the input variables
and training procedure of the BDT.

In the likelihood model, the V (→ lep.)H(→ bb̄) signal, tt̄ and single-t quark
production, dibosons production and V+jets processes are considered. The latter
are split in three sub-categories according to the flavour of the two leading jets in
the event: V+light flavour jets, V+cl and V+HF, which includes V+[bb̄, bc, bl, cc̄]
production. The data-driven multijet template, relevant only for the 1L channel, is
also considered.

Eight freely-floating normalization factors (NFs) are included in the likelihood
model to correct the background predictions. These NFs are decorrelated between
two- and three-jet categories only, and correct the expected number of events of
Z+HF, W+HF and tt̄ processes. Two additional NFs are included in the lowest
pT(V ) bin of the 2L channel for the Z+HF process.

Different fits, involving a variable number of parameters of interest (POI),
i.e. signal strengths, are performed. At first, the inclusive µbb̄V H is extracted by
considering one single POI. A fit with two POIs is performed to extract the WH and
ZH contributions separately. A five-POI setup is used to measure different STXS
bins, three for the ZH process, and two for the WH process. The splitting does not
correspond exactly to the Stage 1 bins presented in Figure 1.7, since a merging of
various bins has been performed. Further details are provided in Ref. [42].

When considering mbb as a discriminant, a single POI fit is performed to extract
the inclusive µbb̄V H signal strength. This result is used as a cross-check of the main
MVA analysis.

In order to validate the statistical model, an additional two-POI fit is performed
by considering the WZ and ZZ processes as standard candles. This is done in an
earlier stage of the analysis, before unblinding the data corresponding to mbb values
close to the Higgs boson peak. An uncertainty of 50% is assigned in this case to the
V H signal, which is fixed at its SM expected predictions.

Boosted analysis. The discriminant variable used in the boosted analysis to
extract the signal strength from the likelihood fit is the mass of the large-R jet of
the Higgs boson candidate, mJ. An optimization of the binning has been performed
such that the resolution is maximized given the limited MC statistics available,
and empty bins either in the background templates or in the data distributions are
avoided. The final binning of each region is reported in Ref. [208].

The background processes included in the likelihood are V+jets production, split
in the three categories V+HF, V + cl and V + l, tt̄, and single top-quark production.
The s− and t− channel processes are taken together, while the tW one is separate.
Dibosons production is also considered. The multijet background is included in the
1L channel, and estimated in a data-driven way as done in the resolved analysis.

Four freely-floating NFs are included in the fit model: one for the Z + bb
component and one for the W + bb component, both independently fully correlated
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among different regions and bins. Two NFs are introduced for the tt̄ process, one
for the 0L and one for the 1L channel. These normalizations are fixed from the
additional CRs.

To simultaneously extract the signal strength of the V Z and V H processes, a
two-POI fit is performed. This is not done in the resolved analysis since the main
analysis is performed using a BDT discriminant optimized to separate only one
signal at the time from background processes.

Systematic uncertainties
Systematic uncertainties can be divided in experimental and modelling-related. The
former are almost identical to the ones adopted in the monojet analysis and already
described in Section 4.8.1. Differences and additional contributions are briefly
discussed in this sub-section.

The derivation of modelling systematic uncertainties is based on the comparison
with alternative MC predictions, based either on QCD scales or PDF variations,
or on alternative ME generators and PS algorithms. The categorization of the
events requires the derivation of migration and extrapolation uncertainties between
different regions. Full details of the modelling uncertainties included in the resolved
and boosted V H(→ bb̄) analyses can be found in Refs. [42] and [208], respectively.
However, the general method to derive such uncertainties is discussed below.

Experimental uncertainties. Concerning electron related uncertainties, both
the resolved and boosted analyses adopt the same NP scheme used also by the monojet
analysis in the regions which do not include monojet-signal leptons. Therefore, only
one NP is used to parameterize the uncertainties on the SF for the identification
efficiency.

On muons, two additional NPs are considered in the resolved analysis to
parametrize the statistical and systematic uncertainties associated to the scale
factors adopted to match in simulation the efficiencies observed in data. The pres-
ence of this uncertainty is due to the fact that in the 2L channel single-muon triggers
are used to select events.

In both the V H(→ bb̄) analyses presented, the same reduced set of NP used in
the monojet analysis is used for the parameterization of JES uncertainties. JER
uncertainties however are described in the V H(→ bb̄) by a simpler scheme, composed
by seven NP (instead of the 13 adopted in the monojet analysis) derived by the
eigenvector decomposition method.

The jet flavour composition uncertainty, which accounts for response of the
detector to jets originated from the hadronization of different quarks or gluons, in
the resolved V H(→ bb̄) analysis is kept uncorrelated between the top quark, V+jets
and diboson plus signal processes, while in the monojet and boosted V H(→ bb̄)
ones is correlated among all processes. In the boosted analysis, a set of systematic
uncertainties is introduced to cover uncertainties on the large-R JMR, JMS and on
the derivation of the combined mass. JMR and JMS uncertainties are treated as
uncorrelated between different background processes.

An extended scheme is adopted in the resolved V H(→ bb̄) analysis to parame-
terize the flavour tagging uncertainties. A total of 45, 20 and 20 components are



166 5. Measurement of the V H(bb̄) process

included for the tagging of truth b-, c- and light-flavour jets, respectively. The
boosted analysis adopts a scheme derived for VR track-jets, in which four NPs are
provided for c- and light-flavour jets, and five for b-jets.

Uncertainties on the Emiss
T trigger are included in the resolved V H(→ bb̄) analysis

due to the fact that the lower threshold on Emiss
T is 150 GeV. In the [150, 200] GeV

range, SFs of the order of 0.9÷ 1 are needed to take into account simulation mis-
modelling, and uncertainties on these SFs are included.

Modelling uncertainties. Uncertainties on the MC simulations adopted in
the analysis have three effects: they can affect the normalization of the samples,
impact the relative acceptance between the categories defined for the fit model and
affect the shapes of the main discriminant variables such as mbb and pT (V ). These
uncertainties are estimated by comparing the nominal MC samples with alternative
ones, obtained under different hypotheses. Uncertainties are associated to different
choices of the renormalization and factorization scales or of the αs value used in
the simulation, or to alternative PDF sets. Moreover, the effect of changing ME
generator or PS model is also considered. These latter uncertainties are sometimes
ill-defined since comparisons are, in some cases, made between samples which are
generated at different perturbative orders. However, for some sources of uncertainty
this is the only available approach to estimate a systematic.

The effect on the normalization, efficiency and acceptance is evaluated by a
comparison of the integrated cross-section obtained in an alternative setup with the
one used for the nominal predictions, and by summing in quadrature the largest
effect of each category of variations.

Uncertainties on the relative acceptance of different event categories are derived
by performing a double ratio as

δ =
(
NA

NB

)
Nominal

/(
NA

NB

)
Alternative

, (5.1)

where NA,B indicate the yields in two different categories of events or regions of
the analysis, and ‘alternative’ is referred to a different prediction of the process
considered, provided for example by an alternative MC generator.

Shape uncertainties are obtained by comparing the normalized yields of one
setup to several variations. In the resolved analysis, these are derived on the
mbb and pT(V ) distributions, which are the main discriminants between signal and
background events, and are propagated to the final discriminant in the MVA analysis.
For the Z+jets process, shape uncertainties are derived in a data-driven way from
the 2L channel. For the W+jets and tt̄ processes, uncertainties on mbb and on the
final MVA discriminant are derived by reweigthing the nominal MC predictions to
alternative ones via a set of BDTs in a procedure called BDT-reweighting. More
details on such technique are presented in Ref. [42]. In the boosted analysis, shape
uncertainties are derived on the mJ distribution, which is the discriminant adopted
in the maximum likelihood fit.
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5.2.6 Main limitations
This section focuses on the main limitations of the resolved and boosted V H(→ bb̄)
analyses, while the results obtained are reported in Ref.[42] and Ref. [208], respec-
tively.

Resolved analysis. In Table 5.3 the breakdown of the effect of uncertainties
on the V H(→ bb̄) signal strength, as measured by the resolved analysis, is presented.
The impact on the signal strength measurement is derived by subtracting in quadra-
ture the uncertainty on µ obtained in the nominal fit, and in a fit in which all the
NPs belonging to one category are fixed to their best-fit value. The statistical error
reported in the first part of the table is the uncertainty on µ obtained in a fit in
which all the nuisance parameters are fixed to their best-fit value. The systematic
component is given by the difference in quadrature of the latter uncertainty with
the one obtained in the nominal fit. From the latter two numbers it is possible to
state that the analysis is starting to become systematics-dominated, but yet the two
contributions are very similar.

Table 5.3. breakdown of the sources of uncertainty on the measurement of the inclusive
µbb̄V H and exclusive µbb̄WH and µbb̄ZH signal strengths. Table from Ref. [42].

Source of uncertainty
σµ

V H WH ZH

Total 0.177 0.260 0.240
Statistical 0.115 0.182 0.171
Systematic 0.134 0.186 0.168

Statistical uncertainties

Data statistical 0.108 0.171 0.157
tt̄ eµ control region 0.014 0.003 0.026
Floating normalisations 0.034 0.061 0.045

Experimental uncertainties

Jets 0.043 0.050 0.057

Emiss
T 0.015 0.045 0.013

Leptons 0.004 0.015 0.005

b-tagging
b-jets 0.045 0.025 0.064
c-jets 0.035 0.068 0.010
light-flavour jets 0.009 0.004 0.014

Pile-up 0.003 0.002 0.007
Luminosity 0.016 0.016 0.016

Theoretical and modelling uncertainties

Signal 0.072 0.060 0.107

Z + jets 0.032 0.013 0.059
W + jets 0.040 0.079 0.009
tt 0.021 0.046 0.029
Single top quark 0.019 0.048 0.015
Diboson 0.033 0.033 0.039
Multi-jet 0.005 0.017 0.005

MC statistical 0.031 0.055 0.038

Concerning experimental uncertainties, the largest contributions are associated
with jets measurements and the flavour tagging procedure. The former term can be
reduced by the adoption new reconstruction techniques for the jets, i.e. the PFlow
method described in Section 3.3, affected by lower uncertainties. This allows to
reduce the uncertainties on jets below 100 GeV thanks to the combination of ID and
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calorimeter information in the jet reconstruction procedure.
Uncertainties on the flavour tagging procedure can be reduced in several ways.

The largest source of uncertainty originates in the calibration of the tagging algo-
rithms, and therefore an improved treatment of the uncertainties which are then
propagated to the SFs can help in reducing such contribution. Furthermore, better
MC simulation of processes involving HF jets can lead to SFs, and in particular
MC-to-MC scale factors closer to unity. The latter are used in this analysis to
propagate the calibration of the tagging procedure from the default sample, based
on Powheg+Pythia 8, to the various MC generators adopted for the simulation
of background processes. Moreover, the rejection of c- and light-flavour jets can be
enhanced by using a more performant tagger, such as DL1r. The PFlow algorithm
for jet reconstruction can also improve the performance of b-tagging especially at
low pT, where the mistag rates of non b-jets is largest. Further details on studies of
the performance of b-tagging with PFlow jets are reported in Section 5.3.1.

Among modelling systematic uncertainties, the largest ones are associated to
the signal simulation. The leading contribution to this term is associated with
the generation of gg → ZH simulated events, whose MC predictions are available
only at LO. Further details on this are discussed in Ref. [42]. The simulation
of V+jets processes, and in particular of V+HF, has also a large impact on the
signal strength measurement. Its effect is split into a component due to alternative
modelling schemes, thus the comparison with alternative generation parameters and
alternative generators, and a component due to the data modelling discrepancies,
which have been already discussed for the monojet analysis. To correct the inclusive
cross-section predictions, freely-floating NFs are needed, and introduce additional
uncertainties in the background determination. Such effect could be reduced by
improved MC simulations which provide a better description of data. Updated
configurations of the Sherpa MC generator for the simulation of V+jets processes
are discussed in Section 6.1.4 and 6.1.5, where improvements on the V+HF process
modelling are presented.

The MC statistical uncertainty has been, in previous iteration of this analysis,
one of the leading contributions. Its effect was reduced significantly thanks to
extended generation of simulated samples. Truth tagging also helps in reducing such
contributions. As already mentioned in Section 5.2.3, non-closures observed in bb̄
final states required the introduction of the hybrid tagging. This is mainly due to
the fact that flavour tagging emulation via two-dimensional efficiency maps is a good
but not perfect parameterization of the complete procedure. Such limitations can be
overcome by adopting new techniques, as presented in Section 5.3.2, where a neural
network (NN) approach to the truth tagging is proposed. Moreover, a reduction of
the MC statistical uncertainty can be also achieved by adopting new event generation
techniques, which can provide a larger equivalent luminosity for fixed number of
raw events. Further details on this methods, related to the simulation of V+jets
processes, are discussed in Section 6.2.

Boosted analysis. In Table 5.4, the sources of uncertainty on the measurement
of µbb̄V H in the boosted topology are presented. The breakdown of the various
contributions is obtained as described for the resolved analysis. The analysis is
currently dominated by the statistical uncertainty, but the total systematic term is
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only slightly lower than that one.

Table 5.4. breakdown of the sources of uncertainty on the measurement of the µbb̄V H signal
strength in the boosted V H(→ bb̄) analysis. Table from Ref. [208].

Source of uncertainty Avg. impact

Total 0.372
Statistical 0.283
Systematic 0.240

Experimental uncertainties

Small-R jets 0.038
Large-R jets 0.133

Emiss
T 0.007

Leptons 0.010

b-tagging
b-jets 0.016
c-jets 0.011
light-flavour jets 0.008
extrapolation 0.004

Pile-up 0.001
Luminosity 0.013

Theoretical and modelling uncertainties

Signal 0.038
Backgrounds 0.100
↪→ Z + jets 0.048
↪→ W + jets 0.058
↪→ tt̄ 0.035
↪→ Single top quark 0.027
↪→ Diboson 0.032
↪→ Multijet 0.009

MC statistical 0.092

Among the experimental systematic uncertainties, the leading one is related to
large-R jets, and in particular the dominant source comes from the JMR due to the
fact that a 20% conservative term is included to take into account its calibration.
The impact of flavour tagging uncertainties is lower in the boosted analysis than
in the resolved one, due to the fact that in the former VR track-jets are adopted.
These jets can be used to better catch the sub-jets in the large-R one, but are less
common in ATLAS analyses, therefore studies have been mainly focused on the
EMTopo reconstruction technique.

Concerning modelling systematic uncertainties, the signal contribution is subdom-
inant with respect to the one associated to the background processes. The largest
contributions come from the simulation of V+jets processes. In such a boosted
regime, in fact, large normalization factors are needed to correct the mismodelling of
MC simulation, as also shown in the ATLAS measurement of the Z + b(b) process
[217].

A significant contribution to the total uncertainty is due to the limited amount
of MC statistics available for V+jets processes. To reduce such large impact
TT is a viable approach. However, as already mentioned in Section 5.2.3, two-
dimensional efficiency maps yield only an approximation of the flavour tagging
procedure. In particular, such maps are derived in events with isolated jets, therefore
they intrinsically fail in modelling the boosted topologies where the effects of close-by



170 5. Measurement of the V H(bb̄) process

jets have a non-negligible impact in the tagging. These effects did not allow to use
TT for the background simulation, thus the limited amount of events available in
simulated MC samples reflects in such a large uncertainty. A way to overcome the
limitations of TT in boosted topologies is presented in Section 5.3.2.

5.3 Towards a Run 2 V H legacy analysis
A first combination of the resolved and boosted topologies has been performed
recently [218] to provide a simultaneous STXS measurement across multiple pT (V )
bins exploiting the two analyses. However, such work is based on the state of the
art results presented in the previous section, thus no optimization of the objects
reconstruction or of the tagging procedure has been performed. Moreover, the
overlap between the two analysis has been solved introducing an hard cut at 400 GeV
of vector boson pT. Below such threshold the resolved analysis is considered, while
above the boosted regions are adopted. This strategy can be improved in view
of a Run 2 legacy result for the V H(→ bb̄) process measurement. The studies I
performed on possible alternative strategies are presented in Section 5.3.3. Expected
improvements in the flavour tagging, thanks to the adoption of new taggers and
PFlow jets are summarised in Section 5.3.1, where the studies I performed are
presented. An innovative method we proposed in [219] for the implementation of
TT via NN is described in Section 5.3.2.

5.3.1 Improving flavour tagging
The adoption of the PFlow algorithm for the reconstruction of hadronic jets requires
a re-tuning of the flavour tagging algorithms. This is done as documented in Ref.
[149] using the PFlow jets as inputs. The b-tagging efficiency achieved in various
algorithms, introduced in Section 3.3.2 of this thesis, is presented for PFlow jets in
Figures 5.5(a) and 5.5(b) in terms of c- and light-flavour jets rejection1, respectively.
The performance is tested on a tt̄ MC sample for isolated jets. In both cases, jets
are required to be within the interval 20 GeV < pT < 250 GeV, which is the range
for which c-jets are calibrated using data. Light-flavour jets are calibrated up to
300 GeV of pT, while b-jets up to 400 GeV. Above those values, an extrapolation of
the calibration SF is performed.

In general, for fixed b-tagging efficiency the DL1 and DL1r algorithms provide
an increased rejection for all values of the b−tagging efficiency. At a fixed value
of εb = 70%, which corresponds to the WP chosen in the resolved analysis, the
c-jet rejection of MV2c10 can be improved inclusively of around 25% by DL1r. The
light-flavour jet rejection, at fixed 70% of b-tagging efficiency again, is improved
significantly in DL1r with respect to the one obtained with the MV2c10 algorithm
up to a factor 1.7. For these reasons, DL1r is chosen as the algorithm to be used in
the Run 2 legacy V H(→ bb̄) analysis.

The performance of DL1r on the tagging procedure are presented in Figure 5.6 as
a function of the jet pT for various single-cut operating points (OP) which provide an
average efficiency of 60, 70, 77, 85%. The b-tagging efficiency increases as a function

1The c- and light-flavour jet rejections are defined as the inverse of the mistag rate.



5.3 Towards a Run 2 V H legacy analysis 171

10
0

10
1

10
2

c-
je

ts
 r

e
je

ct
io

n

ATLAS Preliminary Simulation√
s  = 13 TeV, PFlow jets, t̄t Sim.

20 GeV < pT < 250 GeV, |η| < 2.5

MV2 (2018)

DL1 fc = 0.08 (2018)

DL1r fc = 0.018 (2019)

0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
b-jets efficiency

1.0

1.5

R
a

tio
 t

o
 M

V
2

 (
2

0
1

8
)

(a)

10
0

10
1

10
2

10
3

10
4

L
ig

h
t-

fla
vo

r 
je

ts
 r

e
je

ct
io

n

ATLAS Preliminary Simulation√
s  = 13 TeV, PFlow jets, t̄t Sim.

20 GeV < pT < 250 GeV, |η| < 2.5

MV2 (2018)

DL1 fc = 0.08 (2018)

DL1r fc = 0.018 (2019)

0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
b-jets efficiency

1.0

1.5

2.0

R
a

tio
 t

o
 M

V
2

 (
2

0
1

8
)

(b)

Figure 5.5. Performance of different flavour tagging algorithms evaluated on PFlow jets.
Figure (a) shows the inverse of the c-jet mistag rate as a function of the b-jet tagging
efficiency, Figure (b) the inverse of the light-flavour jet mistag rate, again as a function
of the b-jet tagging efficiency. More details are provided in the text. Figures from Ref.
[149].

of the jet pT, since the effect of multiple-scattering on the tracks is reduced and
the decay length of b-hadrons is increased. At high pT the efficiency decreases due
to lower performance in the tracking procedure. The mistag rate of c- as b-jets is
almost constant as a function of the jet pT: for the εb = 70% WP it varies between
10 and 8%. Light-flavour jets are characterized by high rejection factors, as shown
in Figure 5.5(b), and the mistag rate is slightly lower in the 50 GeV < pT < 150 GeV
range. The binning and pT range shown correspond to the ones adopted in the
calibration procedure.

From the comparison between data and MC events, data-to-MC SFs (or simply
SFs) are derived to correct the modelling of the flavour tagging procedure in the
simulation. These are obtained for each algorithm and each WP, and provided
to all ATLAS physics analyses under the form of official recommendations. If
an alternative MC generator, with respect to the one adopted in the calibration
procedure (Powheg+Pythia 8) is used, a correction needs to be applied. In fact,
as shown in Figure 5.7, different ME generators and PS algorithms show a different
modelling of quantities relevant for the flavour tagging procedure, such as the fraction
of energy in a b-jet carried by the b-hadron, or the b-hadron pT. MC-to-MC scale
factors are defined for this purpose, and are obtained from the ratio of the measured
efficiency in a different generator with the one used in the calibration. These are
applied as

SFAlternative MC(pT) = εData(pT)
εNominal MC(pT) ×

εNominal MC(pT)
εAlt. MC(pT) = SFData-MC(pT)

SFMC-MC(pT) . (5.2)
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Figure 5.6. Performance of the DL1r algorithm shown on the b-jet tagging efficiency (a)
and c- (b) and light-flavour jet (c) mistag rates, shown as a function of the jet pT for
different single cut OPs. Figures from Ref. [6].

MC-to-MC scale factors are used under the assumption that relative differences
in the flavour tagging efficiency are internal to each jet, and thus are factorized
from any difference in the event topology. For this reason, these are evaluated from
isolated jets in tt̄ dilepton events only, and applied to any other process. Moreover,
as done for the calibration SF, these are assumed to be independent on the jet
pseudo-rapidity.

MC-to-MC SF derived for PFlow jets and the εb = 70% WP of the DL1r algorithm
are presented in Figure 5.8. The nominal simulated sample is Powheg+Pythia
8, while alternative MC setups considered are based on the MadGraph 5 and
Powheg ME generator, as well as the Powheg ME interfaced with the Herwig PS
algorithm. MC-to-MC SF are derived also for the Sherpa 2.2.1 generator. On
the same plots, the data-to-MC SF obtained in the calibration procedure are also
shown. The uncertainty for the MC simulated samples is only statistical, while for
the data calibration points the total uncertainty is shown. This does not always
cover the differences observed between the several setups. For the b-jet tagging
efficiency, larger corrections are observed when the PS algorithm is varied, i.e. in
the Powheg+Herwig setups. MC-to-MC SF are provided for two versions of the
Herwig PS. Values closer to one are observed for the latest version.
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Figure 5.7. Normalized distribution (a) of the fraction of energy of a jet carried by the
b-hadron matched to it (figure from Ref. [6]), and (b) of the b-hadron pT (b), as obtained
in tt̄ dilepton events simulated with different MC generators.

Values of the MC-to-MC SF significantly different from unity are needed to
correct the mistag rate of c-jets observed in Sherpa 2.2.1. The reason for such a
large value is due to large differences in the production rates of the species of hadrons
produced in the fragmentation of the c-quark between Sherpa and the nominal
sample. Further details on this, and how this issue is addressed in newer versions of
the Sherpa MC generator, are presented in Section 6.1.4. Differences in the mistag
rates between the various generators are covered at low pT by the uncertainty of the
measured data-to-MC SF. In the highest pT bin, above 140 GeV, some differences
are observed. In particular, all the MC predictions (with the exception of the ones
based on Sherpa) seem to over-estimate the mistag rate observed in data.

For the light-flavour jet mistag rate, MC-to-MC SFs close to unity are observed
for all the MC generators studied, and in general differences are well within the
data-to-MC SF uncertainty. In the 100 GeV < pT < 150 GeV bin, a larger data-to-
MC SF is observed, but in agreement with 1 within slightly more than 1σ. This is
presumably due to a statistical fluctuation observed in the calibration SF.

5.3.2 Enhancing the truth tagging method

The truth tagging (TT) method, introduced in Section 5.2.3, is an event weighting
technique which allows to reduce the MC statistical uncertainty when applying the
flavour tagging procedure. The relative uncertainty of a sample on which direct
tagging is applied is 1/

√
Ntag. Event weighting techniques lead to a final uncertainty√∑

iw
2
i /Nall instead, where the numerator and denominator include all the events

available in the simulated samples. Such method improves the statistical uncertainty
if the uncertainty component due to weights distribution is small enough, which is
usually the case.
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Figure 5.8. MC-to-MC SF obtained for different MC generators, and compared to data-to-
MC SF derived by a comparison of the efficiency and mistag rate values observed in data
and the nominal MC simulation (based on Powheg+Pythia 8). Figures from Ref. [6].

Up to now, in the V H(→ bb̄) analyses TT has been implemented using a two
dimensional parameterization of the b-tagging efficiencies, based on jet pT and |η|.
These two variables are good enough for topologies involving isolated jet, in which
close-by jets effects are irrelevant. However, in dense environments this approach
fails to catch the correlations which arise between different jets. A multi-dimensional
parameterization of the efficiency maps could solve this issue, but this is not viable
due to the limited available MC statistics.

We proposed [219] a new approach to TT, based on graph neural networks [220]
(GNN). This model aims to prove an higher-dimensional parameterization of the
tagging efficiency. GNN are particularly useful since are able to cope with a variable
size of the inputs, such as a different number of jets in each event. In a GNN, the
order of the inputs is not relevant, and pair-wise dependencies of the reconstructed
objects are exploited to derive the per-jet efficiency value. In particular, jet-by-jet
dependencies variables such as ∆R(j1, j2) are not given as an input, but are rather
inferred from single-jet properties during the training procedure. The per-jet effi-
ciency is inferred from the following variables which are given as an input: pT, η, φ
and the truth flavour (b, c or light-flavour).
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Simulated samples. The GNN has been developed on a generic simulation of
the production of jets from pp collisions. For this work, the same coordinate system
of the ATLAS experiment, as described in Section 2.2, has been adopted. Events
are simulated in two different topologies with the aim to probe the generalization of
the proposed method.

To test and validate this new approach, a synthetic dataset has been produced.
The number of jets in each event is extracted from an exponential function, e−Nj/4,
which roughly models what is expected for the background processes of the V H(→ bb̄)
signal. At least two jets are required, and their pT is extracted from Gaussian
distribution with mean 20 GeV and σ = 200 GeV, imposing pT > 20 GeV. The
leading-jet η is extracted from a Gaussian distribution defined in the interval [−2, 2],
mimicking the ATLAS detector acceptance, and using µ = 0, σ = 0.5. The azimuthal
angle is extracted from a uniform distribution in [0, 2π]. The angular variables of
the other jets (j) in the events is sampled uniformly from the (η, φ) plane, given
a ∆R constraint which is evaluated with respect to the leading jet, and sampled
from the

√
∆R(1, j) distribution. The mass value of the jet is set arbitrarily to

2 GeV. This choice is made such that the obtained mjj distribution is close to the
one observed in W/Z+jets events. The sample is split in three truth flavours, b-, c-
and light-flavour, in equal fraction.

The alternative data sample, used to probe the generalization power of the
model, has been generated with slightly different kinematics. Boosted decays of a
scalar particle into a pair of jets, which can be with a probability of 33% of b, c
or light-flavour, has been considered. The pT of the two jets has been extracted
from an exponential distribution, while the mass of the particle is extracted from a
gaussian distribution centered at 90 GeV. The pT, η and ∆R(i, j) distributions for
both samples are presented in Figure 5.9.

Efficiency maps similar to the one introduced in Section 5.3.1, have been con-
sidered to parameterize the flavour tagging procedure. To obtain these, the true
b-tagging efficiency for a single jet has been evaluated as

εj = εfj (pT, η)
∏
i

εij(∆R(i, j), fj), (5.3)

where the first term of right hand side is the efficiency value read from the two
dimensional map corresponding to the flavour f of the jet. The additional term is
introduced to take into account a reduction in the tagging performance when two
jets are close to each other. The form of the parameterization adopted is presented
in Figure 5.9, and depends on the truth flavour f of the jet. Such curve is defined
to mimic the ATLAS and CMS flavour tagging performance.

This true efficiency is used to assign to each jet a flag if it is considered tagged
or not. An istag flag is assigned by extracting a random number uniformly between
0 and 1: if this is smaller than the true efficiency, the jet is considered tagged
(istag= 1), otherwise it is not (istag= 0). From the efficiency and the istag flag,
the event weight is built. For each jet failing the tag requirement, a (1-ε) term is
considered in the event weight term, while for each tagged one the total weight
is multiplied by ε. The efficiencies obtained in this way are referred to as true
distribution in the following.
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one obtained in W∕Z+jets events, as mentioned in the 
main body of the paper.

A second sample, referred to as alternative sample, was 
generated with different kinematic distributions compared to 
the training sample. For this purpose, events were simulated 
in which a boosted scalar particle decays in exactly two jets 
per event, where the pT of the decaying particle is generated 
from an exponentially decaying distribution, and its mass is 
generated from a Gaussian distribution peaked at 90 GeV. 
The boson decays with a rate of 33% to light-, c- or b -jets. A 
comparison of the kinematic variables between the training 
sample and the boson sample is shown in Fig. 9. It is worth 
noticing that the overall distributions are different between 
the training and the alternative samples but there is overlap 
between the jets phase space.

Appendix B: Model Architecture

GNN Architecture. The GNN is built from a stack of ”GN 
blocks” as described in [8]. The GN block is shown sche-
matically Fig. 10.

Each GN block takes in a matrix with shape njets × din , 
where din is the size of the vector representing each jet. The 
output is a njets × dout matrix where each jet representation 
has been updated based on the representation of the other 
jets in the event.

Internally, the output representation is formed from a con-
catenation of two components.

The first component is a jet representation created by col-
lecting information from other jets—first the input is rear-
ranged to form all the ordered pairs of jets ( n ⋅ (n − 1) for n 
jets in an event) by concatenating the input features of the 
two jets. A MLP is then applied to the jet-pairs (MLP1 in 
Fig. 10). The output is summed for groups of jet-pairs who 
share the same ”first jet” (note the pairs are ordered), result-
ing in a representation of size 1

2
dout for each of the njets . This 

representation is passed through another MLP (MLP3, not 
shown in Fig. 10), which maintains the same output size.

The second component is formed by an MLP (MLP2 in 
.reffig:gnnspsarch) applied to each jet, creating a representa-
tion of size 1

2
dout.

Fig. 9  Normalized distribution of the jet-pT , jet-! and ΔR(i,j) for the training and the alternative sample

Fig. 10  GN block architecture
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Figure 5.9. Comparison of the normalized pT (a), η (b) and ∆R (c) distributions between
the two simulated samples, labelled Training and Alternative, respectively. Figures
adapted from Ref. [219].
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event. The efficiencies !fi(pT, ") and the correction factors 
"̂ij
(
ΔR(i,j),fj

)
 are shown in Fig. 3.

The true b-tagging efficiency of each individual jet in the 
event is computed using Eq. 2. This efficiency value !jeti is 
used to emulate b-tagging by assigning a boolean value to each 
jet !"#$% which is set to 1 based on a random score si sampled 
from a uniform distribution. Namely, if si < !jeti the i-th jet in 
the event is considered to be b-tagged ( !"#$%=1). In many 
physics analyses, multiple jets in the event are required to pass 
b-tagging selections, hence the efficiencies of the single jet 
need to be combined to form a per-event efficiency. In this 
toy analysis the event selection is based on the two jets with 
highest pT in the event (“leading jets”, labeled as 1 and 2), and 
it is defined depending on the number of b-tagged jets, ntag:

(3)!event =

⎧
⎪
⎨
⎪⎩

(1 − !1)(1 − !2) if ntag = 0,

!1(1 − !2) + (1 − !1)!2 if ntag = 1,

!1!2 if ntag = 2.

Efficiency Map Techniques

The estimation of !event in the case of b-tagging in real experi-
ments is commonly based on the binned two-dimensional effi-
ciency maps in the jet pT-! plane [12, 15], "̃ , derived from MC 
simulation separately for b-jets, c-jets and light-jets, which are 
used to approximate the per-jet b-tagging efficiency of Eq. 2 
as:

The choice of the variables used to parameterize "̃ is moti-
vated by the expected dependency of the b-tagging perfor-
mance. For example, as the transverse momentum of a b-jet 
increases, the dilation of its lifetime in the laboratory frame 
results in secondary decay vertices which are reconstructed 
further from the interaction point of the primary collision. 
The reconstruction efficiency of secondary vertices is not 
constant as a function of their distance to the primary ver-
tex and this affects the response of the b-tagging classifier. 
Similarly, the typical configuration of multi-purpose detec-
tors produces a dependency of track reconstruction perfor-
mance on detector geometry, which in turn propagates into 
a dependency of the b-tagging performance on !.

(4)!jet ≈ !̃i = !̃fi(pT, #).

Fig. 3  The parameterized efficiencies used to emulate the perfor-
mance of the flavor tagging algorithms. The efficiencies for each fla-
vor as a function of pT and ! , !fi (pT, ") in the top three panels. The 

multiplicative correction factor "̂ij
(
ΔR(i,j),fj

)
 which accounts for the 

proximity ( ΔR(i,j) ) and flavor of the close-by-jet fj is shown at the 
bottom of the figure

Figure 5.10. Correction factor included in the true tagging efficiency to take into account
a reduction when considering two close-by jets. Figure from Ref. [219].

As anticipated, from the istag flag evaluation efficiency maps are built to emulate
what is currently done in ATLAS: on an inclusive sample, the two-dimensional
distributions (pT,|η|) of the jets passing the b-tagging procedure are divided by the
same distribution obtained considering all jets, and efficiency maps are built based
on the true flavour of such jets.

The true underlying distribution, the one obtained by applying DT (using the
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flag istag), and the one applying the evaluation efficiency maps are compared to
the distribution obtained weighting events via the NN to asses the performance of
each method.

Model architecture and training. The developed neural network is repre-
sented in Figure 5.11. It is made of two components, the GNN and a deep neural
network (DNN). Details on the GNN and DNN models are provided in Ref. [219].
The GNN takes as input the vector ~θ = (pT, η, φ, flavour) of each jet, and builds an
hidden representation of those by taking into account the properties of all the other
jets in the event. The dimension of the hidden representation (dhidden) of each jet is
an hyper parameter of the model, fixed to dhidden = 256.
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From the per-jet efficiency maps "̃  the event weight 
!event is computed factorizing the contribution from the 
various jets, similarly to what is shown in Eq. 3.

The main limitation of this map-based approach is 
the assumption that correlations between jets can be 
neglected and that the efficiency of b-tagging a single 
jet only depends on its pT and ! . The dependency of effi-
ciency on residual observables is marginalized out when 
deriving "̃  from MC samples, introducing a bias that is 
particularly significant for final states with large jet mul-
tiplicities or events where close-by or overlapping jets 
are reconstructed from the decay of boosted resonances. 
A dedicated ΔR(i,j) reweighing was derived and used to 
correct for this effect in previous H → bb̄ and H → cc̄ 
analyses [2, 13]. Given the uncertain nature of this cor-
rection and the limited statistics of the sample used to 
derive it, a large systematic uncertainty equal to half of 
the correction was assigned to the relevant MC templates. 
The overall uncertainty related to the statistics of the MC 
templates constitutes a contribution up to around 20% to 
the total background uncertainty [3, 16].

Additional limitations come from the binning of 
the two-dimensional maps. To reduce discontinuities, 
smoothing techniques need to be employed. However, 
these techniques often require a non-trivial interplay 
between the bin sizes and the parameters of the smooth-
ing model which makes their implementation unpractical 
compared to a single unbinned neural network training. 
Finally, the NN technique provides a simultaneous esti-
mate of the efficiency for each jet-flavor in contrast to 
the map-based approach which requires a dedicated para-
metrization for each of the flavors independently.

Truth Tagging with Neural Networks

Taking into account the full dependency of the jet-tagging 
probability on all event observables would be unpractical 
with a map-based approach. ML techniques, on the other 
hand, provide the possibility to scale the problem to higher 
dimensionality and, therefore, to more challenging physics 
topologies.

In principle, a standard feedforward neural network could 
be used to perform the task. However, these models are not 
able to optimally cope with inputs of variable sizes and thus 
the overall correlations between jets in the event cannot be 
easily exploited during the training. The technique we pro-
pose uses a GNN to capture efficiently these correlations. A 
GNN also offers a more natural representation of the data by 
exploiting pair-wise relationships between the jets. In our 
toy experiment, each jet is represented by a set of variables 
corresponding to (pT, !,", flavor) . The neural network takes 
as input these variables for each jet in the event e, !e = 
((pT1, !1,"1, flavor1) , ..., (pTnjets , !njets , !njets

,flavornjets) ) and 
learns to approximate the efficiency given in Eq. 2 for each 
of these jets. Note that the inputs to the neural network do 
not include ΔR between neighboring jets, which is the vari-
able that determines the correction applied in Eq. 2 but 
rather this dependency is inferred directly during the 
training.

Model Architecture The model, referred to as NN in the 
following, consists of two components: a GNN [8] and a 
jet efficiency network. The flow of information between the 
different parts is illustrated in Fig. 4.

The GNN takes as input the njets × 4 matrix of jet fea-
tures, and outputs njets × dhidden matrix of jet hidden 

Fig. 4  Schematic representation 
of the neural network structure

Figure 5.11. Illustration of the architecture of the neural network model. Figure adapted
from Ref. [219].

The DNN, also called Jet Efficiency MLP (multi-layer-perceptron), acts on each
jet singularly. The inputs are the hidden representation of the jet and its original
quantities vector ~θ, and the network outputs a single value, the tagging efficiency.

The loss function used in the training procedure is the weighted binary cross-
entropy (BCE), defined as

BCE = 1
Njets

Njets∑
i

[
−istagi log

(
εNNi (Θ)

)]
−
[
µ(1− istagi) log

(
1− εNNi (Θ)

)]
.

(5.4)

The sum runs over all the jets in the event which have istag equal to 1 (0) if they
pass (do not pass) the DT. The efficiency that the network has to predict is εNN ,
which depends on Θ, the vector formed by the ~θ of all jets in the event. The factor
µ introduced in front of the second term can be used to weight the relevance of the
non-tagged category, and can be useful in cases in which this category is much larger
than the tagged one in the training sample. In this application µ was set to unity.
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The actual loss function which is minimized in the training procedure is the sum
of the per-event BCE, defined in Equation 5.4, over a batch of events. The chosen
batch size is 5000 events. This needs to be large enough to include a significant
number of both tagged and non-tagged jets in order to reduce statistical fluctuations
in the training procedure.

As described in Ref. [221], the training of a NN with the BCE as loss function
provides an efficiency value

εNNi (Θ) ' ptagi (Θ)
ptagi (Θ) + pnon-tagi (Θ)

' εjet, (5.5)

i.e. for each jet, the network provides an estimate of the tagging probability without
calculating explicitly the ptagi and pnon-tagi terms.

In the training procedure, two sources of uncertainties arise. The first is related
to the statistical fluctuations of the training sample. The second one is due to the
fact that the minimization of the loss function is not performed in an analytical way.
Moreover, its initial value depends on the random parameters of the weights in the
NNs, thus different starting values might lead to slightly different final ones. Further
details on how such uncertainties have been evaluated can be found in the appendix
of Ref. [219].

The network is trained for 40 epochs over 1.5 million events; 500k events are
used for the validation step performed at the end of each one. The model which
provides the smallest value of the loss function, among the 40 epochs, is retained as
the final one.

Results. The performance on the efficiency prediction for a single jet are
compared in Figure 5.12 between NN result and the TT based on evaluation efficiency
maps. Residuals on the prediction, defined as (εtrue − εpredicted)/εtrue, are shown for
the two methods. Computing and Software for Big Science            (2021) 5:14  
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in the dataset is shown in Fig. 6. For both Figures, !true is 
computed during the generation of the data-set following 
Eq. 2. While, as expected, the map-based approach is unable 
to provide good modeling of the ΔR(i,j) distribution, the 
NN predictions are in good agreement with the distribu-
tions obtained when jets pass the tagging selection (direct 
tagging) and with true efficiency weights. These results give 
us confidence about the ability of the GNN to build an inter-
nal representation capable of capturing additional jet-to-jet 
information relevant to estimating the true tagging efficiency

Results of the reweighing procedure are further studied 
when both the leading and sub-leading jets are classified as b
-jets, and compared to those from direct tagging. In this case, 
the event weight is simply computed as the product of the 
efficiencies of b-tagging each of the two jets, !event = !1 ⋅ !2 . 
It is therefore important to study the modeling of distribu-
tions that capture correlations among individual jet observa-
bles, once event weights are applied.

The invariant mass distribution computed from the lead-
ing and subleading jets in each event is shown in Fig. 7. The 
figures are further sub-divided based on the true flavors of 
the two jets. The uncertainty on the efficiency prediction are 
estimated using a bootstrap procedure. The source of this 
uncertainty originates from the limited size of the training 
data-set and the inherent randomnesses of the training pro-
cess. A more detailed discussion on the uncertainty bands 
can be found in Appendix 10. Similarly to the single-jet 
case, the NN predictions show good agreement compared to 
the true efficiency while the map-based approach is unable 
to properly capture the effect of close-by jets on b-tagging. 
It can also be noted that the reweighing procedure based 
on NN predictions improves the statistical uncertainly com-
pared to the direct tagging.

Finally, the generality of the method is probed by using 
the same network to reweight events from a separate sample 
with different jet pT , ! and ΔR(i,j) distributions compared 
to the training sample. More details about this sample can 
be found in “Appendix A”. Figure 8 shows the results for 
the angular separation between the two decay products as 
well as for the reconstructed invariant mass of the generated 
boson. An overall good agreement is found between the NN 
results and direct tagging, similarly to the previous cases. 
This gives confidence about the universality of the proposed 
approach: as long as the phase space is sampled adequately 
during training, the efficiency estimated using the neural 
network is expected to be independent on the chosen sample.

Discussion

In this section we summarize some of the main considera-
tions aimed at generalizing the proposed approach for use 
cases beyond the toy model presented in this paper.

The size of ! : In the toy data-set we used a relatively 
small number of variables that control the efficiency the 
network was required only to infer the ”hidden” variable 
ΔR(i,j) . In more realistic applications, ! may include 
more variables and the function !(") may be more compli-
cated. To cope with this, the inputs features ! may need to 
be extended with additional variables. The number of the 
model learnable parameters also needs to be large enough 
so that the model is sufficiently expressive to describe 
!(") . Any variables potentially correlated with the tagging 
decision could be used to ensure that all correlations are 
captured. Neural networks are a particularly suitable tool 
to perform this task due to their flexibility to cope with 
higher dimensions.
The functional form of !(!) : We assumed a relatively 
simple efficiency in Eq. 2. In principle, the neural net-
work can learn any function, no matter how complex the 
functional form is, as shown in Ref. [18]. The method can 
be used in scenarios where the form of !(!) may present 
more complex dependencies between the efficiency and 
the relevant variables !.
Systematic uncertainties: In the applications of the sim-
ple efficiency maps, the insufficient capture of the exist-
ing underlying correlations requires the introduction of 
systematic uncertainty. This method is aimed at avoiding 
this systematic error, it will, however, require thorough 
checks to ensure that its estimates are accurate.
Generalization of the method: In the proposed 
approach we have focused our studies to approximate 
efficiency, i.e. density ratios between two complemen-
tary classes. The method can also be generalized to 

Fig. 6  Relative residuals distributions as predicted by the NN and the 
map-based approach for each individual jet in the event. The mean 
and RMS of the distributions are outlined in the plot

Figure 5.12. Residuals on the prediction of the efficiency, as obtained from the efficiency
maps and from the NN model. Figure from Ref. [219].

It is possible to see how the TT based on efficiency maps is not able to catch the
jet-by-jet dependencies, which can lead to either an over- or an under-prediction of
the efficiency. The NN instead provides a good description of such effect, since to
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evaluate the efficiency of a single jet it adopts the information of also the other ones
in the event.

Further comparisons between the two methods with the DT and the true efficiency
values are performed in the case in which two b-tagged jets are required in the event
by using the istag flag. Non b-labelled jets might also be included if these are
mistagged (i.e. they pass the DT). Events are split in components based on the true
flavour of the leading and sub-leading jets, and the invariant mass is reported in
Figure 5.13. In the light light category, the large rejection factors of light-flavour jets
is such that very few events pass the DT procedure. Even if this is a sub-dominant
component of the total background, TT is needed to have a sufficient description of
the background.

Overall, the NN description of the tagging procedure is more accurate than the
one achieved via the efficiency maps. These plots also show how relevant is to have
TT to achieve a smooth description of the backgrounds in categories which lack MC
statistics.

Figure 5.14 presents a comparison of the three aforementioned tagging methods
when evaluating the performance on events of the alternative setup, which are
characterized by different kinematic distributions with respect to the one adopted in
the NN training. It shows that the NN approach does not depend on the training
sample. The discrepancy observed between the true distribution and the one obtained
via the efficiency maps originates from the fact that the ∆R(j, j) dependency is not
taken into account in the map approach, as it can be seen from Figure 5.14(b).
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approximate ratios between two separate classes.3 A 
multidimensional ratio between two classes could be 

used in a variety of different applications, such as to 
derive multi-dimensional scale factors from data to 
correct the tagging efficiency in Monte Carlo simula-
tion.

Fig. 7  istribution of the invari-
ant mass of the two leading jets, 
when the events are weighted by 
the product of true efficiencies, 
as calculated in Eq. 2 (grey). 
Also shown is the distribution 
for events where both jets are b
-tagged (direct tagging, black), 
or when the events are weighted 
using the estimated efficiency "̃ 
from the map-based approach 
(blue) or using the NN output 
(red). The lower pad shows the 
ratio between all distributions 
and the one obtained with true 
weights. Events are split into 
categories based on the true 
flavor of the two leading jets

3 In such cases, the loss function needs to be changed to cope with 
non-complementary classes as discussed in Ref. [17]

Figure 5.13. Invariant mass distribution of the two leading jets in various event categories,
as described by different tagging techniques. The uncertainty on the efficiency maps
predictions is statistical, while the one on the NN predictions is derived as reported in
Appendix of Ref. [219]. The grey area is the result of weighting the events by their true
efficiency as ε1 · ε2, while the black dots represent the effect of DT. Figures from Ref.
[219].
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Conclusions

The parametrization of classifier efficiencies can play an 
important role to mitigate the limitations in the number of 
simulated events at LHC experiments. To be effective, par-
ametrized classifier efficiencies need to be accurate in any 
context and therefore need to capture the dependencies on 
event properties that are used in analyses and which entail 
variations of efficiencies. A new technique that optimally 

exploits these dependencies is proposed. This technique 
is based on graph neural networks that provide an esti-
mate of ratios between multidimensional local densities. 
We use the case of the identification of heavy-flavor jets 
as a topical example building a toy model based on ad-
hoc parameterizations of the classifier efficiency inspired 
by the observed dependencies of b-tagging performance 
in the ATLAS and CMS experiments. A Graph Neural 
Network is used to exploit correlations between jets in the 
event to provide a less biased parametrization compared 
to the canonical map-based method.

A toy example is used to probe the performance of 
the method, which takes as an input the true flavors and 
momenta of reconstructed jets, and returns the b-tagging 
efficiency of each. These efficiencies are used to build the 
per-event weights in a sample of simulated events with 
multiple b-tagged jets. We use the estimated efficiency for 
the event reweighing technique which is used to reduce 
the statistical fluctuations of Monte Carlo samples after 
classification.

Results show good compatibility between per-jet and 
per-event kinematic distributions obtained with the pro-
posed approach and the distributions expected from the 
direct application of b-tagging. We also show that the 
proposed technique can generalize to samples with input 
distributions differing significantly compared to the train-
ing sample while covering the same phase space.

Appendix A: Sample Generation Details

This section describes the event generation of the toy 
model employed throughout this paper. The number of jets 
in the event is sampled using the following function: e−

Njets

4  . 
At least two jets with pT > 20GeV and |!| < 2.0 are gener-
ated. For each jet in the event, the jet transverse momen-
tum is sampled from a gaussian distribution centered at 20 
GeV with a width of 200 GeV, the sampling range is cho-
sen to be [20, 600] GeV. The pseudo-rapidity of the lead-
ing jet in the event is sampled from a gaussian distribution 
centered at 0 with a width of 0.5 while the the azimuthal 
angle is sampled from a uniform distribution bounded in 
[0, 2 ! ]. The angular variables of the other jets in the event 
are chosen by sampling from the square root of the angular 
distance, 

√
ΔR(i,j) , with ΔR(i,j) =

√
(!i− !j)

2 + ("i−"j)
2  

computed w.r.t. the leading jet. For a given value of 
ΔR(i,j) , the jet angles are sampled from a uniform distribu-
tion in the ! − " plane at the fixed ΔR(i,j) value. The 
masses of the single jets are fixed at 2 GeV. These param-
eters ensure an invariant mass distribution similar to the 

Fig. 8  Distribution of the ΔR(i,j) (top) and invariant mass (bottom) 
of the leading-subleading jet system, obtained for events where these 
jets are classified as b-tagged (black), compared to the same distribu-
tions obtained when these jets are instead weighted with their prob-
ability of passing b-tagging, calculated using the true weight ! from 
Eq.  2 (grey), using the efficiency "̃ from the map-based approach 
(blue) or using the NN output (red). The lower pad shows the ratio 
between the two latter distributions and the one obtained with true 
weights

(a)
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Figure 5.14. Performance of the three tagging techniques compared to the true efficiency
in the description of the di-jet invariant mass and ∆R(j, j) distributions obtained for
the alternative simulated sample. Figures from Ref. [219].
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5.3.3 Solving the overlap between resolved and boosted decays
The removal of the overlap between the resolved and boosted V H(→ bb̄) analyses
has been performed in the first combination of the two results [218] by selecting
the former (latter) analysis below (above) pT(V ) = 400 GeV. However, as it can
be seen from Figure 5.15, the efficiency of reconstructing events in the resolved
topology is around 40% at this value, and becomes lower than the one of the boosted
analysis only above 600 GeV. Thus, in view of the legacy analysis, a study of different
strategies to solve the overlap between the two regimes is performed in the 0 lepton
channel.

While the first combination was based on previous published results, thus using
the EMTopo jet reconstruction and the MV2c10 b-tagging algorithm, the study
presented in this Section is based on improved techniques. In the resolved analysis,
PFlow jets are used to build the Higgs boson candidate, and in both the resolved
and boosted topologies the DL1r tagging algorithm is adopted.

The presented studies are performed on MC simulated events only, and compare
the statistical significance computed in the various signal regions defined in Section
5.2.4, for various setups. To further improve the sensitivity of the analysis, an
additional pT (V ) splitting at 600 GeV is proposed. This could also allow to define
an additional STXS bin, 400 < pT(H) < 600 GeV, to be probed. The choice of
such threshold is based on the fact that, according to the approximate relation
∆R(b, b) ' 2mH/pT(H), the angular separation of the two Higgs boson decay
products is expected to be smaller than 0.4 above ∼ 625 GeV. Above such threshold
the reconstruction efficiency of Higgs boson candidates via two R = 0.4 PFlow jets
is expected to drop significantly.

Due to the issues discussed in Section 5.3.1, the TT is not adopted in this study
because the NN presented in the previous section is not implemented yet in the
analysis framework. However, once available it will become the baseline method to
apply TT. Since the optimization of the MVA strategy for both the resolved and
boosted analyses is ongoing, the studies are performed by looking at the mbb and mJ
distributions, respectively. A significant improvement of the performance is expected
from the adoption of a multivariate analysis (MVA). However, the comparison
presented in this Section can be considered fair, and the ratio of the significance
between different setups is expected to remain the same.

The metric adopted to compare different strategies is the binned statistical
significance under the assumption that each bin corresponds to a separate independent
experiment. It is defined as

S
(
~s,~b
)

=
√∑

i

2
[
(si + bi) ln

(
1 + si

bi

)
− si

]
, (5.6)

where the sum runs over all the bins i, si and bi indicate the expected signal and
background yields, respectively. The uncertainty on this quantity can be evaluated
via error propagation as

∆S =

√√√√√∑
i

(∂S̃i(si, bi)
∂si

∆si
)2

+
(
∂S̃i(si, bi)

∂bi
∆bi

)2
, (5.7)
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Figure 5.15. Fraction of accepted events reconstructed in the resolved only, boosted only
topologies, or with both methods (Overlap) in the 0 lepton channel.

with

∂S̃i
∂si

= 1
S
·
[
ln
(

1 + si
bi

)]
∂S̃i
∂bi

= 1
S
·
[
ln
(

1 + si
bi

)
− si
bi

]
.

(5.8)

The expected mbb distributions for the 0 lepton, resolved selection SRs are presented
in Figure 5.16 for both the two and three jet event categories. The expected signal
distribution is stacked on top of the backgrounds, and overlaid to show the expected
shape. In the bottom pad the bin-by-bin significance, evaluated as the square
root of the term inside the sum of Equation 5.6, is presented. The integrated
significance, summed over all the bins, is also shown. Up to Emiss

T = 400 GeV, a
bin width of 10 GeV is adopted. In the 400 < Emiss

T < 600 GeV range it is set to
20 GeV, while above 600 GeV a single bin is used. This region is not shown in Figure
5.16. The description of the backgrounds is expected to significantly improve for
Emiss
T > 400 GeV once TT is applied. As expected, most of the sensitivity comes

from the two jet regions, where the leading background is the Z(→ νν̄) + bb process.
The contribution of the tt̄ background is large mainly in the lowest Emiss

T bin, while
for larger values the dominant contribution is Z+jets.

The distribution of the large-R jet mass is presented in Figure 5.17 after the
boosted 0L selection is applied, for both the high-purity (HP) and low-purity (LP)
signal regions and in the various Emiss

T bins. For Emiss
T values above 600 GeV a

rebinning of the distribution is needed to keep the number expected events above
1. This leads to a loss of information which can be extracted from the binned mJ
distribution. However, one should keep in mind that the approach via the mass
distributions will be kept as a cross-check of the analysis, and the main approach
will make use of MVA techniques which enhance the signal to background ratio.
Moreover, the definition of the HP and LP regions can be revisited if the number of
additional reconstructed jets outside the leading large-R jet is given as an input to
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Figure 5.16. Di-jet invariant mass expected distribution for the signal and background
processes after applying the 0L resolved selection. In figures (a), (c) and (e) the 2
jet category is presented, while the 3 jet one is presented in figures (b), (d) and (f),
respectively. Further details are provided in the text.

the MVA. In this study, the splitting is kept.
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Figure 5.17. Large-R jet invariant mass expected distribution for the signal and background
processes after applying the 0L boosted selection. In figures (a), (c) and (e) the HP
region are presented, while in figures (b), (d) and (f) the LP ones. Further details are
provided in the text.

Combination strategies

A simple way to remove the overlap between the resolved and boosted selection
is to apply a fixed cut at one EmissT value. The choice can be driven by physical
reasons, such as the angular separation between the Higgs boson decay products, or
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by experimental reasons, such as the resolution on the measurement of the invariant
mass of the system with different techniques (PFlows compared to large-R jets).
Moreover, statistical reasons might lead to lower boundaries, since otherwise the
available statistics in the ATLAS Run 2 data set might not allow for a proper
description of the background processes at high Emiss

T , and a constrain of the
associated uncertainties. As already mentioned, in the first resolved plus boosted
combination [218] this approach was chosen, with a threshold value driven by the
boundaries of the SRs of the boosted analysis, 400 GeV. An alternative boundary at
600 GeV is also tested in this Section. These two strategies are called either ‘split’
or ‘simple-merge’ in the following.

Ideal combination. The best selection one could apply is the logical or of
the resolved and boosted ones. This, in principle, leads to the highest achievable
sensitivity since the signal acceptance is maximised. However, such selection implies
that flavour tagging would be applied twice on the same ensemble of tracks forming
a jet, which in the resolved analysis is reconstructed via the PFlow algorithm, while
in the boosted one is built as a VR track-jet. As already mentioned in Section 5.3.1,
each time the flavour tagging technique is adopted, a SF needs to be applied to
correct the response in MC. Such calibration scale factors however are not evaluated
in a nested configuration of the taggers, as in this case. The simple product of
two SF is not a viable option since the tracks on which the tagging algorithm is
ran are the same, therefore a correlation between the two SFs would need to be
considered, together with a proper comparison with data. Anyway, such strategy
is a useful benchmark to compare to, thus its performance are evaluated. In the
cases in which an event is selected by both analyses, it is arbitrarily assigned to the
resolved (boosted) one if Emiss

T is below (above) 600 GeV.
Priority strategy. A way to solve the mentioned issue with the flavour tagging

procedure is to postpone the application of such requirement to a later stage in the
selection. This leads to a priority strategy. The workflow is briefly presented in
Figure 5.18. Two possible strategies arise, in which either the resolved or boosted
analyses are prioritised. In the following, these two strategies are referred to as
‘Resolved priority’ and ‘Boosted priority’, respectively.

The selection would be applied in two steps: at first all the selection criteria
of either the resolved or boosted analysis, except b-tagging, are required to be
passed. If these, also referred to as kinematic selections, are not satisfied, the other
analysis selections are tested. Once the kinematic selection is passed, the b-tagging
requirement is applied, either to PFlow jets or VR track-jets. The priority strategy
allows to recover events that in a simple-merge approach would be lost. Thus, an
improved significance over the split strategies is expected.

In Figures 5.19 (a:d), the boosted regions included in the resolved priority
strategy are presented. These are combined with the resolved regions presented
in Figure 5.16, improving the overall significance. In the same way, in Figures
5.19 (e:h), the resolved regions recovered via the boosted priority approach are
reported. These are combined with Figures 5.17. In this strategy, the first Emiss

T bin
(150 ≤ Emiss

T < 250 GeV) is taken from the resolved selection. At low Emiss
T values

large sensitivity is recovered by considering the reconstruction of the Higgs candidate
via two PFlow jets. This can be understood by the fact that the cross-section
decreases rapidly in Emiss

T , and from Figure 5.15, it is possible to see that a large
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Pass boosted selectionPass resolved selection

NR NBnotR

PFlow jets  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Figure 5.18. Representation of the Resolved priority strategy. The application of the
b-tagging requirement is postponed to a second stage, after a kinematic-only selection is
applied.

amount of events in the 250 ≤ EmissT < 400 GeV range are reconstructed by the
resolved analysis only.
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Figure 5.19. (a-d) Large-R jet mass distribution for the boosted regions recovered in a resolved priority strategy. (e-h) Di-jet invariant mass
distribution for the resolved regions recovered in a boosted priority strategy.
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Tag VR strategy. The possibility to match reconstructed PFlow jets to VR
track-jets built in the ID is investigated. In this way, it would be possible to adopt
a strategy close to the ideal one, but with the application of b-tagging only to VR
track-jets, such that the tagging algorithm is common between the resolved and
boosted analyses. The workflow of the strategy is presented in Figure 5.20.

Reject  
event

Pass resolved  
& boosted

Fill mbb

Choice between 
boosted & resolved 

Are there (at least)  
2 VR matched to 2 PF?

Reject  
event

Are the 2 VR 
tagged?

Pass boosted 
including b-tag?

Fill  
mJ

Pass resolved or boosted 
kinematics cut ?

Reject  
event

Pass boosted only

Fill mJ

Pass kinematics + tag?

Fill  
mbb

Pass resolved only

Are the 2 VR 
tagged?

Are there (at least)  
2 VR matched to 2 PF?

Reject  
event

Are the 2 VR 
inside a fatjet?

Pass selection

Fail selection

Figure 5.20. Illustration of the selection workflow for the TagVR strategy.

For the events passing only the boosted selection, the tagging requirement is
applied to the two leading VR track-jets ghost-associated to the leading large-R
jet, considered to be the Higgs boson candidate. If the kinematic selection of the
resolved topology is passed, events are required to have at least two PFlow jets
matched, with the criterion ∆R < 0.4, with two VR track-jets. If this condition is
also satisfied, then b-tagging is applied to the latter. Otherwise the event is rejected.

The same kind of requirement is also applied to events passing both the resolved
and boosted kinematic selections. In the very rare case (< 1%) in which two matched
PFlow-to-VR track-jets are not found, the event can still be recovered by the boosted
selection. If at least there are two matches, flavour tagging is applied to all the VR
track-jets in the event, and exactly two b-tagged VR track-jets are required. If these
two VR track-jets are outside the large-R jet, the boosted selection is failed (since it
requires the two b-tagged VR track-jets to be within the large-R jet). Therefore, in
these cases mbb is chosen as the mass of the Higgs boson candidate. Otherwise, it
means that the Higgs boson candidate is reconstructed simultaneously as a large-R
jet and as two separate PFlow jets contained in it. This topology is, strictly speaking,
the overlap between the resolved and boosted analyses, and a choice between the
two reconstruction techniques is to be made. As done for the priority strategy, both
the resolved (based on mbb) and boosted (based on mJ) reconstructions are tested
for these cases.

Performance comparison. The significance obtained in the various Emiss
T

ranges, in the different strategies, are presented in Figure 5.21(a). A sum in
quadrature of the statistical significance obtained in different categories, two-, three-
jets, HP and LP, is performed for each Emiss

T bin. The total combined significance
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is shown in the bottom part of the plot. Figure 5.21(b) shows a comparison of the
various strategies in terms of equivalent luminosity. Under the assumption that
S = s/

√
b =
√
L, where L is the integrated luminosity, it can be written

L
Lref.

=
( S
Sref.

)2
. (5.9)

The split strategy, with a threshold set at Emiss
T = 400 GeV, is taken here as the

reference result, and to which the other investigated options are compared.
As expected, Figure 5.21 shows that the largest significance is achieved by the

logical or of the resolved and boosted selections, also referred to as ideal strategy. By
considering the resolved analysis selection in the 400 < Emiss

T < 600 GeV regime, an
improvement over the boosted analysis of ∼ 19% can be achieved, which corresponds
to a gain of more than 40% in terms of equivalent luminosity. However, considering
only the highest Emiss

T bin for the boosted analysis, the ‘Split @600 GeV’ might be
sub-optimal, since the available statistics to constrain large JMR uncertainties might
be insufficient. The impact of such systematic uncertainty could be reduced in an
MVA analysis, thus the strategy might be viable.

The closest result to the significance achieved in the ideal case is provided by
the resolved-priority strategy. An overall improvement of 3% and 23% over the
split strategy can be obtained in the [250, 400] GeV and [400, 600] GeV Emiss

T bins,
respectively. In the highest Emiss

T bin a drop in significance is observed because the
categorisation becomes sub-optimal. In fact, events are split between the mbb and
mJ distributions with a slightly higher percentage to the boosted regions, and the
acceptance is such that only few bins can be used in both distributions. However, as it
can be seen from Figure 5.21(a), the highest Emiss

T bin contributes in a sub-dominant
way to the overall inclusive significance.

The boosted-priority strategy in general leads to a significant loss in performance,
and overall a decrease of 5% in significance is observed. This is mainly due to
the [250, 400] GeV Emiss

T bin (−10%), and can be due to three effects: sub-optimal
categorisation of the events in the boosted analysis with respect to the resolved
one, worse resolution on the Higgs peak and different background composition. The
latter two effects are investigated later in this Section.

The performance of the TagVR strategy is also shown. In general a reduced
significance with respect to the priority strategy is observed. The main reason
for this is due to a different background composition and total background shape
in the considered regions, especially at low Emiss

T . A comparison of the lowest
Emiss
T bin resolved region, obtained when flavour tagging is applied to PFlow or to

VR track-jets, is presented in Figure 5.22.
A 4.5% lower significance with respect to the former is observed in the latter

case. This is due to the fact that both the signal and background events efficien-
cies are slightly lower in the TagVR strategy, thus a reduction in sensitivity is
expected. As can be better observed in Figure 5.21(b), the gap between the TagVR
and the priority strategies is smaller at higher Emiss

T values. This is thanks to
the fact that with the shrinking cone, the VR track-jets can better catch the flight
direction of the b-hadrons, thus slightly improving the tagging efficiency at higher pT.
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Figure 5.21. Comparison of the investigated strategies in terms of (a) the statistical
significance and (b) the equivalent integrated luminosity. In the latter plot, L− 20% and
L− 50% mark the values of the x-axis corresponding to a reduced integrated luminosity
of 20% and 50%, respectively, while L+ 20% refers to an increased data statistics of 20%
with respect to the one collected by the ATLAS experiment during Run 2 of the LHC.

To better understand the differences observed between the resolved and boosted
analysis in the overlap region, mainly in the [400, 600] GeV range, two effects are
investigated. The first one consists in testing a different event categorization for the
boosted analysis, to see if the significance can be improved. An additional split of
the HP SR is tested. Events are further categorized based on the number of VR
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Figure 5.22. Di-jet invariant mass distribution for the case in which flavour tagging is
applied to the (a) PFlow jets and (b) to VR track-jets.

track-jets matched to the large-R jet. Higgs boson decays into bb̄ pairs will more
likely be observed in events with only two VR track-jets, while background processes
such as tt̄ are characterized by a larger jet multiplicity within the large-R jet. The
effect of splitting the HP region in the [400, 600] GeV Emiss

T bin is presented in Figure
5.23.
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Figure 5.23. Large-R jet mass distribution of the improved HP region categorization for
events with (a) two and (b) three VR track-jets matched, and defined HP2VR and
HP3VR, respectively.

An improvement of around 8% is observed with respect to the HP region pre-
sented in Figure 5.17 for the same Emiss

T range. In an MVA approach of the analysis
the same improvement can be achieved by including in the input variables the number
of VR track-jets matched to the large-R jet. Thus, it can be concluded that the cat-
egorization of the events accounts roughly for half of the difference of the statistical
significance between the resolved and boosted analysis in the 400 < Emiss

T < 600 GeV
bin.
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The signal mass resolution also plays a role in the sensitivity estimate. A
comparison between the large-R jet and PFlow jets invariant mass distributions is
done in the overlap region, i.e. when at least two PFlow jets are matched to two
VR track-jets and located within the large-R jet and b-tagged. The comparison is
done prior to the categorisation of the events in signal and control regions. Results
are presented in Figure 5.24 for the [400, 600] GeV Emiss

T bin when either truth
labelling or flavour tagging to PFlow or VR track-jets are applied. In the plots, a
comparison between the PFlow jets invariant mass distributions obtained before and
after applying the corrections outlined in Section 5.2.2 is also presented. The large-R
jet is corrected for the possible presence of muons from b-hadrons semi-leptonic
decays. The inclusion of such corrections, as already mentioned, helps in improving
the resolution of the peak.
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Figure 5.24. Higgs candidate mass distribution comparison between PFlow jets and large-R
jets in the overlap region between the resolved and boosted V H(→ bb̄) analyses, in the
0L channel. The integral of the distributions, reported in the legend, is the same modulo
negligible effects due to under-flow or over-flow events. The comparison is performed
either requiring the two matched jets to be b-labelled (a), or the two PFlow jets (b) or
VR track-jets (c) to be b-tagged.
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The difference in the integral of the distributions of the three plots is due to
different efficiencies of the b-labelling and b-tagging procedures adopted.

A sharper peak is observed for Higgs boson candidates reconstructed using PFlow
jets. To give a quantitative estimate of the effect, a fit with the Bukin function
[222], suitable for the fit of asymmetric peaks, is performed. The probability density
function is given by the convolution of a gaussian and an exponential function as

FB1(x, xg, σg, λ) = 1
2|λ|

[
1− erf

(
−(x− xp)λ
σg|λ|

√
2

+ σg

|λ|
√

2

)]

exp
(
−x− xg

λ
+ σg

2λ2

)
,

(5.10)

where xg determines the position of the peak, σg is the standard deviation of the
gaussian function, λ is the asymmetry parameter, and

erf(x) = 2√
π

∫ x

0
e−ξ

2
dξ. (5.11)

A difference of around 20% is observed between the two mass distributions in
this Emiss

T range. The effect is consistent among all the three tagging methods. The
impact of a worse resolution on the mass of the reconstructed Higgs boson candidate
is tested on the resolved analysis regions. A smearing of the resolution of 20÷ 25%
is performed as presented in Figure 5.25.
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Figure 5.25. Effect of the smearing introduced on the resolution of the di-jet invariant
mass distribution to test its impact on the significance.

The new signal distribution is used to evaluate the statistical significance in
the two and three jet event categories for the [400, 600] GeV Emiss

T bins. A reduced
significance of about 10% is observed in both categories, which corresponds to
a result obtained with an equivalent ∼ 20% less integrated luminosity. Thus, it
can be concluded that in this Emiss

T range the difference in the resolution of the
reconstructed Higgs boson candidate mass accounts for about half of the difference in
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significance between the boosted and resolved analysis. Combined with the impact
of a different categorization of the events, these two effects are able to explain most
of the difference between the two analyses. However, some of the differences will be
reduced when an optimised MVA strategy will be in place for both topologies.

5.4 A first fiducial cross-section measurement
The measurement of fiducial cross-sections allows to investigate the properties of
the Higgs boson in a complementary way to the STXS framework. The aim of such
a measurement is to be as model independent as possible, such that results can
be sensitive to the presence of new BSM phenomena, and compared to state-of-
the-art predictions of the SM. Fiducial cross-section measurements also have the
advantage that they provide a particle-level result. Therefore, they do not depend
on a particular configuration of the ATLAS detector and can be directly compared
with theoretical calculations without having to process the events through the entire
simulation and reconstruction chain.

Differential cross-section measurements in the Higgs sector have been already
performed by both the ATLAS and CMS collaborations in four-lepton [223, 224]
and di-photon final states [225, 226]. Recently, CMS published results in di-tau final
states [227].

In this Section, a first fiducial cross-section measurement performed in bb̄+Emiss
T fi-

nal states is presented. Results have been obtained via a re-definition of the fit
model of the published resolved V H(→ bb̄) analysis [42]. An in-likelihood unfolding,
as discussed in Section 5.4.3, is performed. To reduce the model-dependency of the
measurement, the fiducial cross-section is extracted via a fit to the invariant mass
distribution of two b-tagged hadronic jets, mbb.

The published resolved V H(bb̄) analysis will be referred to as the detector-level
analysis in the following. The definition of the particle-level objects and of the
fiducial phase-space is presented in the next Section.

5.4.1 Particle-level definitions
Particle-level objects and selections have been chosen to be as close as possible to the
ones adopted in the detector-level analysis. This allows model-dependent corrections
to be minimized when comparing with detector-level objects such as jets. It also
reduces extrapolations of the cross-section measurement into phase-spaces that are
not explored at the detector-level.

Object definitions

Only collider-stable final-state particles are used in the definition of the fiducial
phase-space. These are characterized by a mean life-time cτ0 > 10 mm.

Leptons. Electrons and muons are defined as prompt if they are not produced
in hadron decays. To account for the possible emission of QED radiation by such
particles, the four-momentum of photons located within ∆R < 0.1 of leptons is
added to that of leptons, so that dressed-leptons are considered.
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In the definition of the fiducial phase-space, electrons are considered if they
have pT > 7 GeV and |η| < 2.47. Similarly, muons are also considered if they have
pT > 7 GeV and |η| < 2.7. The chosen thresholds for transverse momenta mimic the
ones used in the definition of 0-lepton channel events in the detector-level analysis.
No isolation requirements are imposed at particle-level, but overlap removal with
jets is performed, as described later in this Section.

τ -leptons are not collider-stable particles and decay either in leptons or hadrons,
plus a neutrino. In the former case, electrons and muons from the decay are stable
particles which do not originate in hadron decays, thus are used as the prompt ones
in the fiducial phase-space definition. The particles produced in hadronic decays
of τ -leptons are instead clustered as particle-level jets. As discussed later in this
Section, an overlap removal procedure between jets and τhad. is applied.

Jets. Particle-level jets are formed using the anti-kt algorithm with radius
parameter R = 0.4. Prompt leptons, photons and neutrinos not originating from
hadronic decays are excluded from the particles used to form jets. These objects
are referred to also as TruthWZ jets. To define the flavour of the jet, the labelling
procedure described in Section 3.3.2 is used.

Overlap removal between jets and leptons, which are not considered to be
constituents of the jets themselves, is performed at the particle-level to mimic
what happens at the detector-level. Prompt leptons found within ∆R < 0.4 of a
particle-level jet are removed. In addition, jets that are labelled as originated from a
hadronically decaying τ -lepton are not included in the ensemble of particle-level jets.

In a similar way to what is done in the resolved V H(→ bb̄) analysis, jets are
categorized based on their pT and |η| as signal- or forward-jets. Particle-level signal
jets are required to be within |η| < 2.5 and to have at least pT > 20 GeV. Particle-
level forward jets are characterized by 2.5 < |η| < 4.5 and pT > 30 GeV.

Missing transverse momentum. At particle-level, the ~Emiss
T is defined as the

negative vectorial sum of the pT of all stable and interacting particles produced in the
events up to |η| < 5. This definition emulates the calorimetric measurement of Emiss

T .
Muons are included in the calculation of the ~Emiss

T only if they have pT > 6 GeV, as
they leave a non-negligible amount of Emiss

T in the calorimeters.

5.4.2 Fiducial phase-space definition
The fiducial phase-space of the measurement is defined by a series of particle-level cuts
on the previously defined objects. The event selection of the detector-level analysis
is mimicked as much as possible, such that any extrapolation in the cross-section
measurement is reduced.

In this study, bb̄+ Emiss
T final states are targeted, thus the presence of exactly 0

leptons is required. Events are required to have at least 150 GeV of Emiss
T . At least

two signal jets are required in the events, and at most the presence of one extra
signal- or forward-jet is allowed. Moreover, exactly two of the identified signal jets
are required to be b-labelled; the leading one needs to have pT > 45 GeV. As done
at detector-level, the scalar sum of the transverse momenta of the jets is required to
be at least 120 GeV (150 GeV) for two- (three-) jet events.
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Anti-QCD cuts are applied at detector-level to reduce the amount of Emiss
T pro-

duced by mis-measurements of jets, and therefore the multijet background. Similar
cuts are used in the definition of the fiducial phase-space. In two- (three-) jet events
the minimum angular distance between the particle-level ~Emiss

T and any jet is required
to be at least 20◦ (30◦). Moreover, defining~b1 and~b2 the transverse momentum of the
two b-labelled jets in the event, ∆φ

(
~b1,~b2

)
< 140◦ and ∆φ

(
~Emiss
T ,~b1 +~b2

)
> 120◦

are required.
In the resolved V H(→ bb̄) analysis, signal and control regions are defined by a

differential cut on the ∆R between the two candidate b-jets as a function of the
missing transverse momentum in the events. Such a requirement is not applied in the
definition of the fiducial phase-space because it is only adopted in the detector-level
analysis to define the signal and control regions.

A comparison between the detector- and particle-level objects definitions and
event selection is presented in Table 5.5.

Table 5.5. Comparison between the detector-level and particle-level objects definitions and
event selection.

Selection Detector-level Particle-level

Leptons

No electrons or muons
pT > 7 GeV

Electrons Muons
|η| < 2.47 |η| < 2.7

Loose&Blayer ID Loose ID
|d0/σd0 | < 5 |d0/σd0 | < 3

|z0 sin θ| < 0.5 mm |z0 sin θ| < 0.5 mm
FC loose isolation

No electrons or muons
pT > 7 GeV

Electrons Muons
|η| < 2.47 |η| < 2.7

∆R(e/µ, j) > 0.4

Hadronic τ
pT > 20 GeV

|η| < 1.37 or |η| > 1.52
Medium ID WP

τ -labelled jets

Anti-kt R = 0.4 Jets

EMTopo jets
≥ 2 Signal jets

Signal Forward
pT > 20 GeV pT > 30 GeV
|η| < 2.5 2.5 < |η| < 4.5

TruthWZ jets
≥ 2 Signal jets

Signal Forward
pT > 20 GeV pT > 30 GeV
|η| < 2.5 2.5 < |η| < 4.5

b-jets 2 b-tagged Signal jets, MV2c10 70% ε WP 2 b-labelled Signal jets
leading b-tagged jet pT > 45 GeV leading b-labelled jet pT > 45 GeV

Jet categories Exactly 2 / exactly 3 jets 2 or 3 jets

Emiss
T > 150 GeV

Negative vectorial sum of pT of all
stable interacting particles within |η| < 5,

including muons with pT > 6 GeV
> 150 GeV

HT > 120 GeV (2 jets), > 150 GeV (3 jets) > 120 GeV (2 jets), > 150 GeV (3 jets)
min ∆φ( ~Emiss

T ,~j) > 20◦ (2 jets), > 30◦ (3 jets) > 20◦ (2 jets), > 30◦ (3 jets)
∆φ( ~Emiss

T , ~bb) > 120◦ > 120◦
∆φ(~b1,~b2) < 140◦ < 140◦
∆φ( ~Emiss

T , ~pmiss
T ) < 90◦ −

Emiss
T regions 150 ≤ Emiss

T < 250 GeV
Emiss
T ≥ 250 GeV

150 ≤ Emiss
T < 250 GeV

Emiss
T ≥ 250 GeV

To study the fiducial phase-space definition, the SM V H MC samples introduced
in Section 5.2.1 are used. These include all the signal processes of the 0L channel of
the reconstruction-level analysis.

Defining NR&T the number of events passing simultaneously both the detector-
and particle-level selections, and NT the number of the events in the fiducial phase-
space, i.e. which pass the particle-level selection independently of the detector-level
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one, the reconstruction efficiency is defined as

ε = NR&T
NT

. (5.12)

The binned efficiency is shown in Figure 5.26 as a function of the particle-level Emiss
T .

The turn-on effect observed around 150 GeV is due to the trigger and detector-level
requirements on the Emiss

T , which is required to be at least 150 GeV. However,
it is not possible to reduce the detector-level requirement due to the limitations
imposed by the Emiss

T trigger adopted to collect the data. Indeed, the trigger
Emiss
T threshold has been raised up to 120 GeV during the data taking to cope with

the large instantaneous luminosity delivered by the LHC.

0 100 200 300 400 500 600 700 800 900 1000
 (GeV)miss

T
particle-level E

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

E
ffi

ci
en

cy

 = 13 TeV, Total signals

Trigger MET > 150 GeV n. jet < 4  2≥n. jet 

 2≥sig. jet HT cut )
miss

T
(jet,Eφ∆ )

miss

T
,track-E

miss

T
(Eφ∆

(bb)φ∆ ,bb)
miss

T
(Eφ∆ 2 b-tag  > 45 GeV

T
leading b-jet p

Figure 5.26. Reconstruction efficiency as a function of the particle-level Emiss
T after applying

each detector-level selection, evaluated on the total MC simulated signal sample adopted
for the extraction of the cross-section.

Above 200 GeV of particle-level Emiss
T the efficiency becomes roughly constant,

and it is ∼ 50%. Such a value is mainly due to the requirement of exactly two b-tagged
jets in the events applied at detector-level. The flavour-tagging procedure in fact is
performed adopting a working point which provides an average tagging-efficiency of
70%, as described in Section 5.3.1.

Defining NR the number of reconstructed events independently of the fact that
they satisfy the particle-level requirements, NR = NR&T +NR&!T, the purity of the
fiducial phase-space definition is given by

P = NR&T
NR

. (5.13)

This quantity determines how many reconstructed events belong to the fiducial
phase-space we aim to measure. It is possible in fact that resolution effects on
the measurement of physics objects, such as jets, leptons and the ~Emiss

T , lead to a
migration of the events from outside to inside the fiducial phase-space. Mismeasured
jets, or leptons not reconstructed due to the presence of passive material in the
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ATLAS detector, might lead to detector-level events which mimic the signal we want
to measure. One example is given by events with leptons, such as the WH process,
which are characterized by genuine Emiss

T due to the presence of a neutrino. If the
lepton from the W decay is not reconstructed, then it is possible that such process
passes the selection at detector-level, and thus is included in the signal template we
want to fit.

In figure 5.27 the invariant mass distribution of the Higgs-boson candidate is
shown after requiring either both the detector- and particle-level selections simulta-
neously, or after requiring the detector-level selection without any conditions on its
particle-level equivalent one. Events are categorized in the fit following the SRs and
CRs of the 0L channel of the reconstructed-level analysis, thus in two Emiss

T ranges
and in the two- and three-jet categories. The ratio of the two distributions shown in
each plot, presented in the bottom pad, is the definition of the purity.

In general, a larger purity is observed for the two-jet category with respect to the
three jet one, and a ratio closer to 1 is observed in the Emiss

T ≥ 250 GeV bin. The
loss observed in the lower Emiss

T bin is due to the particle-level Emiss
T selection, and to

resolution effects which affect the detector-level quantity. In the higher detector-level
Emiss
T bin instead a purity higher than 90% is observed. The same effects are present

in the three jet category.
To further study the out-of-fiducial events, i.e. reconstructed but not in the

fiducial phase-space, which induce the loss in purity, the two main components
of the detector-level total signal sample, namely the qq → Z(νν̄)H(bb̄) and qq →
W (`ν)H(bb̄) processes, are studied independently. The invariant mass distribution
of the Higgs boson candidate after requiring the particle- and detector-level event
selections simultaneously and requiring only the detector-level one are shown for the
detector-level SRs categories in Figure 5.28 for both processes.

The qq → Z(νν̄)H(bb̄) matches the final state we are aiming to measure, namely
the production of two b-jets in association with large missing transverse momentum.
The purity for the lowest Emiss

T detector-level bin is between 85% and 90% in roughly
all mbb bins in the two-jet category, while it is around 80% for the three-jet category.

In these two regions out-of-fiducial events arise from resolution effects in the
measurement of the missing transverse momentum. The particle-level requirement
of Emiss

T > 150 GeV indeed is the one which is not fulfilled most of the times when
applying the fiducial selection. Such effect is significantly reduced in the detector-
level categories defined for Emiss

T ≥ 250 GeV as it can be seen in Figures 5.28(c)
and 5.28(d). In particular, the purity of the two-jet category is above 95%, while
in three-jet case it is around 90%. Out-of-fiducial events in this case arise from
resolution effects in the measurements of jets and of missing transverse momentum.
In fact, the selection requirement failed by these events is the one on the angular
distance between jets and the ~Emiss

T .
As shown in Figure 5.28 (e-h), the loss in purity of the total signal is mainly

caused by the WH signal events, which roughly constitute 20% of the total detector-
level signal. For the low Emiss

T regions two effects lead to out-of-fiducial events:
the already discussed requirement on the particle-level Emiss

T , and the presence of
electrons and muons in the events. This might be either prompt from the W decay,
or from the leptonic decay of τ -leptons. Reconstruction inefficiencies in particular
regions of the ATLAS detector, or resolution effects at the boundaries of the fiducial
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Figure 5.27. Invariant mass distribution of the Higgs boson candidate for the events
simultaneously satisfying the detector- and particle-level selections and for the events
passing the detector-level selection, without any requirement on the particle-level one.
The four 0L channel SRs are presented, (a-b) show for the 150 GeV ≤ Emiss

T < 250 GeV
interval the 2 jet and 3 jet categories, respectively, while (c-d) show the Emiss

T ≥ 250 GeV
categories. The bottom pad of the plots shows the ratio between the two aforementioned
distributions, which is the definition of the purity. The error band represents the relative
MC statistical uncertainty.

phase-space, lead to out-of-fiducial events in which a particle-level electron or muon
within the acceptance is not correctly identified. Hadronically-decaying τ -leptons
are instead reconstructed as jets, which are τ -labelled and therefore do not enter in
the particle-level jet collection.

In the larger detector-level Emiss
T category, roughly 70÷ 75% of the reconstructed

events are also in the fiducial phase-space. Also in this case, the main component
of out-of-fiducial events arises from the presence of leptons which are either not
reconstructed at detector-level, or fall out of the acceptance. Minor effects are
related to the resolution in the measurement of jets and Emiss

T , as for the Z(νν̄)H(bb̄)
process.
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Figure 5.28. Invariant mass distribution of the Higgs boson candidate for qq → Z(νν̄)H(bb̄) (a-d) and qq →W (`ν)H(bb̄) (e-h) simulated events
in the four detector-level categories corresponding to the SR of the 0L channel defined in the resolved V H(bb̄) analysis. In the bottom pad the
ratio NR&T/NR, which corresponds to the definition of purity, is shown. The error band represents the relative MC statistical uncertainty.
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In order to reduce the number of out-of-fiducial events, the possibility to lower
the particle-level Emiss

T selection was investigated. It is important however to remark
that such a modification would change the fiducial phase-space of the provided
measurement.

While on the one hand the extension of the fiducial phase-space helps by con-
struction in a reduction of out-of-fiducial events, on the other hand such a reduction
introduces features in the measurement. In particular, as already shown in Figure
5.26, the reconstruction efficiency significantly drops for particle-level Emiss

T below
150 GeV. This implies that only a tiny fraction of the real events are measured, thus
a large extrapolation would be performed when providing the fiducial cross-section
measurement. Moreover, in this case the effect of modelling uncertainties on the
choice of the templates used to perform the measurement might wash-out the gain
of a reduced number of out-of-fiducial events.

To quantify the gain in purity, and consequent reduction in reconstruction
efficiency, the two quantities can be monitored simultaneously varying the particle-
level Emiss

T threshold. In Figure 5.29, the receiver operating characteristic (ROC)
curve of the integrated purity and efficiency is presented.

0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3
Integrated efficiency

0.76

0.78

0.8

0.82

0.84

0.86

0.88

0.9

0.92

0.94

In
te

gr
at

ed
 p

ur
ity

10
0

10
5

11
0

11
5

12
0

12
5

13
0

13
5

14
0

14
5

15
0

 threshold [GeV]miss
TTruth E

Figure 5.29. ROC curve obtained varying the particle-level Emiss
T requirement in the

definition of the fiducial phase-space. On the horizontal (vertical) axis, the integrated
efficiency (purity) is shown. The Emiss

T threshold is reported close to each point.

Both quantities are evaluated here in an inclusive way by considering all the
detector-level categories, thus the curve is expected to be dominated by the lower
detector-level Emiss

T bin. However, no effect is expected on the purity of the Emiss
T ≥

250 GeV category by a variation of the particle-level Emiss
T threshold. In Figure

5.30 (a,b) a comparison of the mbb distributions obtained for the total signal in the
two- and three-jet detector-level categories is presented for different values of the
threshold. A minor dependence on mbb is observed. Larger effects can be seen in
the ∆R(b, b) distributions, where a larger gain is observed at high values. This is
expected by the fact that the Emiss

T and ∆R(b, b) variables are correlated in Higgs
boson decays as ∆R(b, b) ∼ 2mH/pT(H) ∼ 2mH/E

miss
T .
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Figure 5.30. (a,b) Invariant mass distribution of the Higgs boson candidate and (c,d) ∆R
distribution of the two b-jets for the events simultaneously satisfying the detector- and
particle-level selections varying the particle-level Emiss

T requirement (P. L. Emiss
T req.),

and for the events passing the detector-level selection. The ratio between the former and
latter distributions is presented in the bottom pad, and corresponds to the definition of
the purity. The uncertainty band shows the relative statistical uncertainty.

To reduce the effect of the efficiency turn-on presented in Figure 5.26 however
it was chosen to keep the particle-level Emiss

T threshold at 150 GeV. Out-of-fiducial
events are considered in the fit model adopted to extract the cross-section values,
and a comparison of the detector-level templates is presented in the next Section.

5.4.3 Fit model and unfolding strategy
The cross-section extraction is performed via a one-step method also referred to as
in-likelihood unfolding. Signal-templates of each detector-level category adopted in
the fit can be in fact re-parameterized as the sum of multiple templates defined by
particle-level selections.

Events with a particle-level Emiss
T lower than 150 GeV are referred to as out-of-
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fiducial-off events, and labelled OOff. Furthermore, events are split in a component
with a particle-level Emiss

T < 250 GeV and one with Emiss
T ≥ 250 GeV. These are the

bins in which we want to measure the differential cross-section. However, as already
mentioned, some of the reconstructed events might be out of the fiducial phase-space.
Therefore the events are split in a in-fiducial, NTj , and an out-of-fiducial component,
OTj , where j = 1 corresponds to the particle-level Emiss

T interval [150, 250) GeV,
and j = 2 to the [250+) GeV one.

The expected number of signal events in a detector-level category, NRi , is
therefore given by

NRi(~α ) =
2∑
j=1

(
N

Tj
Ri (~α ) +O

Tj
Ri (~α )

)
+OOff

Ri (~α ), (5.14)

where the index i refers to either the signal- or control-regions of the 0L channel, as
defined in Section 5.2.4. Each term of Equation 5.14 can vary under the effect of the
nuisance parameters (~α ) which parameterize the effect of systematic uncertainties,
and the dependency is made explicit in the equation.

The profile-likelihood (or one-step) unfolding method adopted in this work
provides equivalent results to other unfolding methods commonly adopted to perform
fiducial cross-section measurements, e.g. the iterative Bayesian method [228]. The
difference is that there is not an explicit inversion of a resolution matrix, which in
the latter method happens in a second separate stage with respect to the background
subtraction procedure. Furthermore, the method chosen in this study allows to
propagate in a straight-forward manner the pulls, constraints and correlations
between the different NPs which parameterize the effect of systematic uncertainties
in the maximum-likelihood fit.

As already mentioned, the number of in-fiducial events, whose associated signal
strength is later converted in a cross-section value, is extracted from the detector-level
regions of the 0L channel of the resolved V H(bb̄) analysis. The number of in-fiducial
events in the two bins are scaled inclusively in the fit by two independent freely-
floating POI, µTj . Out-of-fiducial events which belong to the same particle-level
Emiss
T interval, also referred to as diagonal out-of-fiducial component, can be either

fixed to SM predictions or scaled by the same signal strength parameters. This latter
case foresees that if the measured cross-section deviates from the SM predictions,
out-of-fiducial events increase accordingly. However if the number of these events is
not negligible, the latter parameterization might lead to reduced uncertainties on the
signal strength parameter which scales the in-fiducial component, thus artificially
reducing the uncertainty on the measured fiducial cross-section.

In Figure 5.31 a summary of the categorization of the events in the different
detector-level SR categories given their particle-level origin is presented.

As expected from what discussed previously, in the lowest detector-level Emiss
T bin

most of the out-of-fiducial events are characterized by a particle-level Emiss
T below

150 GeV, thus fall in the OOff category.
Furthermore, from the same plot by looking at only the first two columns, and

considering the sum of the first-and-second line and the third-and-fourth ones, a
migration matrix in the Emiss

T variable is obtained.
A comparison between the in-fiducial and out-of-fiducial detector-level templates
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Figure 5.31. Categorization of the MC events adopted to build the signal template used
in the fit in the different detector-level SRs, given their particle-level categorization.

is presented in Figure 5.32. In the detector-level categories requiring 150 ≤ Emiss
T ≤

250 GeV it is possible to observe that the in-fiducial off-diagonal component, i.e.
NT2 , is roughly 5% of the diagonal component NT1 . Moreover, from the shape
comparison it is possible to see that the former one has a lower mass scale. This is
due to the fact that only events included in the detector-level SRs categories are
shown. Therefore, to fall in the 150 GeV ≤ Emiss

T < 250 GeV SR, events with large
particle-level Emiss

T will be characterized by a larger mbb value such that the ∆R(b, b)
constrain is matched.

The out-of-fiducial-off component, OOff, is the largest one in these detector-level
categories: as already mentioned, this is due to the migration of events across the
Emiss
T lower boundary of the fiducial phase-space. From the bottom pad of Figure

5.32(a) it is possible to see that this component has also a larger mass scale compared
to the signal we aim to measure.

The diagonal out-of-fiducial component, (OT1), in the mbb range where most of
the events are expected, is almost degenerate in shape with NT1 . Therefore it is
not possible to assign in the maximum likelihood fit two independent normalization
factors to normalize separately these components.

From Figures 5.32(a) and 5.32(b) it is also possible to see how the shape differences
between the templates are larger in the two-jet category with respect to the three-jet
one.

The latter conclusion holds also for the larger detector-level Emiss
T bin. Also

in the two categories of this Emiss
T interval it is possible to see how the shape of

the diagonal in-fiducial and out-of-fiducial components are almost degenerate. The
off-diagonal in-fiducial component NT1 is slightly larger in this case, reaching up to
17% in the three-jet category. However, no contribution from the out-of-fiducial-off
component is expected here.
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Figure 5.32. Signal templates adopted in the maximum likelihood fit for the four detector-
level SRs. The top pad compares the expected distributions, while in the bottom one
a shape comparison with respect to the largest contribution in the specific region is
presented. Contributions with an integral, indicated in the legend, below 1 event are
not shown in the shape comparison.

Statistical model. The fit model adopted in this work is entirely inherited
from the published V H(bb̄) resolved analysis [42], and is described in Section 5.2.5
of this Chapter. Therefore also the 1- and 2-lepton channels are included.

The other leptonic channels are included to obtain a more precise estimate of
the Z+jets, W+jets and tt̄ processes, since the former is driven by the 2L channel,
and the latter two by the 1L one. Indeed, the MC simulations adopted are affected
by a known mismodelling which needs to be corrected in control regions. Since the
1L and 2L channels are meant to be used as CRs only, the SRs of such channels
are taken single-binned, and the SM V H(bb̄) signal is considered as a background
process and fixed to SM predictions (i.e. no freely-floating NF is applied to such a
process).

The pre-fit distribution of the invariant mass distribution of the Higgs boson
candidates in the four SRs adopted in the fit are presented in Figure 5.33. In Figure
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5.34 the pre-fit comparison of the data and MC expected yields in the several CRs
considered in the fit is shown, and as it can be seen the background predictions are
not exactly reproducing the data. In particular an under-estimation of the data is
observed in the 0L and 2L channels due to the mismodelling of the Z+jets process.
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Figure 5.33. Pre-fit invariant mass distribution of the Higgs boson candidates for the four
SRs of the 0L channel. The in-fiducial and out-of-fiducial components are shown on top
of the SM backgrounds. The bottom pad shows the ratio between data and the SM
predictions. The error band represents the total relative uncertainty on these.

Signal modelling uncertainties. Signal modelling uncertainties for the 1 and
2L channels are kept as in the published resolved V H(bb̄) analysis, but the expected
impact is negligible since the SRs of the aforementioned channels are taken as single-
binned. In the 0L channel no modelling uncertainties are included initially. However,
at least two components will need to be considered. The first one is related to the
unfolding procedure, and in particular associated to the fact that the detector-level
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Figure 5.34. Pre-fit comparison of observed data and expected MC predictions for the 0L
(a), 1L (b) and 2L (c) channels, respectively. The SRs of the 1L and 2L channel are
taken single-binned, and kept separate with respect to the CRs. The bottom pad shows
the ratio between data and the SM predictions, and the error band represents the total
relative uncertainty on these. The effect of modelling uncertainties is not shown here.

templates used in the maximum likelihood fit have been derived using the nominal
MC simulation (cfr. Section 5.2.1) of the V H(bb̄) SM process.

Another modelling uncertainty which might need to be included is due to the
definition of the fiducial phase-space, which allows either the presence of two or three
jets in the events. Therefore, the ratio between the two- and three jet events is fixed
by the model chosen in the simulation used to extract the cross-section value via
the fit, i.e. by the SM. However, the statistical uncertainty is expected to dominate
the measurement, especially in the higher particle-level Emiss

T bin, therefore such an
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effect might be sub-leading, and has been neglected in this sensitivity study.

5.4.4 Results
The post-fit mbb distributions for the 0L channel SRs are presented in Figure
5.35. The signal component is split according to the categories defined in the
previous section. The large contribution observed in the three-jet category of the
150 ≤ Emiss

T < 250 GeV interval for the tt̄ background motivated the adoption of the
1L channel as a control region of this measurement.

The difference which can be observed between the pre- and post-fit background
distribution in the two-jet category of the 150 ≤ Emiss

T < 250 GeV bin is due mainly
to the Z+jets process. The inclusive cross-section is corrected by means of the
high- and low-∆R CRs of the 0L channel, and by the highly-pure regions of the 2L
channel.

As already mentioned, the 1L and 2L channels of the V H(bb̄) analysis are kept
in this measurement as CRs in order to improve the estimates of the background
processes. In Figure 5.36 summary plots showing the 36 resulting CRs are presented,
split for each leptonic channel.

The normalization factors measured for the background processes are reported in
Table 5.6. The precision with which such NF are measured is roughly proportional
to the data statistics in the regions defined, and vary between 5 ÷ 10%. The
tt̄ background is better constrained in the three-jet category due to the large
contribution observed also in the 0L channel, both in the high-∆R CR and in the
SR itself. The W+HF NF value is driven instead mainly by the low-∆R CR of the
1L channel.

Table 5.6. Normalization factor of the background processes measured in the maximum
likelihood fit.

Process and category Normalization factor
Z+HF, 2 jet, pT(V ) < 150 GeV 1.32± 0.08
Z+HF, 3 jet, pT(V ) < 150 GeV 1.17± 0.05
Z+HF, 2 jet, pT(V ) > 150 GeV 1.20± 0.07
Z+HF, 3 jet, pT(V ) > 150 GeV 1.10± 0.04

W+HF, 2 jet 1.08± 0.12
W+HF, 3 jet 1.14± 0.10
tt̄, 2 jet 0.98± 0.11
tt̄, 3 jet 0.98± 0.06

The normalization factors measured for the signal processes are reported in
Figure 5.37. A breakdown of the uncertainties on the POI is performed by fixing
group of nuisance parameters, and looking at the difference in quadrature of the
new best-fit-value for a particular POI with respect to the original one.

The statistical component of the uncertainty is evaluated by fixing all NPs to
their best-fit-value. The total systematic component is then obtained by subtracting
in quadrature from the total uncertainty the statistical one. The uncertainty on the
POIs associated with the NT1 component is affected by statistical and systematic
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Figure 5.35. Post-fit invariant mass distribution of the Higgs boson candidates for the
four SRs of the 0L channel. The in-fiducial and out-of-fiducial components are shown on
top of the SM backgrounds. The bottom pad shows the ratio between data and the SM
predictions. The error band represents the total relative uncertainty on these.

uncertainties of roughly the same size. The measurement of NT2 is dominated by
the statistical one instead.

In Table 5.7 a detailed breakdown of different sources of uncertainty on the POI
used to extract the fiducial differential cross-section measurement is presented. The
effect shown is the mean between the one associated with a plus 1σ and minus 1σ
variation of the post-fit value of the NPs.

Among detector-related systematic uncertainties, the dominant effect on both
the POI associated with the fiducial templates is due to the measurement of hadronic
jets. The uncertainty is dominated by jet flavour composition and energy scale uncer-
tainties. The second leading effect is associated with missing transverse momentum:
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Figure 5.36. Post-fit comparison of observed data and expected MC predictions for the
0L (a), 1L (b) and 2L (c) channels, respectively. The SRs of the 1L and 2L channel are
taken single-binned, and kept separate with respect to the CRs. The bottom pad shows
the ratio between data and the SM predictions, and the error band represents the total
relative uncertainty on these.

to this term both track-soft-term and trigger efficiency uncertainties contribute. The
third effect is associated to the flavour tagging procedure, while uncertainties on
leptons are subdominant, as they are only inherited by the inclusion of the 1L and
2L channel as CRs.

Concerning modelling systematic uncertainties, the one associated with the V H
signal is almost negligible, and it is inherited by the inclusion of the other leptonic
channels as CRs, since no uncertainty on the signal template adopted in the 0L
channel to extract the fiducial cross-section measurement is assigned. The dominant
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Figure 5.37. Best fit value of the freely-floating signal strength parameters included in the
maximum likelihood fit, and breakdown of the statistical and systematic uncertainty
components.

effect on the µT1 parameter arises from tt̄ modelling, and is due to the fact that the
three-jet category of the 150 GeV ≤ Emiss

T < 250 GeV detector-level bin has a large
background component coming from tt̄ events. Furthermore, the µT1 parameter
uncertainty is largely affected by the modelling of the dibosons processes. This effect
is mainly due to the resolution of the mbb distribution. As it can be seen in Figure
5.35(a) part of the in-fiducial template overlaps with the diboson peak.

Both µT1 and µT2 are largely affected by the modelling uncertainties associated
to the dominant and irreducible (under the Higgs boson peak) background process:
Z+jets. The main effect arises from flavour composition uncertainties, i.e. how
differently the nominal Sherpa MC generator and the alternative one, based on
MadGraph+Pythia 8, model the ratio of the Z+ [bc]/Z+ [bb] and Z+ [bl]/Z+ [bb]
processes. For the same reason, uncertainties on the W+jets processes arise, but
their effect in the 0L channel is sub-dominant. Moreover, the effect of mismodelling
of the V+jets processes is also propagated to non-unit floating normalization factors.

A non negligible component of the uncertainty is also due to the MC statistical
uncertainty. With respect to the published resolved V H(bb̄) analysis [42], this
component has a larger impact on the POIs because the signal templates are split
in smaller components. For this reason, their measured value is more affected by
the presence of gamma-parameters (as defined in Sec. 4.7.2) which parameterize the
effect of the MC statistical uncertainty in the fit.

The correlation matrix between the POIs is presented in Figure 5.38. The two
parameters adopted to normalize the fiducial templates, µT1 and µT2 , exhibit a slight
negative correlation of −9.5%. This effect is due to the presence of non-diagonal
terms in the Emiss

T migration matrix, as discussed in the previous Section.
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Table 5.7. Breakdown of the uncertainties on the POIs associated to the templates adopted
for the extraction of the fiducial differential cross-section. The effects of the statistical
and systematic component add in quadrature to the total uncertainty, while the single
components do not due to the presence of correlations between the different NPs.

Set of Effect on the uncertainty
NPs ∆µT1 ∆µT2

Total 0.67 0.51
Statistical 0.45 0.45
Systematic 0.50 0.23
Experimental uncertainties
Leptons 0.01 0.04
Missing transverse momentum 0.06 0.05
Jet 0.16 0.10
FTAG b-jet 0.06 0.06
FTAG c-jet 0.06 0.04
FTAG light-flavour-jet 0.03 0.01
Pileup 0.02 0.02
Luminosity 0.02 0.02
Modelling uncertainties
Single top-quark 0.07 0.04
tt̄ 0.17 0.06
W+jets 0.10 0.03
Z+jets 0.12 0.08
Dibosons 0.14 0.06
V H signal 0.01 ≤ 0.01
Floating normalizations 0.15 0.06
MC stat 0.17 0.11
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Figure 5.38. Correlation matrix of the NFs associated to the signal templates adopted in
the maximum likelihood fit to extract the fiducial differential cross-section.



214 5. Measurement of the V H(bb̄) process

Finally, the measured fiducial differential cross-section for the Emiss
T + b-jets

process is reported in Table 5.8. The total error for each term is given by the sum
in quadrature of its statistical and systematic uncertainties.

Table 5.8. Measured values of the fiducial cross-section in the two particle-level Emiss
T bins.

σfid(150 ≤ Emiss
T < 250 GeV) 5.58± 2.55 (stat.)± 2.86 (syst.) fb

σfid(Emiss
T ≥ 250 GeV) 1.83± 0.69 (stat.)± 0.35 (syst.) fb

The study presented in this Section provides for the first time a fiducial cross-
section measurement of the H(bb̄)+Emiss

T process. As mentioned at the beginning of
the Chapter, these results provide foundations for a more complete and refined work
to be performed in the context of a Run 2 legacy V H(bb̄) analysis.
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Chapter 6

Next generation V +jets Monte
Carlo simulations

The importance of the V+jets process modelling has been highlighted several time
in this thesis, as they often form the dominant background of new physics searches
and Higgs boson measurements.

The following Chapter summarises a new Sherpa V+jets configuration developed
within the ATLAS collaboration in conjunction with the Sherpa authors. Both
the statistical precision and modelling performance are evaluated. Improvements
in the parton shower model, and the inclusion of virtual NLO EW corrections as
on-the-fly weights are of particular interest for the aforementioned V H(bb̄) and
monojet analyses. These can be found in Section 6.1. Moreover, HF modelling
improvements in the form of a hybrid flavour scheme, in which a 4-flavour scheme
NLO Z+bb calculation is matched with an inclusive 5-flavour Z+jets calculation, is
presented.

The possibility to generate events via cross-section biasing has been introduced
in recent versions of the Sherpa event generator. The performance of this method
are presented in Section 6.2, as well as the results which guided the development of
improved methods. The statistical power of the final configuration chosen for the
bulk production of MC events in ATLAS is discussed in Section 6.2.3, along with a
comparison to the previous recommended setup.

Part of the results presented in this Chapter have been published in the paper
arXiv:2112.09588 (submitted to JHEP) which documents modelling and computa-
tional improvements to the simulation of V+jets processes.

6.1 The impact of improved calculations
The default Sherpa V+jets MC configuration adopted by several ATLAS Run
2 analyses, referred to in this Chapter as the Legacy setup, corresponds to the
description provided in Section 4.2.1 and summarised here. The configuration is
based on Sherpa version 2.2.1, in which matrix elements accurate up to 2-jets at
NLO, and up to 4-jets at LO in QCD are calculated in a 5-flavour scheme [229],
considering massless c/b-quarks. NNPDF3.0NNLO is the PDF set chosen as nominal,
with a set of 100 replicas available as alternative MC weights to evaluate PDF-related

https://arxiv.org/abs/2112.09588
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uncertainties. To estimate the effect of missing higher orders in the calculation,
variations of the renormalization and factorization scales are also parameterized as
alternative MC weights. The final inclusive V+0,1,2j@NLO, 3,4j@LO is merged
and matched to the Sherpa PS, based on the Catani-Seymour dipole description,
with the MC@NLO algorithm using the CKKW procedure [164]; a merging scale
Qcut = 20 GeV is adopted. This procedure is briefly summarised in Section 6.1.3.
The updated configuration chosen by ATLAS, also referred to as Final setup in this
Chapter, is based on Sherpa 2.2.11. An additional fifth emission at LO is included
in the ME calculation. The PDF set and the matching and merging procedures are
the same of the previous setup.

A summary of the changes between the two versions of the MC generator is
presented in Table 6.1. All the mentioned topics are discussed in further detail
below.

Table 6.1. Summary of the Legacy and Final Sherpa configurations.

Feature Legacy Final

Generator version Sherpa 2.2.1 Sherpa 2.2.11
PDF set NNPDF3.0nnlo NNPDF3.0nnlo

EW input scheme Effective sin θW,eff
QCD accuracy 0-2j@NLO+3,4j@LO 0-2j@NLO+3,4,5j@LO

NLOvirt corrections No Yes
Subtraction scheme Default Modified Catani-Seymour

Unordered histories allowed Yes No
Gluon colour/spin exact matching Yes No

Generation strategy Sliced in max(HT, p
V
T ) Analytic Enhancement

6.1.1 Next-to-leading-order virtual electroweak corrections
Electroweak corrections to the production of vector bosons in association with jets can
have a significant effect on the predicted cross-section at large transverse momentum.
This is due to the appearing in the calculation of large Sudakov logarithms which
take into account the possible emissions of virtual vector bosons.

The possibility to include virtual NLO electroweak corrections [183] in the
predictions by means of alternative internal weights have been included in latest
Sherpa versions. These corrections are similar to the one adopted by the monojet
analysis described in Section 4.2.1.

NLO EW virtual corrections can be expressed as

δσNLOn,EWvirt = [Bn(Φn) + Vn,EW(Φn) + In,EW(Φn)] dΦn, (6.1)

where Φn represents the phase-space of the n-particle final state. Bn represents the
Born process of order αns and α2 in the strong and electroweak coupling constants,
respectively. Vn,EW is the exact virtual one-loop correction of the Born process with
α3 in the EW coupling, and In,EW is the approximated subtraction term used to
make the cross-section finite. It has been shown that the approximations used in
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the derivation of the subtraction term agree well with the full NLO EW calculation
given in Ref. [183], except in phase-spaces dominated by the real emission of an
additional vector boson.

The net effect of virtual NLO EW corrections on the cross-section is a reduction
in the predictions at high pT (V ) as shown by Figure 6.1. Three alternative ways of
implementing the corrections are available: additive (QCDNLO+δEW), multiplicative
(QCDNLO×δEW) and exponentiated (QCDNLO×expδEW). The first two are described
in Ref. [183], while the latter in Ref. [230].
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Figure 6.1. Effect of NLO EW corrections on cross-section predictions for V+jets processes,
shown as a function of the vector boson pT. Credits to Matthew Gignac and Christian
Gutschow.

Results obtained in the three different methods are consistent with each other
for both W+jets and Z+jets processes. As already mentioned in Chapter 4, NLO
EW corrections include different terms for Z(→ `−`+) and Z(→ νν̄), thus these
processes are shown separately. The size of the corrections is similar to the one
observed in the reweighting procedure adopted by the monojet analysis, though in
that case the calculations were reweighted to NNLO QCD + NLO EW accuracy.

The availability of such corrections as internal weight variations allows, in
principle, the to be used in the MC predictions adopted in every ATLAS analysis.
The availability of these higher-order corrections as on-the-fly weights reduces our
needs in terms of both CPU, disk space and computing time.
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6.1.2 Electroweak parameter input scheme
In the EW sector of the SM, relations between parameters such as mW , mZ , α, and
those related to the Higgs sector are fixed for a given perturbative accuracy. Three
independent parameters are given as an input to the Sherpa Event generator. For
the Legacy configuration, these are mW = 80.399 GeV, mZ = 91.1876 GeV and
mH = 125.09 GeV, following Ref. [231]. The weak mixing angle (or Weinberg angle)
is then derived using tree level relations using the input vector boson masses:

sin2 θW = 1− m2
W

m2
Z

= 0.222. (6.2)

However, when evaluating this quantity at the Z pole, higher order corrections due
to bosonic and fermionic loops need to be included. These shift the value of the
weak mixing angle to sin2θW,eff, which is called effective mixing angle. Combined
measurements from ATLAS, CMS and LHCb provide [73] sin2θW,eff = 0.23113. This
value is set in the generator configuration.

τ -lepton polarization in Z boson decays arises in the EW theory from the
mixing of the Aµ and W 3

µ fields, as introduced in Chapter 1.1, which depends on
the sin2 θW value. The polarization (P) measured at the Z pole in a simulated
Z(→ τ−τ+)+jets sample produced with the Legacy setup, is found to be in tension
with the measurement of such quantity performed at LEP [232]. P is measured as

P(τ−) = σR − σL
σR + σL

, (6.3)

where σL(R) are the cross-sections measured for left- and right-handed τ -leptons. Its
value can be extracted from MC events by looking at the τ visible four-momentum
fraction (xπ) in τ → πν decays, parameterizing the cross-section according to

1
N

dN

dxπ
= 1 + P (2xπ − 1). (6.4)

In the Legacy sample P = −0.2, while the measured value from LEP is −0.14±
0.02(stat.) ± 0.04(syst.) [232]. In order to correct such a discrepancy, the Final
configuration for Z+jets adopted an EW scheme in which the effective value of
sin2 θW is given as an input, together with the mass of the Z boson and α(mZ).
This is called the sin2 θW scheme. Using PDG values and tree level EW relations, a
slight tension is found for the value of the mass of the W boson. However, this is
not relevant in the simulation of Z+jets processes.

The Gµ scheme was chosen for the simulation of W+jets even if the predicted
mixing angle is the same of the Legacy setup, sin2 θw = 0.222. The EW input
parameters in this scheme are the Fermi constant Gµ, and the mass values of the
W and Z bosons. Figure 6.2 shows the particle level measurement of the τ -lepton
polarization in Z(→ τ−τ+)+jets events generated in the two aforementioned schemes.
As expected, the sin2 θW result is consistent with the LEP measurement, while the
Gµ one is not, yielding a value similar to the one observed in the Legacy setup.

Such choice of the scheme of EW input parameters has almost no effect on the
MC distributions. However, in Drell-Yan events ((Z → `−`+) with ` = e, µ), the
forward-backward asymmetry in the polar angle of the leptons (with respect to the
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Figure 6.2. Particle level measurement of the τ -lepton polarization in Z → τ−τ++jets
MC events generated with the Gµ and sin2 θW schemes in orange and blue, respectively,
as a function of the visible momentum fraction of τ leptons in τ → πν decays, xπ. The
fitted values of P are indicated in the legend, along with their uncertainty. The dip
observed in the first bin is expected due to the finite mass of the τ lepton, and it is
excluded from the fit. Credits to Janina Anna Krzysiak

beam direction) defined in the rest frame of the dilepton system, is sensitive to the
weak mixing angle. Such measurement was performed by the ATLAS collaboration
at
√
s = 7 TeV [233]. A cross-check with samples generated at such centre-of-mass

energy was performed. Both the two schemes were found to be in good agreement
with data.

6.1.3 Improved performance of the parton shower model

In multijet merged setups, such as Sherpa, the ME and PS are combined such that
the strength of each algorithm is exploited. Matrix elements accurately describe
hard emissions at a fixed order in αs, while PS generates QCD radiation patterns
down to the ΛQCD scale (cf. Section 1.1.1). Merging and matching algorithms allow
to reweight the ME to the accuracy of the PS, by taking into account Sudakov
factors for the non-emission of additional partons [234] and avoid double counting of
the processes. Furthermore, Sudakov factors include the effect of unresolved-real-
and virtual-corrections, which are needed to maintain the logarithmic accuracy of
the overall prediction [164].

The CKKW-L matching procedure adopted by Sherpa re-interprets the final
states obtained from the ME as a core process accompanied by parton emissions.
A backward clustering is performed with a kt algorithm by inverting the parton
shower kinematics, as described in Ref. [235]. This procedure is applied iteratively
according to Feynman rules until a core process is identified. A series of nodes (n)
in which parton emissions happen are found. In each of those, the strong coupling
constant is evaluated at the branching scale Qn, i.e. the energy of the emitting
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parton, as determined in the clustering process. Sudakov factors are then included
to veto additional emissions between two nodes. One of the determined parton
shower histories is chosen, in a probabilistic way, to represent the event. From such
a starting configuration, the PS algorithm is run. Emissions in the PS above the
Qcut scale are vetoed.

In the clustering procedure outlined above, the branching scales increase towards
the core process as Qn ≤ Qn−1 ≤ .. ≤ Q1 ≤ Qcore. However, in extreme regions
of the phase space, it may happen that unordered scales are found, i.e. the scale
Qm−1 is lower than Qm. In such cases no Sudakov factor can be evaluated, thus
the differential cross-section might become uncontrollably large. In the Final
configuration, such unordered scales (or unordered histories) are no longer allowed.
If these appear, the largest previously identified scale is used for the evaluation of αs.
This leads to a reduction in the predicted cross-section in phase spaces dominated
by multiple parton emissions with similar pT, such as at large mjj values. In Figure
6.3(a) the particle-level distribution ofmjj obtained in the Legacy and Final setups
is compared to measured data by the ATLAS collaboration in Z+jets events [179].
The over-prediction observed in the Legacy setup in the tail of the distribution is
significantly reduced in the Final one, thanks to the veto on unordered PS histories.
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Figure 6.3. Comparison of generator level predictions from the Legacy and Final setups
of the (a) mjj distribution against data measured by ATLAS in the inclusive Z+jets
measurement [179], and (b) of the transverse momentum of lepton pairs in Drell-Yan
events as measured from ATLAS [236]. Both measurements have been performed at√
s = 13 TeV. The uncertainty band is built from the envelope of the variations obtained

changing the renormalization and factorization scales of a factor one-half and two, both
simultaneously and independently. The cases in which one scale is varied of a factor two
and the other one of a factor one-half are excluded. Credits to Matthew Gignac.

Another improvement of the Final Sherpa configuration concerns the Catani-
Seymour dipole operators [237] which are used to subtract the overlapping phase
space between the ME and PS. These were slightly modified to better reflect the
known soft limits of the hard matrix elements. These changes are made consistently
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in both the parton shower, the NLO fixed-order and NLO matched calculations, and
mainly affect the physics in the parton shower and are thus relevant for pVT around
and below the merging scale, 20 GeV. As it can be observed in Figure 6.3(b), which
shows the differential cross-section as a function of the transverse momentum of
the pair of leptons in Drell-Yan Z(→ e−e+) events, a discrepancy in the predictions
from the PS and the ME components of the calculation leads to a bump around
the merging scale 20 GeV. In the Final configuration, the aforementioned modified
dipole operators are adopted, therefore a better agreement with data measured by
the ATLAS collaboration [236] is obtained. Such an improvement is also expected to
reduce the modelling uncertainties associated to the variation of the merging scale.

Negative-weighted events are needed to take care of divergences which appear
beyond the LO. A reduction in the fraction of these over all the events has been
achieved in Sherpa 2.2.7, and following versions, by running the PS in the leading
colour approximation, i.e. neglecting terms which are suppressed by a power of Nc.
This approximation has no effect on the differential cross-section predictions. In
the Legacy setup, in Z(→ e−e+)+jets events, an overall negative weights fraction
(NWF) of 18% is observed. In the Final setup, instead, this has been reduced to
9%, with a significant reduction at low values of HT. This quantity is defined as
the scalar sum of the transverse momenta of particle-level jets, built from stable
particles (as defined in Section 5.4.1) using the anti-kt algorithm with R = 0.4. The
impact on the statistical power of the MC samples of such improvement is discussed
in Section 6.2.3.

6.1.4 Heavy flavour modelling

The production fraction of weakly-decaying b- and c-hadrons in Sherpa has been
checked in tt̄ samples, and compared data measurements and to predictions from
alternative samples [238]. The values are found to be in tension with the predictions
from other MC generators and the world-average data. These discrepancies, which
are present also in the V+jets setups, have a direct effect on quantities relevant for
the flavour tagging procedure, such as track multiplicities, or the kinematics of the
decays. A consequence of this was shown already in this thesis in Section 5.3, where
large MC-to-MC SFs are needed to correct the mistag rate of c-jets.

From the 2.2.4 version of the Sherpa event generator onwards, the modelling
of HF decays has been improved thanks to updated decay rates and better tuning
of the parameters which impact the b- and c-jets fragmentation functions. These
describe the longitudinal momentum distribution of hadrons inside jets, and are
defined as zb,c ≡ ~pb,c · ~pjet/|pjet|2. In Figure 6.4, the production fraction for different
weakly-decaying b- and c-hadrons, as measured from particle-level jets of W+jets
events, is presented for the Legacy configuration (based on Sherpa 2.2.1) and
the Final one (based on Sherpa 2.2.11). These are compared to world-average
data from Refs. [239, 240]. A better agreement with measured data is observed in
the latest version of the event generator. In general, in the Sherpa 2.2.1 setup an
over-production of Λ0

b and Λ+
c baryons, grouped in the Hb,c category, was observed.

These discrepancies lead to differences in the jet fragmentation functions intro-
duced above. In Figure 6.5, the distribution of z as measured at particle-level in
W+jets simulated samples is compared between Sherpa 2.2.1 and 2.2.11 for b- and
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Figure 6.4. Production fractions of weakly-decaying (a) b- and (b) c-hadrons as measured
from simulated Sherpa 2.2.1 and 2.2.11 W+jets samples, compared to world average
data from Refs. [239, 240].

c-jets. In the events, hadrons are associated to jets with an exclusive ∆R < 0.3
matching, as introduced in Section 3.3.2. In Sherpa 2.2.11, the b-hadron fragmenta-
tion function is less peaked, while the step structure observed in Sherpa 2.2.1 for
the c-hadron fragmentation function is smoothed. The differences observed between
the two setups have an impact on the flavour tagging procedure, as described in the
case of tt̄ events in Section 5.3. In particular, MC-to-MC SFs are expected to be
closer to unity.
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Figure 6.5. Particle-level comparison of the z distribution, defined in the text, as observed
for b- and c-jets in W+jets Sherpa 2.2.1 and 2.2.11 simulated events.
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6.1.5 Heavy flavour fusing

As presented in Section 5.3, the modelling of vector boson production in association
with heavy flavour (HF) jets is highly relevant to V H(→ bb̄) measurements. The
Sherpa event generator adopts a five-flavour number scheme (5FS) calculation,
in which b-quarks are considered as mass-less particles and included in the PDF.
Therefore, such a particle can appear both in the initial and final states of the
calculations. The mass of the b-quarks is then restored in the parton showering
by means of a kinematic reshuffling. This is needed otherwise an excess of g → bb̄
splittings would be observed. A five-flavour massive scheme has been proposed in
Ref. [241], but is not yet part of multijet merged event generators. An alternative
way of including the b-quark mass in the ME calculation is to use only four active
flavours in the PDFs (4FS), thus neglecting the b contribution in the initial state.

From Sherpa 2.2.8 onwards, a method to combine a 4FS Z + bb̄ calculation at
NLO QCD with a 5FS Z+jets predictions, called heavy flavour fusing, is available
[242]. The removal of overlapping events is treated separately in the two samples. Z+
bb̄ events are treated as if they are part of an inclusive multijet merged sample. When
the MEPS@NLO algorithm is run on them, the overlap with the 5FS calculation
is taken into account by the Sudakov logarithms, which express the differential
radiation probability of the final state partons. In the 5FS calculation, instead, a
veto on parton shower histories which would lead to a configuration allowed also
by the 4FS calculation is set. In such a way, two separated and non-overlapping
samples are obtained, which form the direct and the fragmentation component,
respectively. The first one describes the production of Z + bb̄ events via 4FS ME
calculation considering massive b quarks. The latter includes events in which b pairs
are produced via gluon splitting. The fragmentation component of the 5FS sample
can be isolated in the generated events by means of alternative MC-event-weights
available in the simulated sample of events: such weight is either 0 or equal to the
nominal MC weight. The sum of the two samples yields the 4+5FS fused setup.

A first validation set of events was produced in ATLAS to allow modelling
comparisons with available data. In Figure 6.6 the fused setup and the 5FS samples
are compared to the ATLAS measurement of Z + b(b̄) differential cross-sections
performed at 13 TeV [217]. Both the setups presented in this comparison are based
on a version of Sherpa (2.2.10) which does not include the improvements discussed
in Section 6.1.3.

Moreover, the default 5FS sample includes up to 4 jets @LO in the ME, not 5 jets
@LO as in the Final configuration. Overall, a similar modelling of data is achieved
in the two setups, with the fuses one predicting a slightly higher cross-section than
the 5FS configuration. In the ∆R(b, b) distribution presented in Figure 6.6(b), it
is possible to see how the fragmentation component is mainly dominant at lower
values, hinting at the gluon splitting (g → bb̄) process.

Resolved Z(→ νν̄)H(→ bb̄) phase space.

The fused setup has been also tested at particle level by requiring the 0-lepton
channel event selection of the V H(bb̄) measurement. Since unfolded data are not
available in such phase space yet, only a MC to MC comparison has been performed.
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Figure 6.6. Particle level comparison of the fused and 5FS setups against data measured
by ATLAS [217] at

√
s = 13 TeV in Z + b(b̄) final states, for the Z boson pT (a) and

∆R(b, b) distributions in events with two or more b-tagged jets (b). The uncertainty
band shown around the default setup is built from the envelope of the renormalization
and factorization scale variations.

Events are required to have at least 150 GeV of truth missing transverse momen-
tum, built as defined in Section 5.4. Central (forward) jets are selected if they have
at least 20 GeV (30 GeV) of pT, and |η| < 2.5 (2.5 < |η| < 4.5). At least two central
jets are required in the events.

To emulate the performance of the flavour tagging procedure, the truth tagging
method, introduced in Section 5.2.3 is used. In order not to introduce in the
modelling comparison any dependence on the efficiency maps used, the same set is
used for all the configurations. The leading b-truth-tagged jet in the event is then
required to have pT > 45 GeV.

As for the detector-level analysis presented in Section 5.2, events are categorized
based on the number of leptons found in the final state. Particle-level electrons
(muons) are considered if they have |η| < 2.47 (|η| < 2.7) and at least pT > 7 GeV.
Moreover, leptons are required to have ∆R > 0.4 from any jet in the event. Only
events with exactly 0 leptons passing these selections are considered. To improve the
statistical uncertainty of the adopted samples, the 2 and 3 jet categories are merged
together in a single region, and no categorization in signal and control regions is
performed.

A comparison of the Legacy setup with the 5FS Sherpa 2.2.10 and the 4+5FS
fused setups is performed for Z(→ νν̄)+jets events. The distribution of the invariant
mass of the two jets forming the Higgs candidate (mbb), and of the leading b-jet
pT are shown in Figure 6.7 for events in which the two jets are both b-labelled.

Similar modelling by the three configurations is observed. In the plots, it is
possible to see how in Z + [bb] events the fused setup is mainly composed by the
direct component, while the fragmentation part has a larger effect at low values of
mbb.



6.1 The impact of improved calculations 225

50 100 150 200 250 300

0.2

0.4

0.6

0.8
1

1.2

1.4

1.6

1.8
2

2.2

2.4

3−10×

 [p
b 

/ G
eV

]
bb

 / 
dm

σd

Sherpa 2.2.1

Sherpa 2.2.10, default (5FS)

Sherpa 2.2.10, direct Z+bb

Sherpa 2.2.10, fragmentation

Sherpa 2.2.10, fuse setup

-1 = 13 TeV, 139 fbs
) + [bb]νν →Z(

(V) > 150 GeV
T

[2,3] jets, 2 b-tag, p

50 100 150 200 250 300
 [GeV]bbm

0.5

1

1.5

R
at

io
 to

 S
he

rp
a 

2.
2.

1

(a)

50 100 150 200 250 300

0.5

1

1.5

2

2.5

3
3−10×

 [p
b 

/ G
eV

]
1b T

 / 
dp

σd

Sherpa 2.2.1

Sherpa 2.2.10, default (5FS)

Sherpa 2.2.10, direct Z+bb

Sherpa 2.2.10, fragmentation

Sherpa 2.2.10, fuse setup

-1 = 13 TeV, 139 fbs
) + [bb]νν →Z(

(V) > 150 GeV
T

[2,3] jets, 2 b-tag, p

50 100 150 200 250 300
 [GeV]

T
leading b-jet p

0.5

1

1.5

R
at

io
 to

 S
he

rp
a 

2.
2.

1

(b)

Figure 6.7. MC-MC comparison of the Legacy, default (5FS) and fused (4+5FS) setups in
the Z(→ νν̄)H(→ bb̄) phase space in events with two b-labelled jets. Only the statistical
uncertainty is shown.

In Figure 6.8, the same distributions are presented, but for events in which the
two jets forming the Higgs-candidate are b- and c-labelled, respectively. This is, in
fact, the second leading background for the Z(→ νν̄)H(→ bb̄) measurement. In this
case, the direct and fragmentation components contribute half each to the fused
setup.
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Figure 6.8. MC-MC comparison of the Legacy, default (5FS) and fused (4+5FS) setups
in the Z(→ νν̄)H(→ bb̄) phase space, in events with one b- and one c-labelled jet. Only
the statistical uncertainty is shown.

From the previous comparisons, no significant differences are observed between
the default and fused setup. However, the possibility to adopt such method in the
Legacy V H(bb̄/cc̄) analysis will be investigated as samples in the Final configuration
will be available.
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One additional advantage of the fused setup, is that the predictions for Z+bb are
performed only at a fixed order, and therefore the simulation is much lighter with
respect to the bulk sample. This is relevant to address one of the limiting factor
of the V H(→ bb̄) analyses: the amount of available MC statistics. In fact, as it is
discussed in Section 6.2, the Legacy setup has been extended several times in the
past years to achieve enough statistical precision for the various ATLAS analyses.
Events have been generated in three separate setups using HF filters. These require
either the presence of a b-hadron with at least 0 GeV of pT and |η| < 4, or a c-hadron
with pT > 4 GeV and |η| < 3, joint with a b-hadron veto, or a veto on both type
of hadrons. The b-filter efficiency is εfilt. ∼ 6÷ 18%, therefore to obtain one event
passing the filter 1/εfilt. events are need to be generated on average. This time- and
resources-consuming process could be improved significantly by switching to the
fused setup as the default.

6.2 Towards a more efficient event generation

In preparation of the future LHC runs, the computing and software framework of
the ATLAS collaboration has been reviewed, and a conceptual design report has
been produced [243]. A significant amount of resources, both in terms of CPU
consumption and disk usage is highlighted to be due to simulated Monte Carlo
simulated samples. In particular, Figure 6.9(a) shows a projection of the CPU
requirements of the ATLAS collaboration between 2020 and 2034, based on 2020
data. The Figure shows how the current model, indicated by baseline, is not sufficient
to respect the projected budget availability increase, and that an aggressive research
and development (R&D) is needed in preparation of the Run 4 of the LHC, the first
stage of the High-Luminosity phase (HL-LHC). Figure 6.9(b) shows the projected
breakdown of CPU requirements as extrapolated to 2030 for the baseline scenario.
About 20% of the CPU consumption is expected to be associated with the generation
of MC events. Moreover, about 41% of the CPU will be required for the simulation
of MC events through the ATLAS detector, to provide predictions which can be
compared directly with reconstructed data.

Another key point to take into account, is that the amount of data which is
expected to be collected during the HL-LHC will require a very large amount of
simulated samples to perform meaningful comparisons. Such samples will therefore
have a non-negligible impact on the storage resources. Figure 6.10(b) shows the
expected evolution of storage requirements in the timeline already mentioned, as
projected from 2020 data. Similar conclusion to the CPU results can be drawn: an
aggressive R&D is needed to respect the budget evolution. The amount of MC events
to be stored is thus another key aspect, as represented by Figure 6.10(b). It shows
that more than 70% of the expected disk occupation in 2030, as projected from 2020
data, will be due to MC events, stored under the AOD and DAOD formats. These
are the standard formats in which ATLAS data and MC events are organised; in
particular, DAOD is a reduced version of AOD in which only partial information
about the reconstructed events are retained.

The above-mentioned studies motivate the usage of innovative and efficient event
generation techniques. Of crucial importance is that the produced MC samples of
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HS06 is a standard CPU performance metric, developed to make assessments independent
on the hardware on which the studies are performed. The continuous black lines present
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events are not affected by large statistical dilutions, which can be caused by the
presence of an excessive fraction of negative weights, or by a large variance of the
event weights distributions. These aspects are discussed in the next Section.
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6.2.1 Phase-space slicing

As already described in Section 4.2.1, the events of the Legacy setup were generated
via a phase space slicing procedure, which is performed in the hard-scattering
calculation. This is needed because the cross-section is steeply falling, thus if events
were generated according to their real probability, the tail of the pT(V ) (or HT)
distribution would never be populated.

In Figure 6.11, the raw distribution of the events is presented as a function of
log10(max(HT, pT(V ))). To better catch the features of the slicing procedure, the
quantities here have been evaluated at the parton-level. The pVT is built from the sum
of the four-momenta of ME-level leptons, before they emit any QED radiation, while
HT is given by the scalar sum of the transverse momenta of the partons produced
in the hard-scattering process. Different colours indicate different slices; the right
axis shows the parton-level cross-section.
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Figure 6.11. Raw events distribution for the Legacy setup in a Z(→ e−e+)+jets sample,
shown as a function of the logarithm of max(HT, pT(V ))/1 GeV evaluated at parton-level.
The right axis refers to the cross-section, shown in red.

As it can be seen from the peaked structure, a different number of raw events has
been generated in each slice. This is due to several MC simulation campaigns which
happened in the past years to help analyses mitigate uncertainties related to MC
statistics. However, once event weights are taken into account, a smooth distribution
is obtained, as shown by the cross-section distribution. The generation was performed
mainly above 100 GeV of HT, since in this phase space a ME description of multiple
emissions is needed. Analysis targeting lower values of HT (or pT (V )) rely instead
on inclusive NLO samples, based on Powheg, which allows to efficiently simulate a
larger number of events with respect to the ones expected from the collected data.

6.2.2 Phase-space biasing

The phase-space biasing for the generation of events has been recently introduced in
the Sherpa MC generator. The idea behind this is to populate the tail of the pT(V )
or HT distributions by sampling events according to a biased, or enhanced, value of
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the cross-section. Phase-space biasing is achieved by multiplying, in the integration
step, the cross-section of a process ab→ m by a function e(O,Φm(~x)) = dσ

dOm as

σab→m → σ′ab→m =
∫

Ω
dσ̂ab→me(O,Φm(~x))−1. (6.5)

This function depends on one observable, O, and on the phase space element Φm(~x)
of the ab→ m process. To restore the correct cross-section distribution, each event
weight is multiplied by an additional biasing component given by

wbias
i,m = e(O,Φm(~x)) = dσ

dOm
, (6.6)

which depends on the core process (ab → m). This method is called differential
enhancement and is associated to the Enhance Observable feature of the Sherpa event
generator. It allows to flatten the raw statistical uncertainty as a function of an
observable defined by the user.

The cross-section enhancement can be activated in a well-defined range of the
chosen observable. For the generation of V+jets processes it was chosen to enhance
all the different 2 → X ME processes (except for the 2 → 2 one) in the interval
between 1 and 3.3 of the O = log10(max(HT, pT(V ))) observable. The distribution
of raw events generated in such a setup, overlaid to the cross-section, is presented
in Figure 6.12 for a Z(→ e−e+)+jets sample. As already stated, the generation is
enhanced up to 3.3, which corresponds to max(HT, pT(V ))) ∼ 2 TeV. Above this
value, the sampling rate is governed by the normal cross-section again, thus a steeply
falling distribution is observed.
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Figure 6.12. Raw events distribution for the Final setup, generated using the enhance
observable method. Z(→ e−e+)+jets raw events are shown as a function of the logarithm
of max(HT, pT(V ))/1 GeV, evaluated at parton-level, for different parton multiplicities.
The right axis refers to the partonic cross-section, shown in red.

In the plot, different parton-multiplicities are highlighted. This variable is a
proxy for the ME quantities used in the phase space biasing, thus the obtained
raw distribution is not exactly flat. The biased generation over-samples the high
max(HT, pT(V )) phase-space at the expense of the lower one. Indeed, as it can
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be seen from the Figure, while the cross-section falls for medium values of pT of
two order of magnitude, the raw distribution falls only of one order of magnitude.
A smoother coverage with respect to the slicing technique is obtained with this
technique.

The MC statistical uncertainty of such a sample has been evaluated and compared
to the one obtained in the Legacy setup as a function of max(HT, pT(V )) and
pT(V ). As already mentioned in Section 4.11, when dealing with weighted events
the relative statistical uncertainty can be expressed as

σrel =

√∑Nraw
i w2

i∑Nraw
i wi

= 1√
Nraw

√
1 +

σ2
wi

〈w〉2 , (6.7)

where the wi are the weights of each event, σ2
wi their variance, and 〈w〉 their mean.

In the right-hand term of Equation 6.7 there is a clear separation of two components
entering the MC statistical uncertainty: the number of raw generated events, Nraw,
and how these events are generated, i.e. how their weights are distributed. The
square root term can be interpreted as a dilution factor. An intrinsic one is included
in NLO samples, since negative event weights are needed to implement correctly the
NLO subtraction terms. However, the dilution factor can also be impacted by the
event generation technique. From a comparison between the Legacy setup, and the
one obtained with the differential enhancement, a significantly larger dilution factor
was observed in the latter. This can be understood by looking at the distribution
of event weights. To improve the visualization of such quantity, in Figure 6.13 the
normalized distribution of the logarithm of the absolute value of event weights is
shown as a function of particle-level max(HT, pT(V )) for the two setups. The weights
are also scaled by the cross-section, such that it is possible to visualize the various
components of the Legacy sliced setup. In an inclusive sample, the cross-section
provides only an offset on the y-axis.
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Figure 6.13. Normalized distribution of the logarithm of the absolute value of event weights,
normalised to the sum performed over all the events and scaled by the cross-section,
shown as a function of particle-level max(HT, pT(V )) for (a) the Legacy setup and (b)
for the one produced with differential enhancement of the cross-section. Further details
on the structures observed in the two figures are provided in the text.
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The accumulation of events on horizontal lines observed for the Legacy setup is
due to the different slices which form the complete sample. These roughly extend in
the range of max(HT, pT(V )) of the various slices. A spread of the weights within
each one arises from different 2 → X processes and from the HF filters applied
in generation phase, described in Section 6.1.5. The mean value and the RMS of
the weights are represented by the red points. A larger variance is observed in
correspondence of the boundaries of each slice.

For the setup adopting the differential enhancement, Figure 6.13(b) highlights
the presence of a multi-prong structure which results in a significantly larger RMS
of the event weights. Such structure is a by-product of having a biasing function
for each of the 2 to X processes, i.e. e(O,Φm) = dσm/dO, thus dependent on the
parton multiplicity of the final state process.

In Figure 6.14, the two-dimensional distribution of event weights is presented for
the Legacy and the differential enhanced setup as a function of pT (V ), which is an
interesting quantity for both the monojet and the V H(→ bb̄) analyses presented in
this thesis. This variable is correlated with max(HT, pT(V )), and in fact the same
multi-prong structure is observed in the enhanced setup. The presence of this feature
depends on the fact that the observable chosen for the cross-section enhancement
has a strong dependence on the parton multiplicity of the final states. By choosing
a less parton-dependent observable, such as pT (V ), the differential enhancement
yields to a smaller spread of the event weights. However, the purpose of biasing in a
variable dependent on HT is to provide enough statistical power for analysis looking
at final states with one or more jets. The impact of such feature on the statistical
power of the sample is further discussed in Section 6.2.3.
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Figure 6.14. Normalized distribution of the logarithm of the absolute value of the event
weights, normalised to the sum performed over all the events and scaled by the cross-
section, shown as a function of particle-level pT(V ) for (a) the Legacy setup and (b)
for the one produced with differential enhancement of the cross-section. Further details
on the structures observed in the two figures are provided in the text.

Analytic enhancement. To overcome the limitations of the differential en-
hancement, a new feature was provided by the Sherpa authors, namely the ana-
lytic enhancement, implemented via the enhance function method available in the
Sherpa version 2.2.11. The biasing function, in this case, is parameterised such
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that it is independent of the final state parton-multiplicity m of the hard-scattering
process, e(O,Φm)→ e(O). Events of the Final setup have been generated using this
technique, choosing e(O) = (max(HT, pT(V ))/R)2. The value R at the denominator
is a regularization factor for the cross-section biasing procedure, and determines how
much the generation of raw events is shifted from the low- to the high-pT phase-space.
For the final setup, R = 20 GeV was chosen. The raw distribution of the events
obtained with this technique is shown in Figure 6.15 as a function of the parton-level
log10(max(HT, pT(V ))).

1.5 2 2.5 3 3.5
))V

T,pT(max(H
10

log

210

310

410

510

G
en

er
at

ed
 r

aw
 e

ve
nt

s

3−10

1−10

10

310

510

710 G
eV

]
10

 [p
b 

/ l
og

)
V T

,p
T

m
ax

(H
10

dl
og

σd

Cross section Sum

Z + 1 parton Z + 2 partons

Z + 3 partons Z + 4 partons

Z + 5 partons

Analytic enhancement
 = 13 TeVs

 ee + partons→pp 

SHERPA+OPENLOOPS

Figure 6.15. Raw events distribution for the Final setup, generated using the enhance
function method. Z(→ e−e+)+jets raw events are shown as a function of the logarithm
of parton-level max(HT, pT(V ))/1 GeV for different parton multiplicities. The right axis
refers to the partonic cross-section, shown in red.

As for the differential enhancement, the high max(HT, pT(V )) phase-space is
over-sampled at the expenses of the low one. However, comparing Figure 6.15 with
Figure 6.12 it is clear that the former method provides a coverage of the phase space
closer to the one of the Legacy setup.

The distribution of the event weights obtained in this setup is presented in Figure
6.16 as a function of particle-level max(HT, pT(V )) and of pT (V ). The multi-prong
structure observed in the differential enhanced setup is no more present thanks to
the new parameterization of the biasing function. Similar performance are observed
in both the shown variables. The presence of a fraction of events with roughly
constant event weight at low max(HT, pT(V )) (and therefore also pT(V )) is due to
the fact that the biasing is not applied to the 2→ 2 process.

Slicing vs biasing. The two approaches presented for the generation of MC
events are characterized by both strengths and weaknesses. The slicing of the phase
space allows to control in an efficient manner the raw statistics in each of the different
ranges, but it introduces non-negligible dilution factors at the boundaries of each
slice. Moreover, the granularity of the slicing is determined at the beginning of the
generation stage, and care is needed when merging such generation with inclusive
samples.

The cross-section biasing method is a versatile way of shifting the bulk of the
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Figure 6.16. Distribution of the logarithm of the absolute value of event weights, normalised
to the sum performed over all the events and scaled by the cross-section for the setup based
on the analytic enhancement, shown as a function of particle-level (a) max(HT, pT(V ))
and (b) pT(V ).

event generation in the desired phase space, thanks to the fact that the biasing
function can be tuned for different needs. An example of this is presented in Section
6.2.4. Furthermore, the statistical power of the event generation is fully predictable,
since the cross-section biasing induces a flat dilution effect in the enhancement
variable.

6.2.3 Assessing the statistical power

As introduced by Equation 6.7, the statistical uncertainty of a set of weighted events
depends at least on four terms. Three of them are explicit in the equation and are
the number of raw events generated (Nraw), the mean of the event weights (〈w〉)
and their variance s2

w, respectively. The fourth component is the fraction of events
with negative weights (fnw), which is defined as

fnw =
∑Nneg
i |wi|∑Nall
i |wi|

. (6.8)

In this equation, Nneg indicates the raw events characterized by a negative weight,
while Nall refers to all the events in the sample.

To see how the fraction of events with negative weights affects the statistical
precision of a sample of Ngen weighted events, in the limit of constant weights one
can write √∑

iw
2
i∑

iwi
= 1√

Ngen

1
(1− 2fnw) . (6.9)

This shows that for a negative weights fraction of 0.5 the MC statistical uncertainty
diverges, therefore the sample is not usable.

Figures 6.17(a) and 6.17(b) summarize in one plot the effect of all the aforemen-
tioned components as a function of max(HT, pT(V )) and pT(V ), respectively.
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Figure 6.17. Summary plots comparing the statistical power of the Legacy setup, and
the two samples generated biasing the cross-section, as a function of particle-level (a)
max(HT, pT(V )) and (b) pT(V ). The top pane shows the differential cross-section of
Z(→ e−e+)+jets events and a comparison of the statistical uncertainties (referred to the
right axis) obtained in the three setups, normalised to the same number of raw events.
The middle pane shows the dilution factor, while the bottom pane shows the differential
fraction of negative weights, as defined in Equation 6.8.

In the top pad the differential cross-section of inclusive Z → e−e++jets events
is presented as a function of max(HT, pT(V )) and pT(V ). The MC statistical
uncertainty of the three discussed setups is reported on the right axis, and is
normalised to the same number of total raw events, 107. The sum of all the slices
of the Legacy setup is normalized to such value to achieve a fair comparison
between the sliced and continuous samples. A large difference is observed between
the setup generated using the differential enhancement and the other two, for which
the statistical uncertainty is comparable. From the middle pad it is possible to see
that this difference is due to a significantly higher dilution factor. The origin of this
was tracked down to the spread of event weights presented in Figures 6.13(b) and
6.14(b). The slightly larger fraction of negative weights observed, in the lower pad,
in the tail of the distributions for the Final setup plays a minor role in the dilution
factor, as it can be seen from the difference in the middle pad between the analytic
enhanced setup and the Legacy one. The lower pad highlights also the reduction
of negative weights obtained in the low pT regime thanks to the improved parton
shower model discussed in Section 6.1.3. Differences between the two Final setups
in the tail of the pT(V ) distribution of fnw are due to statistical fluctuations of the
differential enhanced sample.

The performance of the three discussed setups can be further assessed by eval-
uating the equivalent luminosity corresponding to each of these. This quantity is
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defined as
L(x) =

∑
b

N(x)b,eff
dσb/dx

, (6.10)

where x is an observable with bins b, and dσb/dx is the differential cross-section.
N(x)b,eff is the effective number of events in the bin b, defined as

N(x)b,eff =
(∑

i

wi

)2

/
∑
i

w2
i , (6.11)

where wi is the weight of the i-th event. A comparison of the Legacy setup and
the Final, generated with both the differential and analytic enhancement of the
cross-section, is shown in Figure 6.18 as a function of the particle-level HT and pT (Z)
for Z(→ e−e+)+jets events. The comparison is performed here for a benchmark
of 2 · 108 raw events. Again, to perform a fair comparison between the sliced and
continuous enhanced sample, the sum of all slices of the Legacy setup is normalized
to such value.
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Figure 6.18. Comparison of the equivalent luminosity corresponding to 2 · 108 raw events
generated in the Legacy, or Final setup using two different methods of cross-section
biasing, as a function of particle-level (a) HT and (b) pT(V ). Credits to Matthew Gignac.

In the low HT and pT (V ) phase space, as already stated in this Chapter, the
integrated luminosity of multijet merged setups is not enough to compete with data.
Indeed, inclusive NLO samples are used by analyses interested in this regime. At
around 100 GeV the collected data luminosity is matched by the Legacy and the
analytic enhanced setups, while the differential one is about one order of magnitude
lower. However, the latter shows a larger equivalent luminosity in the low pT (V )
phase space. In the tail of the distributions, all the three configurations exceed
the data luminosity by at least one order of magnitude, with similar performance
observed in the Legacy and analytic enhanced setup. In the HT distribution, the
Legacy sample presents localised dips in correspondence of the slices boundaries.
These are not present when the cross-section is biased in a continuous way.
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An interpretation of these plots in terms of the computing resources costs is
presented in Ref. [244].

6.2.4 Mass enhancement for new physics searches

The Final setup described in previous sections is suitable for the majority of
ATLAS physics analyses, and is usually referred to as the bulk sample. However,
new physics searches might be interested in the tail of the m`` or mW distributions.
The Legacy and Final setups do not provide enough coverage in the tail of such
distribution. Indeed large dilution factors arise in this phase space because the
generation of the events has been optimised for the HT tail instead.

Phase-space biasing allows to go beyond such a limitation. Events have been gener-
ated with the analytic enhancement and the biasing function e(O) = (mV /100 GeV)2,
with a cut m`` > 120 GeV applied at matrix-element-level. This sample can be then
combined with the bulk one after the removal of the overlapping phase space. This
is resolved by applying a cut on m`` evaluated using matrix-element-level leptons.
The statistical power of this new configuration is compared to the Final setup in
an inclusive Z(→ µ−µ+)+jets sample in Figure 6.19.
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Figure 6.19. Comparison of the statistical power achieved in the Final configura-
tion between the bulk sample, generated using the analytic enhancement and the
(max(HT, pT(V ))/20 GeV)2 biasing function, and one sample with dedicated mass en-
hancement. The comparison is done for a Z(→ µ−µ+)+jets sample as a function of
particle-level m``.

As it can be seen from the black points, the cross-section rapidly falls in the
off-shell regime. The adoption of the analytic enhancement method with the mass as



6.2 Towards a more efficient event generation 237

observable allows to probe such low values of the cross-section, and to significantly
reduce the statistical uncertainty of the resulting ensemble of events. Around the
threshold where the mass enhanced sample is merged with the bulk one the dilution
factor is indeed halved. The fraction of negative weights is the same in the two
setups since they are both based on the Final Sherpa 2.2.11 configuration.

The action of the biasing procedure on the mass distribution is clearly visible
in the weights distributions presented in Figures 6.20(a) and 6.20(b) for the mass
enhanced sample and the bulk sample, respectively. The latter one is cut at m`` =
120 GeV due to the presence of the matrix-element-level filter.
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Figure 6.20. Normalized distribution of the logarithm of the absolute value of event
weights, scaled by the cross-section and the total sum of event weights, as a function
of the particle-level m``, obtained in a Z(→ µ−µ+)+jets sample generated with the
Final Sherpa 2.2.11 configuration using the analytic enhancement with different
functions.

A significant reduction in the spread of the event weights is observed in the
sample generated biasing the cross-section by a m`` based function. Since more
events are generated in the high m`` phase space in the latter setup, their weights is
smaller in magnitude. Figure 6.20(b) shows instead how for the bulk sample most of
the events are generated around the Z peak, and that the high m`` tail is sampled
following the cross-section. Therefore, only an almost negligible fraction of the total
events is included in this extreme phase-space.

These results highlights the high flexibility of the cross-section biasing method
also for the generation of V+jets processes. In future, such a method could be used
to provide theoretical predictions in corner of the phase space, which are largely
expensive in terms of CPU requirements for sliced setups.
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Chapter 7

Conclusions

In this thesis, the nature of dark matter and of the Higgs boson were investigated
by studying pp collisions produced by the LHC at

√
s = 13 TeV and recorded by the

ATLAS experiment between 2015 and 2018.
Monojet final states are the golden channel to search for the production of

DM particles at the LHC, because the latter are assumed not to interact with the
ATLAS detector and therefore lead to unbalanced final states. The monojet analysis
targets final states with at least one energetic jet of pT > 150 GeV recoiling against
a large amount of missing transverse momentum. A semi-data-driven technique
based on statistically-independent control regions to correct the SM prediction of
irreducible and reducible background processes is applied, allowing to constrain both
the modelling and the detector-related systematic uncertainties affecting the SM
background predictions.

Compared to the previous iteration of the analysis [180], which was performed
using only part of the LHC Run 2 data set, the analysis presented in this thesis was
performed with an integrated luminosity of 139 fb−1. The monojet analysis shown
in this thesis was published in Phys. Rev. D 103 (2021) 112006.

To further improve the sensitivity of the analysis to new physics phenomena,
especially those predicted to have a softer Emiss

T spectrum compared to the SM
background, the Emiss

T and leading jet pT threshold values were lowered from 250 GeV
to 200 GeV and 150 GeV, respectively. The pT thresholds for identifying leptons
in the final states were also lowered from 20 GeV to 7 GeV. Combined with the
introduction of a τhad veto, this allows to reduce the background of W+jets events
in the SR between 10% and 40%, depending on the leptonic decay considered.

The definition of the top-quark processes enriched control region was extended to
include final states with one electron plus b-jets final states, increasing the available
statistics by 30%. In addition, a CR enriched in two-electron plus jets events was
introduced, which increases the data statistics of the Z(→ ``)+jets CRs by about
40%.

The V+jets MC predictions have been reweighted using updated NNLO QCD
and NLO EW predictions [167] that provide a set of systematic uncertainties to
account for the effects of missing higher orders and differences between the W+jets
and Z+jets processes. These allow the use of highly statistical W+jets CRs, in
addition to Z+jets ones, to estimate the irreducible Z(→ νν̄)+jets process.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006
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Together with the updated reconstruction algorithms, all these improvements
lead to a significant improvement in the background prediction estimate known with
an uncertainty of ∼ 1.2÷4%. These result were used to establish model-independent
limits on the visible cross-section and model-dependent limits for models providing
a WIMP DM candidate. The results presented in this thesis improved the range of
excluded parameters of simplified dark matter models by about 30% when a vector
or an axial-vector mediator is considered. For the first time, the ATLAS monojet
analysis was also able to constrain the parameters of simplified models introducing a
pseudo-scalar mediator, follow the recommendations of the LHC DM working group.
The results on simplified dark matter models have been reformulated as limits on
the scattering cross-section between WIMPs and nucleons and on the annihilation
rate of WIMPs in pairs of SM particles. A comparison with the state of the art
results provided by both direct- and indirect-detection searches for WIMP DM was
performed. The reach on compressed SUSY scenarios have been further extended
by this analysis: the constraints on the mass of light-squarks have been extended by
more than 50%, while the range of the sbottom- and stop-quark mass values, also in
the compressed scenario, has been extended by about 25%.

For the first time, the ATLAS monojet analysis probed the properties of the Higgs
boson by targeting its invisible decays. An upper limit on the invisible branching
fraction of 34% was set at 95% CL. This result is the third most stringent one
provided by a single analysis of the ATLAS collaboration and will be included in a
Legacy Run 1 + Run 2 combination. In addition, this is the first time the monojet
analysis has examined scenarios for long-lived particles. Complementary results for
scenarios involving LLPs production in Higgs boson decays were provided: within
the FRVZ model, current constraints on the dark-photon mean proper life-times (cτ)
have been extended for values above 1 m. Simplified models in which a new scalar
particle s is produced were also investigated, and current limits were extended for
life-times larger than ∼ 10 m. These results have been documented in an ATLAS
public note, ATL-PHYS-PUB-2021-020.

Jet plus Emiss
T final states can also be used to study the nature of the Higgs

boson. In particular, to study the dominant Higgs boson decay mode H(→ bb̄), the
associated production with a leptonically-decaying vector boson can be targeted. The
state of the art has explored both regimes in which the Higgs boson decay products
appear as resolved in the final states [42] or as a single-jet of large radius [208]. A
first combination of the two regimes was recently published [218], but it is based on a
simple merge of the two analyses with a fixed cut at pT(V ) = 400 GeV. In this thesis,
studies on the optimal combination of the two regimes have been reported, and a
possible increase of up to ∼ 20% of sensitivity in the 250 GeV < Emiss

T < 400 GeV
range is presented by adopting a priority strategy which is not based exclusively on
either one of the two experimental technique only. This will allow more accurate
measurements of the V H production mode in the context of STXS framework.

Towards a Run 2 legacy V H(bb̄) analysis, new developments in flavour tagging
performance will help in improving the precision of the measurements made. The
expected gain in c- and light-flavour jets has been illustrated and the performance of
flavour tagging using particle-flow jets has been investigated. Some of these results
were also documented in an ATLAS public note ATL-PHYS-PUB-2020-009.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-020/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-009/


241

To further reduce the statistical uncertainty of MC simulations in highly boosted
environments, the truth tagging method plays a central role. Namely, it allows over-
coming event generation constraints by keeping all simulated events but weighting
them according to the corresponding probability that they contain one or more
b-tagged jets. This method is based on two-dimensional efficiency maps that pa-
rameterize the flavour tagging performance based on jet pT and η. However, such a
parameterization does not capture the proximity effects of boosted environments,
since the efficiency maps are derived from isolated jets. We proposed a neural
network approach to the truth tagging method in Comput.Softw.Big Sci. 5 (2021)
1, 14. A graph neural network is used to assign a weight to each jet, which takes
into account the presence of other jets in the events and therefore is able to provide
a good closure to the direct-tagging method even in boosted environments. This
approach allows the truth tagging method to be used in the boosted V H(bb̄) analysis
as well. Therefore a reduction of one of the leading sources of uncertainty, namely
the Monte Carlo statistical uncertainty, is expected in the legacy result.

A first fiducial differential cross-section measurement of the H(bb̄)+Emiss
T process

is also presented in this thesis. The results were obtained by reparameterizing
the signal templates of the 0L channel of the published resolved V H(bb̄) analysis
[42]. The profile-likelihood unfolding method was used to extract from the mbb

distribution in different statistically-independent categories the fiducial cross-section
in two ranges of particle-level Emiss

T , [150, 250) GeV and [250,+) GeV. In the first
range, the statistical and systematic uncertainty contributions are approximately
equal, while in the second range the statistical uncertainty dominates the precision
of the measurement. The obtained results provide foundations for a more complete
and refined work to be carried out in the context of a Run 2 legacy V H(bb̄) analysis.

The leading irreducible background of both the analyses presented in this thesis
is the Z(→ νν̄)+jets process, and in general large contributions are due to V+jets
production. In the last part of this thesis I presented the implications of recent
developments in the Sherpa MC generator on ATLAS analyses. In summary,
virtual NLO EW corrections as on-the-fly weights, an improved parton shower
model, updated HF decay tables and the availability of a new 4 + 5 flavour-scheme
merged calculations characterize the latest developments. All ATLAS analyses will
benefit from these improvements, which are included in the ongoing mass production
of events.

The simulation of V+jets processes also has a non-negligible impact on the
computational resources available to the ATLAS collaboration. Therefore, the
statistical power of the new samples has been studied in detail. In particular, it was
found that the performance of a cross-section biasing via the enhance observable
method available in latest versions of Sherpa is inadequate for the scheme intended
for the mass production of V+jets events. An alternative method to bias the sampling
cross-section, namely the analytic enhancement - available from version 2.2.11 of
the Sherpa MC generator - was found to achieve a statistical power comparable to
that obtained by slicing techniques. The analytical enhancement was finally chosen
for the new generation of V+jets samples for the ATLAS collaboration.

Cross-section biasing is a powerful way to generate MC events in regions of phase
space not adequately covered by the main sample. Z+jets events were generated

https://link.springer.com/article/10.1007%2Fs41781-021-00059-x
https://link.springer.com/article/10.1007%2Fs41781-021-00059-x
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by biasing the cross-section as a function of the invariant mass of muon pairs. The
statistical power of such a sample was compared to that of the bulk generation, and
a significantly reduced dilution factor was observed. This result is a first example of
what can be achieved when generating V+jets events with a biased cross-section. In
future such an approach will open new possibilities for the search for new physics
phenomena in extreme regions of phase space.

Part of the results presented in this final part of the thesis have been included in
the paper arXiv:2112.09588, submitted to JHEP for publication, which documents
the modelling and computational improvements to the simulation of V+jets processes
for the ATLAS collaboration.

https://arxiv.org/abs/2112.09588
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Appendix A

New Small Wheels for the
upgrade of the ATLAS
experiment

For the LHC Run 3 and Phase 2 the innermost stations of the end-cap of the ATLAS
muon spectrometer (MS) which cover the |η| range between 1.3 and 2.7, i.e. the
small wheels described in Section 2.2.1, will be replaced by new detectors featuring
different technologies.

The development of innovative detectors to cope with the expected high rates
of the upcoming runs of the LHC started more than 10 years ago, and resulted in
the ATLAS New Small Wheels (NSW). The Italian institute of Nuclear Physics,
INFN, was involved in this effort and has been responsible for the production of the
tracking chambers, based on MicroMegas concept [245]. The ones built by INFN,
referred to as SM1 modules, will be located closest to the beam-pipes. In the context
of this effort, I participated to the validation of modules of MicroMegas detectors at
the national laboratories of Frascati during 2019.

After an overview of the motivation for NSWs and of the featured systems
presented in Section A.1, a description of the SM1 modules is provided in Section
A.2. In Section A.3 a summary of the measurements performed to validate the SM1
modules are reported, along with the results of the data collected with a cosmic ray
stand to quantify the reconstruction efficiency.

A.1 Motivation and system overview
During LHC Run 3 and Phase 2, the expected hit rates due to cavern background is
expected to increase significantly. This has two impacts: first the tracking efficiency
and resolution of the detectors decrease. In figure A.1(a) the efficiency of MDT
detectors is shown as a function of the Hit Rate, as measured with test-beam data.
A significant reduction is observed for the single tube, however the efficiency can be
increased when considering multiple layers. Secondly, since the level-1 muon trigger
in the forward region is on segments built from the hits in the middle and outer
stations of the end-caps of the MS, higher background rates lead to an increase in
the fake triggers due to low-energy particles which mimic muons pointing to the
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interaction point. Such backgrounds is repsonsible for a trigger rate about 8 times
larger in the end-caps than in the barrel of the muon spectrometer, and limit the
ATLAS performance. Figure A.1(b) shows the distribution in η of the level-1 muon
signals, as measured using a threshold of 11 GeV, and how this evolves after requiring
the matching with a reconstructed muon (∆R < 0.2) and after requiring a muon
pT larger than 10 GeV. The number of final muons available is significantly reduced
with respect to the initial ones, indicating the presence of a significant fraction of
fakes.

Figure 2.3: Current density in the ATLAS muon RPC detector as a function of the LHC instantaneous
luminosity, over four orders of magnitude. The line fitted gives a linear dependence of the
current density to the instantaneous luminosity with a slope of 0.312± 0.001 nA m�2 cm�2 s�1.

Figure 2.4: MDT tube hit (solid line) and track segment efficiency (dashed line, referring to a MDT
chamber with 2x4 tube layers) as a function of tube rate estimated with test-beam data.
Instantaneous luminosity of 1 ⇥ 1034 cm�2 s�1 is referred in this plot as ‘design luminosity’.
Points on the plots are result of test beam measurements.

Fig. 2.5 (Left) the red points correspond to the Zero bias occupancy in these chambers (averaged
over the sectors and the two end-caps) scaled up by a factor of 10. The black ones correspond to
the result of the overlay with 10 Zero bias events. The total number of hits does not scale linearly
with the background level due to saturation taking place. This saturation effect leads to MDT
hit efficiency losses of about 35% at high luminosities, and compares well with expectations from
Fig. 2.4 based on test beam data. These limitations will severely impact the track reconstruction
and therefore a new detector is required for ATLAS to exploit the luminosity delivered after
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(a) Figure 2.6: ⌘ distribution of Level-1 muon signal (pT > 10GeV) (L1_MU11) with the distribution of
the subset with matched muon candidate (within �R < 0.2) to an offline well reconstructed
muon (combined inner detector and muon spectrometer track with pT > 3GeV), and offline
reconstructed muons with pT > 10 GeV.

• Measure the second coordinate with a resolution of 1–2 mm to facilitate good linking between
the MS and the ID track for the combined muon reconstruction..

The background environment in which the NSW will be operating will cause the rejection of
many hits as spurious, as they might have been caused by �-rays, neutron or other background
particles. Furthermore in the life-time of the detector, detection planes may fail to operate properly,
with very limited opportunities for repairing them. Hence a multi-plane detector is required.

Any new detector that might be installed in the place of the current Small Wheel should be
operational for the full life time of ATLAS (and be able to integrate 3000 fb�1). Assuming al least
10 years of operation and the above expected hit rate per second, approximately 1012 hits/cm2 are
expected in total in the hottest region of the detector.

2.3 Trigger selection

Performance studies using collision data have shown the presence of unexpectedly high rates of
fake triggers in the end-cap region. Figure 2.6 shows the ⌘ distribution of candidates selected by
the ATLAS Level-1 trigger as muons with at least 10GeV. The distribution of those candidates
that indeed have an offline reconstructed muon track is also shown, together with the muons
reconstructed with pT > 10GeV. More than 80% of the muon trigger rate is from the end-caps
(|⌘| > 1.0), and most of the triggered objects are not reconstructible offline.

Trigger simulations show that selecting muons with pT > 20GeV at Level-1 (L1_MU20) one
would get a trigger rate at

p
s=14 TeV and at an instantaneous luminosity of 3 ⇥ 1034cm�2s�1 of

approximately 60 kHz, to be compared to the total available Level-1 rate of 100 kHz.
In order to estimate the effect of a trigger using the NSW a study has been performed applying

offline cuts to the current SW to reduce the trigger rate. Table 2.1 shows the relative rate of
L1_MU20 triggers in the |⌘| > 1.3 region after successive offline cuts to select high quality muon
tracks. The various successive cuts applied are: i) the presence of Small Wheel track segments
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(b)

Figure A.1. (a) Degradation in the efficiency of reconstruction of hits in MDT chambers
for increasing hit rate as measured in test-beam data.. (b) η distribution of level-1
muons requiring the L1_MU11 trigger to be fired, or after matching the hits with a
reconstructed muon, as measured from 2012 ATLAS data. Figures from Ref.[246].

To cope with such problems, CSCs and MDT chambers will be replaced by
small thin gap chambers (sTGCs) and MicroMegas chambers (MM). The former
will provide, in addition to tracking, an additional information which can be used at
trigger level to reject fake hits in the forward region. The latter detectors instead
will be used for precision tracking. The choice of MicroMegas and sTGCs was based
on two facts: gas detectors are used to cover in a limited expensive way a large
portion of the space, and micro-pattern detectors in particular are suitable to cope
with the high interaction rates expected.

A single NSW features 16 sectors, divided in 8 large (L) and 8 small (S) sectors
with a small overlapping region, such that a full coverage of the along the φ direction
is obtained. Modules of sTGC detectors and of MM detectors are organised in
wedges. An sTGC wedge features three modules, referred in this appendix to as
L/S1, 2 and 3, while a MM wedge features two modules, referred to as SM1 and
SM2 in the small sectors, and LM1 and LM2 in the large sectors. The lower number
is always referred to the module closer to the beam pipe. MicroMegas wedges are
assembled together to form the so-called double wedges, which are then dressed
externally by two sTGC wedges, as represented in Figure A.2.

As presented in next section, MM modules include each four detection layers;
sTGC also feature multiple planes on which it is possible to record an hit. Such
an high redundancy of the readout system, 16 detection planes, allows to keep the
identification and reconstruction efficiencies high.
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Figure 1. Left: The figure shows the position of the NSW within the ATLAS detector.
Furthermore it illustrates the background rejection capabilities of the NSW in the trigger. In
the current system the track segments A, B and C are pointing towards the interaction point
and therefore giving a trigger signal. Adding the NSW will reject tracks B and C. [2] Right:
Structure of one of the 16 sectors in the NSW. Two MM wedges, built by two MM quadruplets
each, are enclosed by two sTGC wedges. [4]

redundancy.

2. Micromegas Detectors
The NSW will use large scale Micromegas detectors, covering an active area of 1280 m2. An
MM detector consists of three main components shown in figure 2a. The first one is the readout
structure which also serves as the anode. Only 128 µm above the anode there is a stainless steel
mesh, which separates the amplification gap from the drift gap. Due to this thin amplification
gap a fast collection of ions is possible allowing to operate a MM detector at high particle
rates. The third component of a MM detector is the drift cathode. Both the drift gap and the
amplification gap are filled with gas. A mixture of 93 % argon and 7% carbon dioxide is used.

(a) (b)

Figure 2. Left: Schematic drawing of the working principle of a Micromegas detector. [5]
Right: Dimensions of the four types of MM quadruplets used in the NSW. c� 2019 CERN for
the benefit of the ATLAS Collaboration. Reproduction of this figure is allowed as specified in
the CC-BY-4.0 license.

A charged primary particle travels through the 5 mm drift gap where it creates primary

Figure A.2. Exploded view of a NSW sector, with highlights over the three modules which
compose each sTGC wedge, and two MicroMegas modules which form a MM wedge.
Figure adapted from Ref. [247].

The production of detector modules has been divided by several different commu-
nities participating to the ATLAS experiment. In particular, the Italian community
was responsible for the construction, validation and transportation at CERN of 32
MicroMegas modules denoted SM1, i.e. the ones of the small sectors, located in the
innermost radial part. Since my work focused on the validation of such modules, a
description of the MicroMegas chambers is provided in the next Section.

A.2 SM1 modules of MicroMegas detectors

A representation of a single MicroMegas chamber is presented in Figure A.3. The
active volume of the detector is formed by a ∼ 5 mm gas gap, filled with an Ar : CO2
gas mixture (93 : 7). This volume, delimited by two electrodes, is divided in two
by a metallic micromesh placed on top of isolating pillars with an height of about
130 µm. The wider part is called conversion and drift gap while the part between the
micromesh and the electrode is called amplification gap. The micromesh is grounded,
the drift electrode, located roughly 5 mm from it is kept at −300 V, while on the
electrode located closer to the mesh a high voltage is applied. The optimal value for
the MicroMegas adopted in ATLAS was found to be 570 V. Further details on this
are provided later in this appendix.

The working principle of a MicroMegas chamber is the following. When a charged
particle traverse the conversion gap, electrons are produced via the ionization of
the gas mixture. These electrons are guided by an electric field of about 600 V/cm
towards the mesh. Once this is passed, the electrons enter in a region where an electric
field of more than 40 kV/cm is located. In the amplification gap, the interaction of
the accelerated electrons with other gas molecules produce an avalanche such that
the number of electrons is amplified of roughly 104. The presence of CO2 in the gas
mixture allows to absorb, via the excitation of rotational modes of the molecule, extra
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The NSW will use large scale Micromegas detectors, covering an active area of 1280 m2. An
MM detector consists of three main components shown in figure 2a. The first one is the readout
structure which also serves as the anode. Only 128 µm above the anode there is a stainless steel
mesh, which separates the amplification gap from the drift gap. Due to this thin amplification
gap a fast collection of ions is possible allowing to operate a MM detector at high particle
rates. The third component of a MM detector is the drift cathode. Both the drift gap and the
amplification gap are filled with gas. A mixture of 93 % argon and 7% carbon dioxide is used.
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Figure 2. Left: Schematic drawing of the working principle of a Micromegas detector. [5]
Right: Dimensions of the four types of MM quadruplets used in the NSW. c� 2019 CERN for
the benefit of the ATLAS Collaboration. Reproduction of this figure is allowed as specified in
the CC-BY-4.0 license.

A charged primary particle travels through the 5 mm drift gap where it creates primary

Figure A.3. Drawn of the working principle of a MicroMegas detector. Figure adapted
from Ref. [248].

photons produced in the multiplication stage, which could lead to larger avalanches
and damage the detector itself. The signal induced by the electrons is read out in a
capacitive way by the readout strips characterised by a pitch of 425 µm, positioned
under resistive ones, which are instead located in the actual chamber and to which
the high voltage is applied. The two kind of strips are separated by an insulator.

Thanks to the small distance between this region and the metallic mesh, the
ions produced in this avalanche are fast evacuated, and therefore the detector is
able to cope with very high rates. The pitch of the detector instead allows for a fine
measurement along the axis in which the strips are separated between each other.

SM1 modules
A schematic view of a MicroMegas module is presented in Figure A.4. The same
setup is adopted for all the four type of chambers, SM1, SM2, LM1 LM2. The only
difference between the four is the dimension of the active volume.

§3.3 NSW detectors: sTGC and MM

cathode layers consist of PCBs with copper layers and they are placed, as for the meshes,1899

on the inner face of the external panels and on both sides of the central. The panels 2 and1900

4 are called Readout panels and the active area is composed by the anode readout PCBs.1901

Figure 3.14: A schematic view of the five panels of a MM quadruplet.

The readout PCB consists of a 500 µm thick FR4 layer on top of which copper strips1902

of 17 µm height are printed via photolitography. The strips are 300 µm wide for all the1903

modules with a pitch of 425 - 450 ± 20 µm for small and large modules respectively. The1904

shape of the resistive strip foils is almost identical as the readout PCBs. They are composed1905

of a 50 µm thick Kapton® substrate glued on the readout strips, with screen-printed resistive1906

strips, 8-10 µm thick. The resistive strips are split in two in the middle so that each side of1907

the PCB has a separate high voltage supply line. Consequently, the MM module of type 11908

has 10 HV sections in each layer (40 HV sections in total) and the MM module of type 21909

has 6 HV sections in each layer (24 HV sections in total).1910

In the quadruplet layout, the strips of the first two layers are parallel to the chamber1911

bases, and almost orthogonal to the bending plane of the tracks in the ATLAS experiment.1912

The panel that forms these two layers is called Eta panel. In the case of the third and fourth1913

layer, formed by the Stereo panel, the strips are inclined by ± 1.5¶ with respect to the strips1914

of the Eta panel. This configuration, schematically shown in Figure 3.15a, allows not only1915

a precise determination of the X coordinate, orthogonal to the strips and necessary for the1916

momentum measurement, but also a determination of the second Y coordinate, although1917

with less precision.1918

Figure 3.15b shows the layout of one PCB readout board for each type (Eta and Stereo).1919

Each PCB readout board consists of 512 readout strips, half of them routed to the upper1920

right corner to be readout while the other half, to the bottom left. This scheme balances1921

the load for electronic boards on each side of the detector. The figure shows also an extra1922

space for the electronics and the services on the PCB side.1923

75

Figure A.4. Schematic view of a MicroMegas module as built for the ATLAS NSW. Figure
adapted from Ref. [249].

Each module is formed by 4 gas gaps. At the edge of each one a readout printed
circuit board is located. The four gas gaps are obtained from 3 drift panel, one
referred to as central, and indicated with the number 3 in Figure A.4, and two outer.
Two readout panels instead feature the pillars, the resistive strips and the readout
strips. The panels are assembled together such that each of the gas gap corresponds
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to the dimensions reported in Figure A.3.
Modules are shaped as trapezoids, as represented in Figure A.2, and each PCB

of the read out sides is split in two along the basis of it. Furthermore, along the
height of the trapezoid, the HV is supplied in 5 different sectors, such that for each
of the readout layers 10 sectors are identified.

Two of the readout layers feature strips parallel to the basis of the trapezoid,
while the other two feature strips tilted of ±1.5◦ with respect to the bases. The
former are called η-layers, while the latter are called stereo-layers. This choice
was made because the main goal of the tracking of the detectors is to measure
the η direction of muons, which is parallel to the height of the trapezoid. The φ
coordinate can instead be recovered by a combination of the two stereo layers via
simple trigonometric relations.

A schematic view of a muon travelling across an SM1 module is presented
in Figure A.5, where the angle of the strips of the stereo layers has been highly
exaggerated.

muon

x

y

z

layer 1: η
layer 2: η

layer 3: stereo 

layer 4: stereo 

Figure A.5. Schematic view of the four layers of a MicroMegas quadruplet. The reference
frame indicated is the one adopted in the studies at the cosmic ray stand, presented in
Section A.3.2

.

A.3 Validation of SM1 modules at LNF

I joined for one year the effort at Laboratori Nazionali di Frascati (LNF) to validate
the SM1 modules produced by the Italian community. I helped in the validation of
14 SM1 modules which are now installed on the NSW A, which has been lowered in
the pit of the ATLAS experiment at CERN on the 12th of July 2021.

In Frascati several tests were performed before moving the MicroMegas quadruples
to the Cosmic Ray Stand. In this context, I developed a summary document in
which, for each validated chamber, all the validation measurements were collected.
Such documents where included when the chambers were sent at CERN, such that
the measurements performed there, before the assembly in wedges, could be repeated
and compared.
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A.3.1 Preliminary checks
The first set of tests carried out concerned the construction stage of the MicroMegas
quadruplets, with the aim to check that all the construction requirements were met.
A second set of checks was performed on the stability of the high-voltage system,
and the electronics noise.

Assembly checks

A map of the planarity of the modules was produced for the external layers, to
check that deviations were within 80 µm, with values up to 200 µm tolerated. This
measurement is performed on a granite table with a laser system which provides
a set of measurements with respect of a reference point. From this, the maximum,
minimum, RMS and average values of the thickness of the module are derived.

An example of such maps is presented in Figure A.6, as obtained for the SM1
M7 module.

(a) (b)

Figure A.6. Measurements of the height of SM1 M7 module with respect to the reference
plane. Credits to LNF staff.

In Figure A.7 instead a summary of the values of the RMS of the planarity and
the average thickness, measured for the modules which I validated, is presented.

The second assembly quality check is associated with the orientation of the various
PCB among different layers. The displacement and rotational effects between η
and stereo layers is measured via a so-called rasfork mask. Such a displacement is
measured in 3 positions for each PCB, and a map, as reported in Figure A.8 in the
case of SM1 M9, is produced for each quadruplet.

In general rotational effects induce a non zero value in the shift of a single side,
while displacement effect lead to a sum of the displacements as measured in the two
sides of each PCB which sums to a value different from zero.

The initial requirement on such a displacement was set to ±60 µm, but was later
relaxed. A summary of the values measured for the SM1 quadruplets M7→ M20 is
presented in Figure A.9 for only the middle point of each PCB. Indeed, these are
the most relevant points for the final geometry.
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Figure A.7. (a) RMS of the planarity and (b) average thickness of the two external layers
with respect to the reference point, as measured for fourteen SM1 modules.
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Figure A.8. Measurement of the displacement between the η-layers and the stereo-layers,
as performed on SM1 M9.
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Figure A.9. Summary of the measurements of the displacement between the η-layers and
stereo-layers, as measured from the middle point of each PCB, for SM1 quadruplets M7→
M20. The green lines represent the initial requirement on the maximum displacement.
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The last assembly test carried out concerned the gas tightness of the chamber.
Leaks might arise from issues which might arise during the assembly procedure. To
test the gas tightness, the chamber is over-pressurised at about 3 millibar, and the
pressure is monitored as a function of time. Via a linear fit to the distribution of
the variation of the pressure versus time, it is possible to extract a loss of pressure
per hour. During such a test, the environment temperature is monitored, such that
it is possible to correlate eventual effects observed in the measurement.

An example of the measurement of the gas leak is presented for SM1 M10 in
Figure A.10(a), while in Figure A.10(b) a summary of the measured values for SM1
M7→ M20 is presented.
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Figure A.10. (a) Measurement of the gas leak for SM1 M10. (b) Summary of the measured
values of gas leaks for for SM1 quadruplets M7→ M20.

The initial requirement from the ATLAS collaboration was set to loss lower than
0.6 mbar/h, but then was moved to 1.8 mbar/h. Most of the values reported for the
modules reported in this appendix are within the requirements. SM1 M15 showed
the bizzare thing that the pressure was increasing during the measurement. This
was tracked down to temperature effects, and the measurement was reproduced, but
not reported on this plot.

High-voltage stability tests

As already mentioned in Section A.2, MM chambers are operated in the ATLAS
experiment with an high voltage of the readout layer of 570 V. Eventual sparks or
trips of high-voltage channels can lead to a reduced performance of the detector,
thus is important to monitor the high-voltage modules which provide the power to
the detector. Two parameters are monitored versus time, the current Imon, and the
voltage Vmon. Noise in the detector can lead to an increase current flow, which
is usually localised in time, thus referred to as sparks. Values greater than 50 nA
can damage the detector and lead to reduced performance, therefore it is important
to monitor the number of time the current is above such threshold. Module trips
instead are associated to a drop in the Vmon value. An example of the monitoring
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of these quantities is reported in Figure A.11. For each SM1 quadruplet, there are a
total of 40 plots like this, one for each PCB of each layer (10 PCB × 4 layers). From
such plots it is possible to identify issues with particular locations of the detector
and correlate these with observed reduced efficiencies.

SM1 QUADRUPLET - MODULE 13
20MNMMMS100013

QUADRUPLET HV STABILITY - V AND I MON.

9

Figure A.11. High voltage (HV) stability monitoring for one example sector of SM1 M13.
Sparks are defined for the cases in which Imon is above the threshold of 50 nA, while
one trip of the HV channel can be seen, identified by the drop in Vmon. The x-axis
shows the time. Credits to Chiara Arcangeletti.

Not all the channels were able to reach the working voltage value. This was
due to continuous sparks, especially for the stereo layer, as can be seen from Figure
A.12(a), in which a summary of the readout HV values is shown as a function of the
number of the HV sector. The layer 1 and 2 are the η ones, while 3 and 4 are the
stereo ones. The feature of layer 3 being most of the times a problematic one was
tracked down to a possible issue in the design of the PCB which might occur in some
industrial production. To cope with this, a procedure to passivate part of the strips
close to the border size of the PCB was developed, reducing significantly the issues
with the HV stability. The requirement from the ATLAS collaboration was to have
at least 85% of the sectors at the nominal working point tension value of 570 V. As
can be seen in Figure A.12(b), this was achieved by all the tested modules. In both
the figures presented SM1 M15 is not shown as it was tested with an alternative gas
mixture.

Once the readout HV was declared stable, and the tension of the sectors not able
to reach the nominal one were defined, it was possible to collect data at a cosmic
ray stand and measure the identification efficiency.

A.3.2 Cosmic ray stand results

A picture of the cosmic ray stand of the Frascati National Laboratories were these
modules were validated is presented in Figure A.13. Starting from the bottom part
it is possible to see two set of plastic scintillators, separated by about 35 cm of iron,
which allowed to absorb all the cosmic rays with roughly an energy below 600 MeV.
In the top part of the slides it is possible to see one MicroMegas SM1 module.

Preliminary checks were carried out on the readout electronics to check whether
it was correctly installed or not. To do so, data were collected with a random trigger,
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Figure A.12. High voltage readout summary plots for SM1 M7 → M20. M15 is not
included as it was tested with a different gas mixture.

Figure A.13. Picture of the experimental setup at the cosmic ray stand of the national
laboratories of Frascati (LNF). Credits to Giada Mancini.

and the occupancy of the strips, the mean value of the measured charges and the
RMS of them were checked. One example distribution is presented for the occupancy
of the strips in Figure A.14(a), while one example of the RMS of the pedestal charge
is presented in Figure A.14(b). These distributions show on the horizontal axis the
number of the strip, where 0 indicates the first strip from the side of the lower basis
of the trapezoid. For each module, one distribution for each layer is obtained. All
the distributions were included in the report form previously mentioned.



254 A. New Small Wheels for the upgrade of the ATLAS experiment

0 500 1000 1500 2000 2500
Strip number

1

10

210

310

410
 E

nt
rie

s

LAYER 1LAYER 1

(a)

0 500 1000 1500 2000 2500
Strip number

0

20

40

60

80

100

120

140

160

180

200

Pe
de

st
al

 S
ta

nd
ar

d 
D

ev
ia

tio
n 

[A
D

C
 c

ou
nt

]

L1_1 L1_2 L1_3 L1_4 L1_5

(b)

Figure A.14. (a) Occupancy and (b) RMS of the pedestal of the collected charge, as a
function of the strip number for the layer 1 (η-layer) of one of the tested SM1 modules.
The vertical dashed lines on Figure (a) represent the separation point between different
PCBs. This is indicated by a continuous black line in Figure (b), where instead the
dashed line define the intervals corresponding to different readout electronic boards
installed on the detector.

Efficiency measurements

Once the checks on the electronics installation were performed data were collected
to measure the efficiency of the detectors. The trigger was performed by requiring a
coincidence between the two plastic scintillators: the trigger rate was about 50 Hz.

To remove noise, only strips with at least 60 ADC counts where considered, and
the charge deposit of a strip was required to be three times larger than the standard
deviation of the measured value from the pedestal checks. To not take strips with
saturated readout electronics, only strips with a charge below 2500 ADC counts were
considered. Clusters were built by clustering adjacent strips. The charge of each
cluster was required to be at least 100 ADC count. To not build clusters from strips
with very low charge deposit, the strips in a cluster were required to be within 90
ADC count from the largest one. In a single cluster, two maximum non-consecutive
holes, i.e. missing strips, were allowed. After a pre-selection of clusters, only the
ones with at least two strips, and a charge above 400 ADC counts were considered.

Since no external tracker was available, to measure the efficiency of the detector
a self-tracking method was used. The idea behind it is to use the information of an
hit on three out of four layers to build a track, which was extrapolated to the fourth
layer to look for an hit near to the expected one. In this extrapolation procedure, a
maximum angle of 28◦ with respect to the vertical direction was allowed. Tracks
with larger angles were rejected since out of the acceptance of the trigger system.

The main thing to check was the efficiency as a function of the x coordinate,
defined in Figure A.5, as it is the η coordinate in the ATLAS experiment, direction
in which muons are deflected for the effect of the magnetic field generated by the
end-cap toroids. When testing one η-layer, the other is used in combination with a
super-point built from the combination of the two stereo-layers to build the track,
and a window of ±10 mm was adopted to look for the presence of an hit on the
tested layer. When instead testing a stereo-layer, the two hits on the η-layers are
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used, and the hit on the other stereo one is used only to extrapolate the y direction.
The efficiency measured for all the layers of SM1 M7 is presented in Figure

A.15, along with the weighted average value as evaluated on each PCB. This is done
because each of these could be set at a different voltage if there were any issues with
the spark rate or in general with the HV stability.
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20MNMMMS100007
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EFFICIENCY TABLE AT 570 V

SECTOR (LAYER PCB SIDE) HV [V] EFFICIENCY [%] SECTOR (LAYER PCB SIDE) HV [V] EFFICIENCY [%]
L1 1 PIN (L) 570 96.0 L2 1 PIN (L) 570 94.3L1 1 NO-PIN (R) 570 L2 1 NO-PIN (R) 570
L1 2 PIN (L) 570 95.3 L2 2 PIN (L) 570 91.3L1 2 NO-PIN (R) 570 L2 2 NO-PIN (R) 570
L1 3 PIN (L) 570 96.1 L2 3 PIN (L) 570 89.2L1 3 NO-PIN (R) 570 L2 3 NO-PIN (R) 570
L1 4 PIN (L) 570 96.1 L2 4 PIN (L) 570 93.1L1 4 NO-PIN (R) 570 L2 4 NO-PIN (R) 570
L1 5 PIN (L) 570 95.6 L2 5 PIN (L) 570 94.6L1 5 NO-PIN (R) 570 L2 5 NO-PIN (R) 570
L3 1 PIN (L) 570 97.3 L4 1 PIN (L) 570 92.4L3 1 NO-PIN (R) 570 L4 1 NO-PIN (R) 570
L3 2 PIN (L) 570 98.2 L4 2 PIN (L) 570 89.7L3 2 NO-PIN (R) 570 L4 2 NO-PIN (R) 570
L3 3 PIN (L) 570 97.8 L4 3 PIN (L) 570 95.5L3 3 NO-PIN (R) 570 L4 3 NO-PIN (R) 570
L3 4 PIN (L) 570 98.3 L4 4 PIN (L) 570 97.1L3 4 NO-PIN (R) 570 L4 4 NO-PIN (R) 570
L3 5 PIN (L) 570 98.4 L4 5 PIN (L) 570 95.9L3 5 NO-PIN (R) 570 L4 5 NO-PIN (R) 570

MODULE AREA AT 570 V: 100.0 % MEAN EFFICIENCY = 95.0 %
TOTAL MODULE BAD SECTORS (HV < 560 V): 0 (0.0 %) MEAN EFFICIENCY WITHOUT BAD PCBS = 95.0 %

12

Figure A.15. Measured efficiency for SM1 M7 as a function of the x coordinate for all the
layers. The weighted average of the efficiency of each PCB for each layer is reported
in red within the figure. The error bars shown for each point indicate the statistical
uncertainty. The dashed vertical line identify the separation between the different PCB.

High voltage scans

The performance of these detectors have been also tested, for some of the SM1
quadruplets, as a function of the readout HV value. In Figure A.16, a summary of
the mean efficiency of each layer is presented. This is evaluated as the mean over the
PCB of each layer, and a maximum of three PCB per chamber could be excluded.
The required efficiency value from the ATLAS collaboration was of at least 90% at
the nominal working value of 570 V. In general similar performance are observed for
the various tested quadruplets.
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Figure A.16. Mean efficiency shown as a function of the readout HV value for several
tested SM1 MM quadruplets. The green line corresponds to an efficiency value of 90%,
minimum value to be reached at the nominal working HV value of 570 V. The error bars
indicate the statistical uncertainty.
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Appendix B

Popular scientific description

In this Appendix you will find a popular scientific description of my thesis. The idea
for such an appendix is not mine, I took it from the PhD thesis of Trine Poulsen [250],
a physicist working on the same experiment I do, a thesis in which I accidentally
stumbled into while browsing technical material. This part is mainly intended for my
family and my non-physicist friends, and is generally aimed at piquing the curiosity
of readers who are not experts.

General context
My work is embedded in the context of high-energy physics, which aims to investigate
the fundamental properties of the Universe in which we all live. For hundreds or
even thousands of years, people have been making observations, theorising to explain
measured phenomena, and building experiments to reproduce them.

Particle physics is a fairly young field that has developed rapidly in the last
century. In the beginning, experiments were based only on radioactive materials or
cosmic rays. These are high-energy particles that travel in the universe and pass
through the Earth every second, including you who are reading this, and interact only
weakly, so special detectors are needed to observe them. Physicists have succeeded
to reproduce the particles observed in the cosmic rays in laboratories, and making
them collide such that their interactions can be studied.

The concept of the collision of particles and the creation of new particles through
their interaction is by no means trivial. Its first formulation goes back to Albert
Einstein’s famous equation, E = mc2, which basically says that all objects with non-
zero mass have intrinsic energy associated with their mass. Thus, when high-energy
particles are made to collide, the available energy can be used to create new particles
that are even heavier than the colliding particles, and, again, their properties and
interactions can be studied.

Fundamental interactions and elementary particles

From the various experiments briefly mentioned, people have come to understand
that the things we deal with every day are basically made up of three particles: the
proton, the neutron, and the electron. However, the proton and the neutron are
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not fundamental particles, because it is possible to break them and see that they
are made of a sea of quarks. Quarks instead appear as the smallest components of
what we touch every day, but it is not possible to observe them alone. The strong
force acts between two quarks as a rubber band: if you try to take them apart,
the force will tend to recall them together. At some point, what happens is that
a similar pair of quarks is created. In the rubber band example, this would mean
that you do not manage to separate the two extrema of it, but instead a new copy
of it, not stretched, is created. This strange property is associated with the strong
force, one of the four known fundamental forces of nature. This force enables us and
most non-point things to exist because it binds protons and neutrons through the
continuous exchange of particles called gluons, which are called the mediators of
the fundamental force. Thanks to them, protons and neutrons are bound in heavier
nuclei that basically form everything you can see.

Protons and electrons have a common intrinsic property: they carry a non-zero
electric charge. Because of this, they can also ‘talk’ to each other via electromagnetic
interactions, another fundamental force. These electromagnetic interactions are also
responsible for you being able to read this appendix. In fact, at this moment there is a
stream of fundamental particles called photons, the mediators of the electromagnetic
interaction or simply the constituents of light, travelling from your screen (or paper)
to your eyes and interacting with them via the electromagnetic force. These particles
carry the information about the presence of tiny black characters that our brain can
convert into thoughts through extremely complex phenomena.

Neutrons, as mentioned earlier, are an important component of atomic nuclei
because they help protons hold together through strong interactions; otherwise, the
protons would repel each other due to the electromagnetic forces just mentioned.
Neutrons, however, are distinguished by the bizarre fact that when not bound in
nuclei, they tend to decay within about 15 minutes in most cases. This phenomenon
is due to the third known fundamental interaction, the weak force that converts free
neutrons into a proton, an electron, and another fundamental particle, the neutrino.
The name of this force is derived from the fact that it is characterised by the lowest
intensity among the three mentioned. Even if you have not heard about it before,
this force is responsible for our Sun to be shining, since decays as the one briefly
mentioned are key processes in complex nuclear reactions happening in the Sun right
now.

The last fundamental force known to mankind is the gravitational force. It is
responsible for the fact that we are currently on Earth and not flying aimlessly
around the universe, as well as for the existence of large collections of matter, such
as planets and stars. But while there is a fundamental particle that mediates the
interactions for the other forces, hypothetical particles called gravitons have not yet
been observed. For some physicists, gravity is not even a fundamental interaction,
but rather a property of space-time itself. Such a description is truly fascinating,
but beyond the scope of this thesis.

Most of the fundamental particles are characterized by a non-zero mass value.
However, it is impossible to write a theory that includes such a property and at the
same time presupposes that the observed physical phenomena are independent of
the people measuring them. For this reason, the Standard Model includes what is
known as the Brout-Englert-Higgs mechanism. This describes why particles have
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mass, which is acquired via an interaction with a field which permeates all the
Universe (a sort of magnetic field with which you might be more familiar, but with
different characteristics). Furthermore, the Brout-Englert-Higgs mechanism predicts
the existence of a particle, the famous Higgs boson. This particle is unique in the
Standard Model as the strength of its interaction with other particles depends on the
mass of the latter. As part of my thesis, I also investigated some of the properties of
the Higgs boson, which I discuss in more detail later in this appendix.

The Standard Model of particle physics is an extremely successful theory that
describes all known fundamental interactions except gravity. Physicists have been
able to predict hundreds of interaction probabilities between fundamental particles
that are now even measured to the precision of the percent. Is it all over then? No.

In fact, there are still many open questions to be answered, and most of them
are raised by experimental observations. In my doctoral thesis I tried to answer one
of these open questions: the nature of so-called dark matter.

The mystery of dark matter

For the last hundred years or so, astrophysicists have been looking up at the sky
and noticing that there is something strange going on in the Universe. The motion
of many systems like stars or even some galaxies is not consistent with what you
would expect from gravitational interactions with the objects that we can observe
from Earth. There must be something more which we cannot see via any kind of
light, therefore this is called dark matter. We know that dark matter is there, and
we can see only indirectly its effects, but we do not really understand its nature yet.
Nowadays there are multiple evidences for the existence of dark matter and even
quantitative estimates that lead to the conclusion that all we can see and understand
is only 5% of the total energy content of the observed Universe. Pretty scary, isn’t
it?

Experiments have been able to rule out the possibility that the dark matter is
made up of large planets or stars of matter, which are so cold that they do not emit
light at all, so it is likely that dark matter is composed by particles. However, the
intensity of the interactions of such particles with the ordinary particles we know
should be very low (otherwise we would have seen an evidence of them already).
You need to imagine that the Milky Way, the galaxy in which our planet is located,
is immersed in a halo of dark matter particles through which we travel together with
the Sun and its tiny planets with some velocity, so you would expect a sort of wind
of dark matter particles coming towards us.

To search for these dark matter particles, physicists have developed three main
types of experiments. Direct detection experiments try to find the rare recoil of
known particles forming the target particles due to their interactions with dark matter
ones. For this reason, it is imperative to reduce as much as possible the radioactivity
of the materials used to build the detectors (everything is radioactive, also you!),
and the interactions of the cosmic rays. For these reasons, these experiments are
very complex and are located under very large mountains, such as the Gran Sasso
in Italy, as they can act as a shield against these rays. Another way to look for
these dark matter particles is to hypothesise that sometimes they interact with
each other in particular regions of the Universe and produce an excess of Standard
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Model particles that we can measure either with special telescopes or with detectors
installed on orbiting satellites. The last way to investigate the nature of dark matter
is the approach I took in my thesis: using particle accelerators. The hypothesis we
rely on is that it is possible to create unknown particles in high-energy collisions.
Dark matter would then leave our experiment undetected because it interacts with
a very low probability with normal matter.

The Large Hadron Collider
The research I reported in my thesis was possible thanks to collisions between protons
accelerated in the Large Hadron Collider. This is the largest particle accelerator ever
built by humans, and it is about a circle 27 km long. However, such a large distance
however is travelled more than 11000 times per second by the protons accelerated in
it, as they travel at about 0.9999 times the speed of light1.

The protons are accelerated to the highest technically achievable energy, which
for the data used in this thesis is 6.5 · 1 000 000 000 000 electronvolts, and are brought
into collisions head-on. Contrary to what most people think, or at least what I
thought a few years ago, the colliding beams are not a continuous stream of particles,
but many sausages of protons organised into what are called bunches. Each of these
bunches contains about 100 billion protons in a cylinder as long as 30 centimeters,
and less thick than a single hair, about 0.00 000 4 meters. The protons are packed
by extremely high magnetic fields, and kept on a circular orbit in the LHC with a
time separation of 0.0 000 000 25 seconds in two opposite directions, such that they
can collide in the middle of the experiments. To put things in perspective, a bunch
of protons travelling under the mentioned above conditions has as much energy as
a 10-carriage railway train traveling 320 kilometers per hour (source Parking the
LHC proton train by Zack Savitsky, posted on Symmetry magazine on 17/09/2020).
With that much energy, the LHC re-creates the conditions of the Big-Bang, i.e. the
process hypothesised to be the origin of the formation of our Universe.

The ATLAS experiment
The ATLAS Collaboration, of which I am a member, is investigating such collisions
with A Toroidal LHC ApparatuS, i.e. the ATLAS experiment. An overview of the
ATLAS experiment is shown in Figure B.1. As you can see from the comparison
with the drawn human beings, it is really huge. In fact, the ATLAS experiment is
a cylinder 44 meters long and 24 meters high. To put things into perspective it is
about as long as 13 Fiat Panda (2002 model), and as high as 17 of them.

Our experiment is usually associated to a big camera which takes pictures of
the collisions happening in the middle of the cylinder. However, as you might need
different lenses or lights to take photographs under different conditions, different
detector technologies are needed to detect the presence of different particles. Most
importantly, the experiment is built such that most of the particles produced in
the collisions can be identified. This is central to my work (and in general to many
ATLAS analyses), because if we want to look for the production of particles that do

1The speed of light is a value that cannot be reached by massive particles, such as the protons
accelerated in the LHC.
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Figure 1.1: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in
height and 44 m in length. The overall weight of the detector is approximately 7000 tonnes.

The ATLAS detector is nominally forward-backward symmetric with respect to the interac-
tion point. The magnet configuration comprises a thin superconducting solenoid surrounding the
inner-detector cavity, and three large superconducting toroids (one barrel and two end-caps) ar-
ranged with an eight-fold azimuthal symmetry around the calorimeters. This fundamental choice
has driven the design of the rest of the detector.

The inner detector is immersed in a 2 T solenoidal field. Pattern recognition, momentum
and vertex measurements, and electron identification are achieved with a combination of discrete,
high-resolution semiconductor pixel and strip detectors in the inner part of the tracking volume,
and straw-tube tracking detectors with the capability to generate and detect transition radiation in
its outer part.

High granularity liquid-argon (LAr) electromagnetic sampling calorimeters, with excellent
performance in terms of energy and position resolution, cover the pseudorapidity range |h | < 3.2.
The hadronic calorimetry in the range |h | < 1.7 is provided by a scintillator-tile calorimeter, which
is separated into a large barrel and two smaller extended barrel cylinders, one on either side of
the central barrel. In the end-caps (|h | > 1.5), LAr technology is also used for the hadronic
calorimeters, matching the outer |h | limits of end-cap electromagnetic calorimeters. The LAr
forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend
the pseudorapidity coverage to |h | = 4.9.

The calorimeter is surrounded by the muon spectrometer. The air-core toroid system, with a
long barrel and two inserted end-cap magnets, generates strong bending power in a large volume
within a light and open structure. Multiple-scattering effects are thereby minimised, and excellent
muon momentum resolution is achieved with three layers of high precision tracking chambers.

– 4 –

Figure B.1. Overview of the ATLAS experiment. Figure from Ref. [102].

not interact with the experiment, we want to be sure that we are seeing is everything
we expect to see, i.e. ordinary particles.

The sub-detectors of the experiment are placed hierarchically with respect to the
collision point, so it is possible to identify the point of the interaction between two
protons via tracking detectors. The energy of all particles produced is measured by
the so-called calorimeters, which absorb most of the outgoing particles by destroying
them. Detectors located in the outer part of the experiment are used to measure
muons. These are particles similar to electrons, but characterized by a larger mass
and the fact that they lose only a small part of their energy when interacting with
the detectors they meet along their flight path. Since charged particles moving in
a magnetic field bend in proportion to their energy, there are magnetic fields in
ATLAS located in different parts of the experiment and generated by many big coils
powered by more than 20000 ampere. Even though the magnetic fields are more
than ten thousand times stronger than those of the planet Earth itself, i.e. what
makes compasses work, the very energetic muons produced in the collisions are only
deflected by a few hundreds of microns. However, this is enough to measure their
energy with an accuracy of one percent. All the reconstructed particles produced
after the collisions, what we call the final states of the collisions, are then used to
analyse the events.

Search for dark matter with jets and missing transverse
momentum

Most of my research is based on a particular kind of final states of the collisions,
which includes what is called the missing transverse momentum.

As mentioned earlier, the particles in the LHC experiments are collided head-on.
This means that the protons only move in one direction, and therefore do not
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move in the plane orthogonal to that direction2. If we then measure the transverse
momentum of all the particles produced after a collision, we should find something
pretty close to zero if no invisible particles are produced. We do not expect to
measure exactly zero, since particle measurements are subject to some uncertainty
and we cannot measure particles with energies below a certain threshold.

The point is that if we produce dark matter in the collision, we will not see it. So
what could happen is that we collide the particles and see nothing in our detector.
This is, of course, an idealization of collisions because, as mentioned in the section
of this appendix on the LHC, multiple protons are accelerated together and can
interact in a single crossing of the bunches. To tag these events, we can exploit a
property of elementary particles, namely that they can convert some of their energy
into the production of another particle.

This phenomenon, which may sound quite strange, is very common in particles
with a non-zero electric charge. Indeed, when a charged particle is accelerated it
emits electromagnetic radiation in the form of photons. Similarly, the components of
the protons (the quarks) that actually interact with each other in collisions can also
emit radiation. However, it is more likely that they emit the radiation associated
with the strong force, i.e. the gluons mentioned earlier. Similar to the quarks, the
gluons do not appear as free particles in our detector. Rather, they convert their
energy into the production of many others particles, which end up appearing in our
detectors as collimated sprays called jets.

Due to the conservation of momentum in the transverse plane, such a jet recoils in
the opposite direction of the missing transverse momentum of the invisible particles,
resulting in a striking signature often referred to as monojet. An example of what
such an event looks like in the ATLAS experiment is shown in Figure B.2.

We have found many such events in the proton-proton collisions we have studied,
but this does not mean that we have found dark matter. In fact, there are several
other physics processes that can lead to the same final state signature. Our goal is
to compare the state-of-the-art theoretical predictions with the observed data and to
understand whether or not there is a significant excess of them. To look for such an
excess, we do not simply count the events, but we count the events in different range
of the values of the missing transverse momentum. This increases the sensitivity to
dark matter and other new phenomena.

To achieve this, I have spent a lot of time trying to understand the sources of
uncertainty in the predictions from theoretical physicists that we then compare to
the data. In practice, theoretical physicists produce theories which describe how our
Universe works, make calculations and tells us what we can measure. At that point,
we experimental physicists verify these predictions. We perform measurements and
compare with what the best predictions look like. Since these theoretical calculations
are really hard to compute with pen and paper, we need computer simulations which
perform these calculations.

Everything in physics is about uncertainties, and especially systematical uncer-
tainties, which are those due for example to how well we know the underlying physics

2What actually collide is not the protons, but rather their constituents, the partons, but we
do not know exactly how much they move in the direction of the protons. In any case, they are
(mostly) steady in the transverse plane.
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Figure B.2. A view of a monojet event is presented on the left part of the figure as it
appears in the transverse plane, and on the right part from a view in which it is possible
to see the direction of the colliding beams, indicated by the red arrows. This event was
recorded by the ATLAS experiment during the 2017 data taking campaign. The length
of the green and yellow bars is proportional to the energy deposits in the calorimeter
cells associated with the jet produced in the interaction. Reconstructed tracks of charged
particles measured with the innermost detector of the ATLAS experiment are represented
by orange lines. The direction of missing transverse momentum is represented by the
red dotted line. In the transverse plane view of the event it is possible to see how
the direction of the missing transverse momentum is aligned with the energy deposits
measured in the calorimeters. Figure adapted from the auxiliary material of Ref. [4].

behind these processes, and how well we can model with a computer the response of
the various ATLAS sub-detectors.

The theoretical calculations are then corrected using statistically independent
data selected differently from the data that might contain dark matter particles. I
was responsible for this phase of the analysis in which the goal was to understand
how well our predictions agree with data.

The main picture of this part of my thesis is shown in Figure B.3, where
a comparison of the observed data with the expected number of events due to
Standard Model processes is given.

Each of the filled regions, stacked above those below, represents the expected
number of events for a given hypothesis on how protons and dark matter interact
between protons that leads to the production of the particles indicated in the
legend. The dashed lines represent the expected number of events from models which
describe how protons and dark matter interact. In the lower part of the Figure,
the ratio between the measured data and the total Standard Model predictions is
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Figure B.3. Comparison of the measured missing transverse momentum distribution with
the Standard Model predictions. More details on the figure are provided in the text.
Figure from Ref.[4].

given. The black and red dots correspond to two different ways of answering the
question "How much the data are in agreement with our background expectation?"
which are described in detail in my thesis in Chapter 4. The coloured band in this
part represents the uncertainty of the Standard Model predictions. It lies between
one and four percent, an accuracy that is not usually achieved in searches for new
physical phenomena.

No significant deviation from the background predictions, i.e. what we expect
to see, is observed. Therefore, it is possible to compare the obtained result with
different hypotheses of new physical phenomena using different theoretical models
which depend on complicated physical parameters. In my thesis I have presented
several different interpretations of the results, but many more derived by colleagues
of mine will follow in the years. This is what I like about this analysis: once you
have solid background predictions, the data can be interpreted in a wide range of
new scenarios.

Higgs boson measurements in the V H(→ bb̄) channel
As mentioned in the initial part of this appendix, the Higgs boson is truly a special
particle in the Standard Model because it is characterized by unique properties that
other particles do not have. Moreover, it was discovered only recently, in 2012, and
its properties are still being studied. It is even possible that Higgs boson decays can
produce dark matter particles.

The Higgs boson is not a stable particle, and when it is produced it immediately
decays into lighter particles that can be used to reconstruct the so-called Higgs
boson candidates. For example, it is possible to reconstruct the mass of the decaying
particle, whose distribution tends to peak around the mass of the Higgs boson. By
measuring the number of signal Higgs boson events we see in data we can compare
wit the theoretical calculation and see if they are in agreement with the experimental
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results.
In my work, I have focused on the main decay mode of the Higgs boson, which

consists of a pair of bottom quarks (b quarks), particles very similar to the main
constituents of protons, but characterized by a larger mass. Since these particles
have the feature that have a mass that is small enough so that the Higgs boson can
decay into them3 but high enough that the decay probability of the Higgs in two
bottom quarks, via the process H → b + b̄, is the highest. Like the gluons, the b
quarks also produce jets in the final states, but very special ones. Namely, these
include some interesting particles that do not decay immediately after their creation,
but instead travel several hundred microns away from the interaction point before
they decay in turn into other particles. By identifying these particles, a process
called b-tagging, it is possible to isolate Higgs boson candidates that have decayed
via the H → bb process.

This process is very difficult to study at the LHC because many other Standard
Model processes can mimic the signal we are looking for. However, it is possible to
search for events very similar to the monojet one shown in Figure B.2, where another
special particle of the Standard Model, a W or Z vector boson, often referred to
as V , is produced together with the Higgs boson. In the transverse plane, the two
particles lie back to back, and if one considers Z decays neutrinos (i.e. the process
Z → ν + ν), one again obtains a striking signature, and can more easily identify the
events.

My work on this topic is embedded in a larger project of performing an analysis
of the dataset collected between the years 2015 and 2018 by the ATLAS experiment,
which will endure in the years to come as a legacy from this period (and conditions)
of data taking. In this context, I have conducted several studies aimed at improving
the sensitivity to the H → bb̄ signal.

For this long-lasting result, we propose a new way of analysing the data which
was never used before for this process. It consists of providing a measurement of the
interaction probability, a term we call cross-section in physics, in which the effect of
having a detector of limited size and performance are removed as much as possible.
This procedure is known as unfolding, and consists in removing from the data the
effect of reconstructing the particles in the detector. This is a really powerful result
because it can be immediately compared to theoretical predictions.

This result is obtained from a comparison of the distribution of the invariant
masses of two b-jets observed in the data and in the simulation, after applying a
specific event selection. One example distribution is shown in Figure B.4. Similarly
to the monojet case, the different colors represent different Standard Model processes,
and the signal we wanted to extract is shown at the top, near the 125 GeV value of
the x-axis, value which corresponds to the mass of the Higgs boson candidates.

Next generation of W/Z+jets events simulations
A central component of many analyses of the ATLAS collaboration is the simulation
of the physical process by which a W or Z boson is produced in association with

3Actually, particles cannot decay in particles whose sum of the mass is higher than the mass of
the decaying one.
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Figure B.4. Mass distribution of the Higgs boson candidates for one particular category
of the events considered. More details on the figures are provided in the text and in
Section 5.4 of Chapter 5.

jets. This is a process that can lead to the same final states of the sought signal in
both the monojet and V H(→ bb̄) analyses I have studied, and for this reason is also
referred to as the background process, as opposed to the signal process.

In the last part of my thesis, I reported on the impact of improvements made
to the simulations used for the main background process in the analyses I studied.
In this chapter, I also reported on the studies I conducted to define a strategy for
efficiently generating a large number of events. To quantify this a bit: for the next
generation of simulated events, the collaboration plans to generate more than a
billion simulated events for W/Z+jets processes. This is by no means trivial, as
the ATLAS collaboration has a limited budget in terms of computational resources.
Moreover, the simulation is performed in several steps. In one, the actual physical
process is generated as it would occur in vacuum, and in a second step, the interaction
with the ATLAS detectors is emulated. My work focuses on the first part. For more
details, see Section 6.2 of the Chapter 6.2.4.

Final remarks
If you are reading this after having read even a small portion of this appendix
and found it fascinating, I am happy, because this is exactly what I wanted. This
appendix turned out much longer than I had originally planned, but a lot of things
came to mind while I was writing it, and I found that I really enjoyed learning new
things during my PhD.
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