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Measurement of inclusive jet cross-sections and search for

resonances decaying into a photon and a jet

Abstract

Inclusive jet cross-sections are measured in proton-proton collisions at a centre-of-mass en-
ergy of 13 TeV. The measurement uses a dataset with an integrated luminosity of 3.2 fb−1

recorded in 2015 with the ATLAS detector at the Large Hadron Collider. Jets are identi-
fied using the anti-kt algorithm with a radius parameter value of R = 0.4. The inclusive
jet cross-sections are measured double-differentially as a function of the jet transverse mo-
mentum, covering the range from 100 GeV to 3.5 TeV, and the absolute jet rapidity up to
|y| = 3. Next-to-leading-order and next-to-next-to-leading-order perturbative quantum
chromodynamics calculations corrected for non-perturbative and electroweak effects are
compared to the measured cross-sections. In addition, a search is performed for new phe-
nomena in events having a photon with high transverse momentum and a jet collected in
36.7 fb−1 of proton-proton collisions at a centre-of-mass energy of

√
s = 13 TeV recorded

with the ATLAS detector at the Large Hadron Collider. The invariant mass distribu-
tion of the leading photon and jet is examined to look for the resonant production of new
particles or the presence of new high-mass states beyond the Standard Model. No signific-
ant deviation from the background-only hypothesis is observed and cross-section limits for
generic Gaussian-shaped resonances are extracted. Excited quarks hypothesised in quark
compositeness models and high-mass states predicted in quantum black hole models with
extra dimensions are also examined in the analysis. The observed data exclude, at 95%
confidence level, the mass range below 5.3 TeV for excited quarks and 7.1 TeV (4.4 TeV) for
quantum black holes in the Arkani-Hamed-Dimopoulos-Dvali (Randall-Sundrum) model
with six (one) extra dimensions.

Keywords: ATLAS, LHC, QCD, inclusive jet cross section, BSM, resonance production
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Introduction

This thesis presents a measurement of the inclusive jet cross-sections and a search for
new phenomena in high-mass final states with a photon and a jet in proton-proton (pp)
collisions at a centre-of-mass energy of 13 TeV using data collected by the ATLAS detector.
ATLAS (“A Toroidal LHC ApparatuS”) is one of the two general-purpose detectors at the
Large Hadron Collider (LHC) and the biggest multi-purpose particle detector ever built. It
is used to investigate a wide range of physics, from Standard Model measurements, such as
precision tests of quantum chromodynamics or study of the properties of the Higgs boson,
to the search of new phenomena like extra dimensions and dark matter candidates. The
LHC, built by the European Organization for Nuclear Research (CERN) and installed in
a 27-kilometre circular tunnel, is the world’s largest and most powerful particle collider.
This machine is capable of colliding energetic beams of protons (or heavier nuclei) at rates
upward of millions per second. The precision and high beam energy of the LHC allow
to explore the tera-electronvolt scale, an energy range never before achieved in a particle
collider.

Precise measurements of jet cross-sections are crucial in understanding physics at
hadron colliders. They probe quantum chromodynamics (QCD), the theory of strong
interactions, where jets are interpreted as resulting from the fragmentation of quarks and
gluons produced in a short-distance scattering process. Inclusive jet events represent a
background to many other processes at hadron colliders. The predictive power of fixed-
order QCD calculations is therefore relevant in many searches for new physics. The
measurement of the inclusive jet cross-sections presented here includes for the first time a
comparison to the next-to-next-to-leading-order (NNLO) perturbative QCD prediction.

Prompt photons in association with jets are copiously produced at the LHC, mainly
through quark-gluon scattering (qg → qγ). The γ + jet(s) final state provides a sensitive
probe for a class of phenomena beyond the Standard Model that could manifest themselves
in the high end of the invariant mass spectrum of the γ+jet system. In this thesis, a
search is presented that covers the mass range 1.5–5 TeV. Results are interpreted in the
context of several models, providing limits on production cross-sections and masses of
new phenomena objects that supersede previous ATLAS exclusion regions.

As part of the graduate student activities, a large number of infrastracture develop-
ments were carried on within the jet performance group. Among the most important
ones, the derivation and study of the global sequential calibration, a key step in the jet
energy hadronic calibration, is presented as an example in this thesis.

This thesis is organised as follows. Chapter 1 begins with an introduction of the
Standard Model of particle physics, a motivation for new physics, and a description of
Monte Carlo simulations. The LHC and the ATLAS detector are introduced in Chapter 2.
The global sequential calibration is described in Chapter 3. The measurement of the
inclusive jet cross-sections is presented in Chapter 4, while the search for photon+jet
resonances is detailed in Chapter 5. Finally, the conclusions are given in Chapter 5.6.
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Chapter 1

Theoretical introduction

1.1 The Standard Model

The Standard Model (SM) is a quantum field theory that describes the behaviour of all
experimentally-observed particles under the influence of the electromagnetic, weak and
strong forces.1 The SM describes for instance the forces that hold together protons and
neutrons in the atomic nuclei associated to strong interactions, the binding of electrons
to nuclei in atoms or of atoms in molecules caused by electromagnetism, and the energy
production in the sun and the other stars which occurs through nuclear reactions induced
by weak interactions.

The description of electroweak and strong interactions is introduced in terms of sym-
metries, using the formalism of gauge theories, which play a fundamental role in particle
physics. The SM is a renormalizable field theory based on local symmetries (i.e., sep-
arately valid at each space-time point) with a set of conserved currents and charges,
hypercharge Y , weak isospin T , and colour C. The symmetry groups respectively as-
sociated to these charges are U(1)Y , SU(2)L, and SU(3)C . The subindex L is used to
denote the SU(2)L group because only left-handed fermions (see Section 1.1.2) have weak
isospin. The subgroups SU(2)L × U(1)Y and SU(3)C represent the electroweak and the
quantum chromodynamic sectors, respectively. The electric charge Q is related to weak
isospin and hypercharge through the Gellmann-Nishijima formula Q = T3 + Y

2
[1, 2], with

the third component of weak isospin written as T3. A complete discussion of the SM is
broadly available in the literature [3, 4], a brief description is given in the next sections.

1.1.1 Particle content and interactions

The Standard Model describes all elementary particles2 known up to now, and their inter-
actions. Particles are categorised into two classes: “bosons” and “fermions”. Bosons have
integer spin and obey the Bose-Einstein statistics, whereas fermions have half-integer spin
and follow the Fermi-Dirac statistics. Fermions and charged bosons have a corresponding
antiparticle with the same mass and whose quantum numbers are opposite in sign.

The interactions are pictured in terms of exchanges of elementary particles and the

1In principle the gravitational force should also be included in the list of fundamental interactions
but their impact is fortunately negligible at the distance and energy scales usually considered in particle
physics experiments.

2An elementary particle is considered point-like, i.e. there is no evidence of any internal structure,
when the position and spin are its only degrees of freedom.
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couplings between them, which are mathematically characterised in the Lagrangian by
quadratic and higher order terms, respectively. The probability of a certain process is ob-
tained by considering all relevant Feynman diagrams3, which are pictorial representations
of the terms in the perturbative expansion (see Section 1.1.6). The Feynman diagrams
connect the incoming and outgoing particles via the allowed vertices (couplings) and
propagators (particle exchanges, known as force mediating particles).

The SM includes twelve elementary particles of spin 1/2. These are classified according
to how they interact (i.e. charges they carry) and they are divided in two families:
“quarks” and “leptons”. There are six flavours of quarks: “up” (u), “down” (d), “charm”
(c), “strange” (s), “top” (t) and “bottom” (b). The up, down and strange quarks are
frequently referred to as the light quarks, while the bottom and charm quarks as the heavy
quarks. The heaviest quark of the SM, the quark top, was the last to be found [5, 6]. The
quarks interact via the strong interaction and they carry an internal quantum number
denoted as colour (C), which represents the charge associated to the strong interaction.
The colour charge is of three types: “red” (r), “green” (g) and “blue” (b). Quarks also
carry fractionary electric charge (2/3 or −1/3)4 and weak isospin, hence, quarks interact
with other fermions both electromagnetically and via the weak interaction. Quarks are
only observed forming colour-neutral composite particles, called “hadrons”. Each hadron
is composed by a set of “valence” quarks, as well as a “sea” of gluons and quark-antiquark
pairs. Valence quarks are responsible for the hadron quantum numbers. Both valence and
sea quarks, along with the gluons, share the total momentum of the hadron. There are two
types of hadrons depending on the composition of valence quarks: “baryons” (composed
of three quarks) and “mesons” (constituted of a quark and an antiquark).

Fermions that do not carry colour charge are called leptons, and there are six flavours
of them: “electron” (e−), “muon” (µ−), “tau” (τ−) and their corresponding neutrinos,
denoted by νe, νµ and ντ , respectively. The neutrino does not carry electric charge either,
so its dynamics is driven by the weak force only. The electron, muon and tau leptons
interact both electromagnetically and weakly. Fermions are classified in pairs, following
the weak isospin doublets of their left-handed components. These pairs are themselves
organised in three generations: (

νe
e−

) (
νµ
µ−

) (
ντ
τ−

)
(
u

d′

) (
c

s′

) (
t

b′

) (1.1)

The weak eigenstates (primed quarks, νe, νµ and ντ from Equation 1.1) of the quark
and neutrino fields are not identical to their mass eigenstates (d, s, b, ν1, ν2 and ν3).
Instead, the primed quarks (νe, νµ and ντ ) are linear combinations of d, s and b (ν1, ν2

and ν3) parametrised by the CKM (PMNS) matrix, proposed by Cabibbo, Kobayashi and
Maskawa [7] (Pontecorvo, Maki, Nakagawa and Sakata [8, 9]). The coupling between the
neutrino (quark) mass eigenstates from different generations is thus proportional to the
(very small) off-diagonal elements of the PMNS (CKM) matrix. The fermionic sector of
the Standard Model is summarised in Table 1.1.

Spin 1 particles, the “gauge bosons” (also called vector bosons) are defined as force
carries that mediate the strong, weak and electromagnetic fundamental interactions. The

3Feynman diagrams are named after its inventor, Richard Feynman.
4The electric charge is given in units of the elementary charge, e, which is the charge carried by the

positron.
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Table 1.1: Fermionic sector of the Standard Model. For the neutrinos, the limits correspond to the
effective masses, m2

νf
=
∑3
i=1 |Ufi|m2

νi , where U is the PMNS matrix and f=e,µ,τ . Values are taken from

the Particle Data Group (PDG) [10].

1st Generation 2nd Generation 3rd Generation

QUARKS (spin = 1/2)

Particle mc2 Q[e] Particle mc2 Q[e] Particle mc2 Q[e]

u 2.2 MeV 2/3 c 1.28 GeV 2/3 t 173.1 GeV 2/3

d 4.7 MeV −1/3 s 96 MeV −1/3 b 4.18 GeV −1/3

LEPTONS (spin = 1/2)

Particle mc2 Q[e] Particle mc2 Q[e] Particle mc2 Q[e]

νe < 2 eV 0 νµ < 0.19 MeV 0 ντ < 18.2 MeV 0
e− 0.511 MeV -1 µ− 105.7 MeV -1 τ− 1776.9 MeV -1

electromagnetic force between electrically charged particles is mediated by the photon,
denoted by γ, which is massless and well-described by the Quantum electrodynamics
theory (see Section 1.1.2). The weak interactions between quarks and leptons are mediated
by the W+, W− and Z bosons, which are all massive.

The W± carries an electric charge of ±1, and couples to the electromagnetic interac-
tion. The weak interactions involving the W± exclusively act on the left-handed particles
and right-handed antiparticles only. The electrically neutral Z boson interacts with right-
and left-handed particles and antiparticles. The W± bosons may also interact among
themselves, with Z and γ, as the W+ and W− are both weakly and electrically charged.
The three weak gauge bosons along with the photon are grouped together, as collect-
ively mediating the electroweak interaction. The remaining gauge bosons are the eight
gluons (g). They are massless and mediate the strong interaction between colour charged
particles. Since gluons have an effective colour charge they can also interact among them-
selves. Quarks, gluons and their interactions are described by the theory of Quantum
Chromodynamics, and it is further discussed in Section 1.1.3. The remaining boson H,
the “Higgs boson”, is discussed briefly in Section 1.1.5. The SM bosons are summarised
in Table 1.2.

Table 1.2: Standard Model bosons. Masses are taken from the Particle Data Group (PDG) [10].

Particle mc2 Q[e] Spin
g 0 0 1
W± 80.385 GeV ±1 1
Z 91.1876 GeV 0 1
γ 0 0 1
H 125.09 GeV 0 0

The couplings allowed by the Standard Model, and the kind of interaction they de-
scribe, are detailed in Table 1.3. It is customary to attribute the interaction responsible
for a process according to the vertices present in the corresponding tree level diagrams,
although there are processes that cannot be ascribed to a unique interaction. This is
illustrated in Figure 1.1, which shows (a) a pure EM process (in this case mediated by a
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Table 1.3: Couplings allowed by the Standard Model, and the kind of interaction they describe [10, 11].

Electromagnetic
γqq̄

γ`¯̀ ` = (e, µ, τ)

Electroweak

Wqq̄′ W`ν̄ Zqq̄ Z`¯̀

W+W−γ W+W−Z

W+W−γγ W+W−ZZ W+W−Zγ W+W−W+W−

Strong
gqq̄

ggg gggg

Higgs interactions

H`¯̀ Hqq̄

HW+W− HZZ HHZZ HHW+W−

HHH HHHH

lepton) contributing to Compton scattering, (b) a pure strong process (here mediated by
a gluon) contributing to the jet cross-section measurement discussed in Chapter 4 and (c)
a mixed EM-strong process (in this example mediated by a quark) which corresponds to
the main source of background for the analysis presented in Chapter 5.

Figure 1.1: Tree level Feynman diagrams for (a) a pure EM process (mediated by a lepton), (b) a pure
strong process (mediated by a gluon) and (c) a mixed EM-strong process (mediated by a quark).

(a) (b) (c)

1.1.2 The electroweak interactions

Quantum electrodynamics (QED) is the relativistic quantum field theory based on the
symmetry group U(1) that describes the interactions of charged particles via the exchange
of one (or more) photon. The full theory of QED was developed by Feynman, Schwinger
and Tomonaga throughout the 1940s [12]. The structure of the SM is, in a sense, a
generalisation of this theory, extending the gauge invariance of electrodynamics to a larger
set of conserved currents and charges. The coupling of charged fermion fields ψ to the
photon field Aµ is described by the QED Lagragian density, which is given by

LQED = ψ̄ (iγµDµ −m)ψ − 1

4
FµνF

µν .

The covariant derivative Dµ and the field strength tensor Fµν are given by

Dµ = ∂µ − ieAµ

F µν = ∂µAν − ∂νAµ,
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such that the Lagrangian is invariant under local U(1) gauge transformations. The γµ

are the Dirac matrices, which satisfy {γµ, γν} = 2gµν . The strength of the interaction
is characterised by the coupling α = e2/4π. In addition to electromagnetic interactions,
fermions are subject to weak interactions. Both are manifestations of the unified elec-
troweak theory, which is described by the gauge symmetry SU(2)L × U(1)Y as proposed
by Glashow, Weinberg and Salam [13–15].

The fermion fields are expressed by Dirac spinors which can be decomposed into a
left- (L) and a right-handed (R) component, which respectively correspond to the -1
and +1 eigenvalues of the matrix operator γ5 = iγ0γ1γ2γ3. Consequently, the L and R
components are obtained by applying the chirality projector operators

PL =
1− γ5

2
and PR =

1 + γ5

2
, (1.2)

respectively. The L fermion fields ψi =
(
νi
li

)
L

and
(
ui
d′i

)
L

of the ith generation transform

as doublets under the SU(2)L symmetry group. The conserved quantum number under
SU(2)L transformations is the third component of the weak isospin, T3, which is equal
to +1/2 for the upper component in each doublet and −1/2 for its isospin partner. The R
fermion fields are invariant under SU(2)L. The weak interaction is the only fundamental
interaction that breaks parity-symmetry.

The gauge fields corresponding to the generators of the gauge symmetry are W i
µ with

i = 1, 2, 3 for SU(2)L, and Bµ for U(1)Y . The respective coupling strengths are denoted
g and g′ and the field strength tensors are given by

W i
µν = ∂µW

i
µ + gεijkW

j
µW

k
ν

Bµν = ∂µBν − ∂νBµ.

Analogous to LQED, the interactions between the gauge fields and fermions are de-
scribed by the Lagrangian density

LEW = i
∑
f

ψ̄fγ
µDµψf −

1

4
W i
µνW

iµν − 1

4
BµνB

µν ,

which is invariant under local SU(2)L×U(1)Y gauge transformations when the covariant
derivative is given by

Dµ = ∂µ +
1

2
igτ iW i

µ −
1

2
ig′Y Bµ.

The generators associated with the SU(2)L symmetry group are the Pauli matrices τi
and the generator of the U(1)Y symmetry is the hypercharge Y .

Initially, the proposed unification failed because it predicted massless gauge fields asso-
ciated to the generators of the SU(2)L symmetry group, analogous to the photon in QED,
which were not observed. Instead there was indirect evidence for the massive charged W±

and neutral Z0 bosons, which have masses close to 80 and 90 GeV, respectively [16, 17]. A
mechanism was required for the weak bosons to acquire mass. The proposed solution in-
volves spontaneous symmetry breaking through the Higgs mechanism (see Section 1.1.5).

1.1.3 Quantum chromodynamics

The huge effort to describe the rich spectrum of mesons and baryons resonances that were
discovered during the 1950s, prompted Gell-Mann and Zweig to propose in 1964 the quark
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model [18, 19], which asserts that hadrons are in fact composites of smaller constituents.
This framework could rationalise the vast hadron spectroscopy already observed in terms
of smaller particles; the quarks, in the fundamental representation of SU(3). The most
prominent properties of QCD are “asymptotic freedom” and “confinement”, and they are
introduced in Section 1.1.4

The quark model was formalised into the theory of Quantum Chromodynamics with
quarks carrying an additional quantum number called colour charge. Without colour
charge, it would seem that the quarks inside some hadrons exist in symmetric quantum
states, in violation of the Pauli exclusion principle (this was indeed the problem of the
quark model as proposed by Gell-Mann and Zweig). The colour theory extends the
electroweak Lagrangian to the symmetry under SU(3)C transformations, which introduces
eight new physical gauge fields, the gluons.

The Quantum Chromodynamics Lagrangian density is given by

LQCD =
∑
q

ψ̄q,a (iγµ(Dµ)ab −mqδab)ψq,b −
1

4
GA
µνG

Aµν .

The ψq,a are the quark fields for flavour q and colour index a, which runs from 1 to
Nc = 3. The covariant derivative Dµ and the gluon field strength tensor GA

µν are given by

Dµ = ∂µ + igst
AAAµ ,

GA
µν = ∂µAAν − ∂νAνµ + gsf

ABCABµACν ,

where AAµ are the gluon fields with index A,B,C running from 1 to N2
c − 1 = 8. The

3 × 3 matrices tA are the generators of the SU(3) group and satisfy [tA, tB] = ifABCtC .
The strong coupling strength gs is usually replaced by αs = g2

s/4π.

1.1.4 Asymptotic freedom and confinement

One of the approaches to solving QCD is referred to as Perturbative QCD [20] (see
Section 1.1.6), which essentially relies on the idea of an order-by-order expansion of a
given observable in terms of a small coupling αs ≡ g2

s/4π, where gs denotes the QCD
coupling constant.

The coupling αs decreases for increasing Q2 (i.e. the scale of the process) and vanishes
asymptotically, where large Q2 corresponds to small distances. Figure 1.2 shows the run-
ning of αs at various scales, illustrating the good consistency between the measurements.

The QCD interaction becomes weak in processes with large Q2, therefore the quarks
and gluons (collectively called “partons”) behave as essentially free in such limit. This
phenomenon is referred to as “asymptotic freedom”, and it was discovered by Gross,
Politzer and Wilczek [22, 23] in 1973. On the contrary, the interaction strength becomes
large at small transferred momenta (i.e. large distances), of order Q . ΛQCD.5 The
increasing force either binds the quarks together or it breaks when the energy density of
the colour field between the quarks is great enough to create from the vacuum quark-
antiquark pairs. As a consequence, quarks do not exist in isolation, but rather hadronise
to form tightly bound composite states, with compensating colour charges so that they
are overall neutral in colour (hadrons). The impossibility of separating colour charges as

5The scale at which the coupling diverges is referred to as ΛQCD.
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Figure 1.2: The QCD coupling determined in different experiments, together with the (green) band from
the world average. Image from Ref. [21].

individual quarks and gluons is known as “confinement” [24], and explains why quarks and
gluons are only observed, at low energies, trapped together into colour-neutral hadrons.6

1.1.5 Higgs mechanism

The photon and the gluons have zero masses as a consequence of the exact conservation of
the corresponding symmetry generators: the electric charge and the eight colour charges,
respectively. On the other hand, the weak bosons have large masses signalling that the
corresponding symmetries are largely broken. The Standard Model predicts in principle
massless fermions and gauge bosons, in contradiction with the observations. The idea
behind the underlying mechanism of generating non-zero masses while preserving the
renormalisability of the theory was initially studied by Nambu, Goldstone [25, 26] and
Anderson [27], and developed into a full relativistic model in 1964 independently and
almost simultaneously by three groups of physicists: Higgs [28, 29], Englert and Brout [30],
and Guralnik, Hagen and Kibble [31]. Furthermore, Higgs proposed the existence of a
hypothetical massive scalar elementary particle as a proof for this idea [32]. This particle
has no spin, and therefore is classified as a boson.

The so-called Higgs mechanism consists of inducing a spontaneous breaking of the
electroweak gauge symmetry:

SU(3)C × SU(2)L × U(1)Y → SU(3)C × U(1)Q,

generating massive W± and Z gauge bosons, predicting also the presence in the physical
spectrum of one spin-0 particle, “the Higgs boson” [3, 4]. Weinberg and Salam were the
first to apply the Higgs mechanism to the breaking of the electroweak symmetry [15, 33]
and showed how a Higgs mechanism could be incorporated into Glashow’s electroweak
theory [13], setting thus the foundations of the Standard Model of particle physics.

6In very-high energy enviroments, such as the universe shortly after the Big Bang, quarks and gluons
are only weakly linked by the strong force, forming what is called a quark-gluon plasma.
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The relationship between the masses of W± and Z gauge bosons predicted by the SM
is given by

mW = mZ cos θW , with tan θW = g′/g, (1.3)

where the weak missing angle θW relates the hypercharge and weak coupling constants,
denoted by g and g′, respectively. The W± and Z vector bosons were discovered in 1982
by the UA1 and UA2 collaborations [17, 34], where the prediction given by Equation 1.3
was successfully verified. Furthermore, not only the bosons acquire mass through the
Higgs mechanism but also the fermions. The masses are not predicted by the SM so
they are just parameters of this theory. After the discovery of the top quark in 1995 by
D0 and CDF collaborations [5, 6], the masses of the fermions have been all measured
experimentally.7

On 4th July 2012, the ATLAS [35] and the CMS [36] collaborations at the LHC simul-
taneously claimed the discovery of a previously unknown boson of mass between 125 and
127 GeV/c2, whose behaviour has been found (so far) to be consistent with the Standard
Model Higgs boson [37, 38]. Currently, a tremendous experimental effort is underway
aimed to study the properties of the discovered Higgs-like particle.

1.1.6 Perturbative Quantum Chromodynamics

The experimental consequence of asymptotic freedom is that the hard interactions of
quarks and gluons at the energy scale probed by hadron colliders can be described by
perturbative QCD (pQCD), although their presence in the final state can only be inferred
indirectly, as they appear confined in colourless hadrons. Each order of the perturbative
expansion corresponds to an additional power in the coupling constant. This power is
related to the number of vertices in the matrix element QCD Feynman diagrams, with√
αs per vertex, with the exception of the 4-gluon vertex which contributes with αs.

Each increasing order in αs of the perturbative expansion simply corresponds to a set
of diagrams with the correct combination of vertices. By drawing all possible Feynman
diagrams for a given order of perturbation theory, all the terms in the calculation can be
read off. In this context, leading-order diagrams are also known as “tree-level” diagrams
(with no internal loops). Since the value of αs varies with energy, it must be evaluated
at the energy scale of the interaction. In particular, at the electroweak scale, αs(MZ) ∼
0.117, the perturbative expansion converges relatively fast, allowing all except the lower
order terms to be ignored. The complexity of the process determines the order to which
the calculation can be performed.

Using this formalism, the two parton hard interaction cross-section can be computed
to some fixed order in perturbation theory. However, hadron colliders such as the LHC
do not produce simple parton-parton interactions, but instead collisions of hadrons that
consist of multiple partons. The factorisation theorem [39, 40] allows the perturbative
calculations for parton interactions to be extended to proton-proton collisions as well as
to separate the short-distance component of the scattering process described by pQCD
from the non-perturbative long-distance component. This theorem states that the total
cross-section for two hadrons can be obtained by weighting and combining the cross-
sections for two particular partons. This weighting is done using fi(x,Q

2), the parton
distribution functions (PDFs), which describe the parton density for a parton of species
i in a hadron, with a fraction x of the hadron energy-momentum when the hadron is

7For the neutrinos, only the difference between the square masses are known (∆m2
ij = m2

i −m2
j ).
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probed at a resolution scale Q2. The cross-section for a hard scattering process pp→ X,
initiated by two hadrons with four-momenta P1 and P2 can be written as:

σpp→X =
∑
i,j

∫ 1

0

dx1dx2fi(x1, µ
2
F )fj(x2, µ

2
F )σ̂ij(p1, p2, αs(µ

2
R), Q2/µ2

R, Q
2/µ2

F ). (1.4)

Here, x1 and x2 are the momentum fractions carried by the interacting partons, and
p1 = x1P1 and p2 = x2P2 are the interacting parton momenta. The partonic cross-section
σ̂ij, corresponding to the interaction of partons i and j, is calculated at a fixed order in
αs, which is evaluated at some renormalisation scale, µR, and factorisation scale, µF . The
total cross-section is obtained by summing over all possible parton flavours and integrating
over all possible momentum fractions. The parton distribution functions, fi and fj, are
evaluated at a factorisation scale, µF , which can be thought of as the scale that separates
short-distance, perturbative physics, from long-distance, non-perturbative physics (i.e.,
separates hard and soft processes). Figure 1.3 shows the parton distribution function
evaluated at two different factorisation scales for all possible partons.

Figure 1.3: The bands are x times the parton distribution functions fi(x,Q
2) (where i = uv = u −

ū, dv = d − d̄, ū, d̄, s ' s̄, c ' c̄, b ' b̄, g) obtained in an NNLO NNPDF3.0 global analysis [41] at scales
µ2
F = 10 GeV2 (left) and µ2

F = 104 GeV2 (right), with αs
(
MZ

2
)

= 0.118. Images from Ref. [10].
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If the perturbative expansion were carried to all orders, the cross-section σpp→X in
Equation 1.4 would be independent of µF and µR. In actual finite order calculations this
is not true. They are usually both taken to be equal, µF = µR = µ, chosen at the typical
scale Q2 of the process, in order to minimise the contribution of (uncalculated) higher
order terms which appear as logarithmic terms of the form log(Q2/µ2

R) and log(Q2/µ2
F ).

The dependence of the prediction on µF and µR is assigned as a theoretical uncertainty.
The fact that the cross-section of a process should be independent of the factorisation scale
µF led to the DGLAP equations, published separately in the 1970s by Yuri Dokshitzer,
Vladimir Gribov and Lev Lipatov, and Guido Altarelli and Giorgio Parisi [42]. These
equations determine the evolution of the PDFs with Q2.8

On the other hand, the dependence on x must be obtained by fitting possible cross-
section predictions to data from hard scattering experiments. The understanding of the

8The DGLAP evolution equations describe the change with Q2 of the quark densities due to gluon
radiation and gluon splitting, and of the gluon density due to radiation from quarks and gluons.
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PDFs plays a key role for interpreting the data at hadron colliders in terms of the SM
predictions and possible deviations. Dedicated groups perform the parametrisation of
PDFs using data from different experiments and processes.

1.1.7 Particle physics in hadron colliders

The variety of physics processes ocurring in a hadron-hadron collision is highlighted next
in an inwards-outwards flow (i.e., from short-distance to long-distance processes).

Initially two hadrons are coming in on a collision course, where each hadron can be
thought as a group of essentially collinear partons quantitatively characterised by the
parton distributions (see Section 1.1.6). In a collision scenario with accelerated particles
carrying electromagnetic and colour charges, bremsstrahlung can occur, e.g. as gluon
radiation such as q → qg. A collision between two partons, one from each side, takes place
producing the hard process of interest, that can be calculated by a perturbative approach
to some order in αs, which corresponds to the number of outgoing partons. Emissions that
are started off from the two incoming colliding partons are called “initial-state radiation”
(ISR). After the collision, outgoing partons can also radiate. This emission is referred
to as “final-state radiation” (FSR). With the parton shower development, the colour
field strength increases as partons recede and they can break up by the production of
quark-antiquark pairs. Thus, quarks and antiquarks may combine to produce a primary
hadron. The creation of hadrons as a consequence of the confinement phenomenon is
referred to as “hadronisation”. Each of the incoming hadrons is made up of a multitude
of additional partons, which may also interact within the same hadron-hadron collision.
These semi-hard secondary collisions are referred to as “multiple parton interactions”
(MPI).9 Each of these further collisions also may be associated with its radiation. The
additional products of the collision that are not explicitely related to the hard process
(radiation, hadron remnants, products of multiple parton interactions, etc.), are generally
grouped altogether and called “underlying event” (UE).

Overall, the complex picture of a hadron-hadron collision introduced in this section is
illustrated in Figure 1.4.

The processes that take place during a hadron-hadron collision cannot be completely
calculated through pQCD. Currently, there are different Monte Carlo (MC) simulations
available, involving various suitable approximations, that have been developed to address
some of the phenomena mentioned above (see [44, 45] and references therein). The key
features of the MC simulations required for the understanding of the analyses presented
in this thesis are described in Section 1.2.

1.1.8 Beyond the Standard Model

The SM provides a strong theoretical foundation to our understanding of high energy
physics and agrees remarkably well with experimental results. However, theoretical dis-
crepancies point to the possibility of new physics beyond the standard model (BSM). An
example is the hierarchy problem [46–48], described simply as a theoretical inconsistency
between the relative strengths of the gravitational and electroweak forces. The differences
can only be accounted for through very fine-tuned cancellations of force couplings against
quantum corrections, an overly arbitrary and unlikely scenario.

9The multiple parton interactions are a completely separate effect from the multiple proton interactions
that may occur in each bunch collision event in a hadron collider.
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Figure 1.4: Illustration of the stages of a hadron-hadron collision: the hard interaction (HS), the initial-
and final-state radiation (ISR and FSR, respectively), the hadronisation, the subsequent hadron decays,
and the underlying event. Image from Ref. [43].

Experimental evidence for BSM physics is also piling up. Analysis of galactic rota-
tion curves [49] and gravitational lensing [50] point to discrepancies between the mass
of galaxies as calculated through gravitational predictions and through extrapolations of
the aggregate stellar luminosity. This discrepancy leads to the existence of a hypothetical
type of matter distinct from ordinary matter known as dark matter. Many cosmological
observations, including the measurement of the cosmic microwave background [51], in-
dicates a universal composition of 5% matter, 27% dark matter, and 68% dark energy,
another unknown form of energy.

Proton-proton collisions at a new energy frontier of 13 TeV have the potential to create
new, heavy particles that are not predicted by the SM. If a new particle couples to the
SM it may be created by parton collisions at the LHC and can therefore subsequently
decay into SM particles, leaving evidence of its existence. This potential evidence of BSM
physics may be found in precision measurements of cross-sections as deviations from the
SM, or in searches of non-standard-model resonance signals decaying into SM particles.

1.2 Monte Carlo simulations

Having QCD predictions is crucial in precision measurements as well as in searches for new
physics. The “fixed-order predictions” include the first terms in the QCD perturbative
expansion for a given cross-section. As more terms are involved in the expansion, an
improvement in the accuracy of the prediction is expected. The complexity of the pQCD
calculations increases significantly with the number of outgoing partons. Furthermore,
pQCD calculations do not provide the full hadronic level event description. An alternative
approach is provided by the so-called Monte Carlo programs.
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1.2.1 Hard interaction and parton shower

In order to describe a 2→ n process from the Lagrangian of the theory (where n repres-
ents a given number of partons in the final state), a set of Feynman diagrams has to be
lay down and evaluated following precise rules, so that matrix elements (ME) can be cal-
culated in powers of the strong coupling constant αs. The factorial increase of Feynman
diagrams with the number of outgoing partons makes it hard to have calculations at high
order. Nevertheless, a complex 2→ n process can be factorised into a simple core process,
e.g. 2 → 2, convoluted with parton splitting probabilities to mimic a higher order pro-
cess. Simulation programs implementing this approach are for instance Pythia [52] and
Herwig++ [53, 54]. These use leading-order (LO) perturbative calculations of matrix
elements of 2 → 2 processes and implement higher-order QCD processes approximately
via the so-called initial- and final-state “parton showers” (PS) [45, 55] to produce the
equivalent of multi-parton final states.

In a hard process with virtuality Q2 (i.e. hardness), the incoming (outgoing) partons
are expected to radiate a succession of harder (softer) gluons while approaching (retreating
from) the collision. The emission ratio for a branching such as q → qg diverges when
the gluon either becomes collinear with the quark or when the gluon energy vanishes.
Furthermore, the non-Abelian character of QCD10 leads to g → gg branchings with
similar divergences. The third main branching g → qq̄ does not have the soft divergence.
For next-to-leading-order (NLO) perturbative QCD MC programs, like Sherpa [43] and
Powheg [56, 57], the parton shower needs to be matched to the ME calculation11,12 to
avoid double counting of radiation generally modelled by a sequence of emissions that,
starting from the scale where confinement becomes important, increase the virtuality
in each emission until it matches the Q2 of the hard process. Similarly, the final-state
radiation is constituted by a sequence of emissions that decrease the virtuality of the
partons until a lower cut-off is reached (Q2

0 ≡ ΛQCD . 1 GeV). Thus, the whole phase
space is expected to be covered with a smooth transition from ME to PS. Below Q2

0,
no further branchings are simulated. Perturbation theory ceases to be meaningful, and
confinement effects and hadronisation phenomena take over. Different MC programs
control the coherence of succesive emissions by ordering them in terms of their transverse
momenta (p⊥) or angle with respect to the parton direction. In particular, Pythia and
Herwig++ use shower models that are p2

⊥- and angular-ordered, respectively.

1.2.2 Underlying event

In addition to the hard interaction that is generated by the Monte Carlo simulation, it
is also necessary to account for the interactions between the incoming proton remnants
(MPIs). This is usually modelled through multiple extra 2 → 2 scattering, occurring at
a scale of a few GeV. The modelling of the underlying event is crucial in order to give
an accurate reproduction of the energy flow that accompanies hard scatterings in hadron

10The transformations of the symmetry group do not commute in the case of the Quantum Chromo-
dynamics and weak groups.

11Powheg is interfaced with other programs, Pythia or Herwig++, to provide the parton shower
and the hadronisation model (see Section 1.2.3).

12The interfacing of matrix element calculations to PS is generally done using a matching procedure
(MLM [58] or CKKW [59, 60]), that essentially relies on a slicing of the phase space where some region
is constrained to be generated by the parton shower, whereas the rest is covered by the ME calculation
(i.e., where the PS approximation has limitations).
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colliders. The UE can include additional hard interactions and soft processes which can
not be calculated perturbatively. These are modelled with adjustable parameters which
are tuned to experimental data.

1.2.3 Hadronisation

As the evolution reaches Q2
0 ≡ ΛQCD, the parton shower phase is truncated since the coup-

ling forces become significant and confinement takes place. This phenomenon cannot still
be described from first principles, and therefore, it involves some modelling to transform
all the outgoing coloured partons into colourless hadrons of a typical 1 GeV mass scale.
The dynamics of this evolution is generally absorbed in fragmentation functions that rep-
resents the probability of a parton to fragment into a certain hadron of the final state.
Many of these primary hadrons are unstable and decay further at various timescales.
Those that are sufficiently long-lived have their decays visible in the detector, or they are
stable. There are several models of the hadronisation process, that attempt to connect
the results of the parton shower and the final particle spectrum observed. These models
can be complemented and tuned using experimental observations. The hadronisation is
commonly described by either the Lund string fragmentation model [61] (as implemented
in Pythia), or the cluster fragmentation model [62] (as implemented in Herwig++
and Sherpa13). Essentially, the Lund string fragmentation model asummes a linear con-
finement, where the energy stored in the colour field between quarks and antiquarks is
assumed to increase linearly with the separation of colour charges. Thus, it depicts the
colour force by means of a linearly rising potential as charges separate. The potential
energy stored increases as partons recede, so it may break up by the production of new
quark-antiquark pairs that screen the endpoint colours. Then, quarks and antiquarks may
combine to produce hadrons. The cluster fragmentation model is based on the colour pre-
confinement property of the branching processes, which assumes that the separation of
the colour charges forming a singlet are inhibited. After the perturbative parton branch-
ing process, the remaining gluons are splitted into light qq̄ pairs, and then neighbouring
quarks and antiquarks can be combined into colour singlets (colourless “clusters”), with
masses distributions peaking at low values and asymptotically independent of the hard
subprocess scale.

1.2.4 Tunes

Due to the non-perturbative, and therefore incalculable, nature of much of the soft phys-
ics processes, like the shower approximations, hadronisation and underlying event, MC
generators inevitably contain a number of free parameters. These different parameters
are usually tuned with data from colliders. A specific set of chosen parameters for a MC
generator is referred to as a “tune”.

Two ATLAS Pythia tunes are used for event simulations in this thesis: the A14
tune [63] for the hard interaction and the AU2 tune [64] for pile-up collisions. The A14
tune is based on the MONASH tune [65] of the Pythia authors which uses e+e− collision
data for the hadronisation parameters, and minimum bias pp collision data at LHC to
constrain parameters sensitive to initial state radiation and the underlying event. The
A14 tune uses in addition a large variety of ATLAS data sensitive to multiple parton
interactions and ISR/FSR, and includes jets built from tracks and variables sensitive to

13Sherpa can use its own hadronisation model or be interfaced to Pythia.
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the internal jet structure. The AU2 tune targets the Pythia parameters sensitive to the
modelling of minimum bias pp collisions and is based on tracks and calorimeter clusters
information.

1.2.5 Detector simulation

In order to use events14 produced by Monte Carlo generators to model particle colli-
sions that one might observe with the detector, the output of these generators is passed
through a detector simulation [66]. ATLAS uses the Geant 4 [67] toolkit. Geant 4
is an extensive particle simulation package that governs all aspects of the propagation
of particles through detectors, based on a description of the geometry of the detector
components and the magnetic field. The physics processes include, among others, ion-
isation, Bremsstrahlung, photon conversions, multiple scattering, scintillation, absorption
and transition radiation. The last step involves the digitalisation, which simulates the
detector outputs in the same format as the actual raw data.

The detector is described in terms of almost 30 million volumes with properties, which
in case of the ATLAS detector (described in Section 2.2) are constructed based on two
databases: the geometry database and the conditions database. The former contains
all basic constants, e.g. dimensions, positions and material properties of each volume.
The latter is updated according to the circumstances at a given time and contains for
instance dead channels, temperatures and misalignments. As a result, several layouts
of the detector are available. Test beam data taken with components of the ATLAS
detector before completion have aided the validation and further improvement of the
detector simulation. Due to the detailed and complicated geometry of ATLAS and the
diversity and complexity of the physics processes involved, the consumed computing time
per event is large (O(1 hour)).

14An event refers to the results just after a particle collision, occurring in a very short time span, at a
well-localised region of space. Here, the meaning of an event is different from the one used in the theory
of relativity, in which an “event” is a spacetime coordinate.
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Chapter 2

The ATLAS experiment

2.1 The Large Hadron Collider

The Large Hadron Collider [68] is the world’s largest, most advanced, and powerful particle
collider ever built. The LHC is a proton–proton synchrotron built by the European Or-
ganization for Nuclear Research, installed in the 27-kilometre circular tunnel previously
occupied by the Large Electron Positron (LEP) collider at approximately 100 metres un-
derground below the border between France and Switzerland. It is a precision instrument
capable of colliding energetic beams of protons (or heavier nuclei) at rates upward of
millions per second in interaction “points” (IPs) of the size of microns. The precision and
high beam energy make of the LHC an extraordinary tool to explore the tera-electronvolt
(TeV) scale, an energy range never before achieved in controlled collider experiments for
elementary particle physics. ATLAS [35] is one of two general-purpose detectors at the
LHC and is described in Section 2.2. It investigates a wide range of physics, from the
study of the Higgs boson to the search of extra dimensions and dark matter candidates.

2.1.1 Machine design

The LHC had been originally designed to produce collisions between beams of protons at
a centre-of-mass energy (

√
s) of 14 TeV. An unexpected technical incident occurred on

September 20081 [69] delaying the LHC’s physics program and forcing to operate below the
design specifications at

√
s = 7 TeV during the first years (2010-2011) and at

√
s = 8 TeV

in the 2012 period. The period of data-taking from 2010 to 2012 is commonly known as
“Run 1”. During 2013 and 2014, the LHC entered a period named “Long Shutdown”,
the first one of its life (LS1). Although there were no collisions, the whole CERN site
was a hive of activity, with large-scale work under way to modernise the infrastructure
and prepare the LHC for operation at higher energy. In 2015, the LHC started its second
run of data-taking, known as “Run 2”, operating at

√
s = 13 TeV. The decision to begin

the LHC’s second run at 13 TeV was taken in order to optimise the delivery of particle
collisions for physics research, and thereby speed the route to potential new physics.
Technical details motivating this decision can be found in Ref. [70].

The LHC ring is the last shackle in a series of intermediate accelerators, some of which
have been operating for decades, that successively increase the energy of the protons. The
whole chain is illustrated in Figure 2.1. The protons are extracted from ionised Hydrogen

1A short-circuit in a connection between superconductors in the tunnel burned a hole in a vessel
containing liquid helium, with catastrophic consequences for the LHC machine.
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Figure 2.1: The CERN complex encompassing several accelarators (the length of each is included between
parenthesis). Image from Ref. [71].

atoms and are feed to the linear particle accelerator Linac 2 where proton energy is raised
to 50 MeV. These are then inserted in the Proton Synchrotron Booster, where protons
are further boosted to 1.4 GeV and injected then into the Proton Synchrotron (PS) which
increases their energy up to 25 GeV. The last accelerator on the chain before injecting the
protons to the LHC ring, is the Super Proton Synchrotron (SPS) which further increases
proton energy to 450 GeV. Up to this stage, all protons flow in the same direction, but
the injection to the LHC ring occurs in two points resulting in two contra-rotating beams,
as schematically shown in Figure 2.2.

The LHC contains two adjacent, high-vacuum beam pipes (maintained to an impresive
pressure of 10−13 atm) running in parallel throughout all the ring, except for some dis-
continuities in the vicinity of the interaction points where the beams cross. The bending
of the proton beam into a nearly circular trajectory is primarily driven by 1232 dipole
superconducting magnets designed to operate at 11.08 kA, generating a magnetic field
of 8.3 T necessary for 6.5 TeV proton beams. These magnets are cooled down to 1.9 K
(−271.3 ◦C, colder than the 2.7 K of outer space) by liquid-helium vessels for proper op-
eration at the superconducting state. A large series of smaller quadrupole, sextupole,
octupole, and decapole magnets provide beam shaping to counteract Coulomb repulsion
of the proton aggregate by squeezing the beam in its transverse plane. Beam acceleration
within the LHC occurs in eight radiofrequency (RF) resonant cavities per beam where the
electromagnetic field oscillates at a frequency that is a multiple of the protons revolution
frequency (frev). Charged particles passing through the cavity are accelerated or decel-
erated by the electromagnetic force until becoming synchronised to the oscillating field
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Figure 2.2: LHC layout with four interaction points at the site of the detectors, the beam injection points
and the dump site. Image from Ref. [72].

in the cavity. The net effect is that protons tend to be grouped in tight bunches of tens
of centimetres long each. Each bunch contains approximately 1.15 × 1011 protons, that
ensure high instantaneous luminosity at the collision points and hence maximise the num-
ber of collisions. Not all stationary regions of the RF potential, known as “buckets”, are
occupied, only every 10th bucket is treated as a possible bunch slot. There are 3564 pos-
sible bunch slots.2 In Run 2 (Run 1) the bunches were separated by a time τbunch = 25 ns
(τbunch = 50 ns). As a consequence of the SPS and LHC injection strategy, the bunches
are organised in “bunch-trains”. The number of bunches per bunch-train and the separ-
ation (empty bunches) between bunch-trains is different for each data-taking period and
tend to vary during data-taking. In addition to organise protons longitudinally along
the beam, once a stable time structure has been achieved the frequency of the cavities
is slowly increased to transfer power to push the protons forward along the accelerator.
This is the process called synchrotron acceleration. Each cavity delivers 2 MV (an accel-
erating field of 5 MV/m) at 400 MHz, and is kept at 4.5 K. Plateau energy is reached in
around 15 minutes. Both beams traveling in opposite directions are squeezed and focused
at four intersection points where the detectors are placed: the multipurpose ATLAS and
CMS [36] experiments, and two other dedicated detectors ALICE [73] and LHCb [74] for
heavy ion and B-physics experiments, respectively (see Figure 2.2).

2The exact number of possible bunch slots is obtained when considering the exact LHC perimeter,
26.659 km, and 24.95 ns as bunch time separation, usually approximated to 25 ns in non-technical litter-
ature.
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2.1.2 Machine operation during 2015 and 2016

The rate of production of a certain process i is directly related to the cross-section σpp → i
and the LHC capability to put the protons into close contact, as encoded by the instant-
aneous luminosity L0. Formally the rate is expressed by

Ri = L0σpp→i, (2.1)

where the cross-section is a purely physical magnitude (calculable from scattering amp-
litudes), whereas the luminosity depends exclusively on the beams optics. It can be
expressed by

L0 = ncfrev
N1N2

4πσ∗xσ
∗
y

,

where nc is the number of colliding bunch pairs, Nb is the number of protons per bunch in
the beam b, and σ∗x,y are the transverse sizes of the beam at the interaction point. Clearly
the luminosity -and by inheritance the production rate- increases as bunches have more
protons, more bunches crossings occur (either because there are more filled bunches in
the pipe or the crossings are more frequent) or if the beams are more collimated at the IP
reducing the transverse spread of protons. As a consequence, the observation of unlikely
scattering processes with small cross-sections requires to maximise the delivered instant-
aneous luminosity, which is in turn limited by the machine performance and protection
thresholds. The timeline of peak luminosity as measured online using the luminosity de-
tectors (see Section 2.2.5) during 2015 and 2016 data taking periods is shown in Figure 2.3.
The time integrated luminosity Lint

0 =
∫
L0 dt is shown in Figure 2.4.

Figure 2.3: The peak instantaneous luminosity delivered to ATLAS during stable beams for pp collisions
at 13 TeV centre-of-mass energy is shown for each LHC fill as a function of time for 2015 and 2016 data
taking periods ((a) and (b) respectively). The luminosity is determined using counting rates measured by
the luminosity detectors, and is based on a preliminary 13 TeV calibration determined using the van-der-
Meer beam-separation method [75], where the two beams are scanned against each other in the horizontal
and vertical planes to measure their overlap function. Images from Ref. [76].

(a) (b)

A pp collision is in essence a stochastic process. As such the high luminosity not only
enhances the probability of a single pp scattering but also increases the likelihood for mul-
tiple pp collisions per bunch crossing. The number of inelastic collisions per bunch crossing
is a random variable that follows a Poisson distribution with parameter µ estimated from
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Figure 2.4: Cumulative luminosity versus time delivered to (green) and recorded by ATLAS (yellow)
during stable beams for pp collisions at 13 TeV centre-of-mass energy in 2015 and 2016 ((a) and (b)
respectively). This accounts for the luminosity delivered from the start of stable beams until the LHC
requests ATLAS to put the detector in a safe standby mode to allow for a beam dump or beam studies.
Images from Ref. [76].

(a) (b)

the luminosity and the inelastic cross-section. Beam optics and bunch parameters at the
IP can change across different periods of data taking resulting in clear changes of the
luminosity of the machine. Therefore, the underlying Poisson distribution can be shifted
towards higher or lower values of 〈µ〉 as shown in Figure 2.5 for 2015 and 2016 data.

Figure 2.5: Luminosity-weighted distribution of the mean number of interactions per crossing for the
2015 and 2016 pp collision data at 13 TeV centre-of-mass energy. All data delivered to ATLAS during
stable beams is shown. The integrated luminosity and the mean µ value are given. The mean number of
interactions per crossing corresponds to the mean of the Poisson distribution of the number of interactions
per crossing calculated for each bunch. It is calculated from the instantaneous per bunch luminosity as
µ = Lbunch × σinel/frev where Lbunch is the per bunch instantaneous luminosity, σinel is the inelastic
cross-section which we take to be 80 mb for 13 TeV collisions, and frev is the LHC revolution frequency.
Image from Ref. [76].

In each bunch crossing there are, along with the hard-scatter process, inelastic in-
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teractions which contribute with soft additional particles in the detector that blur the
resolution of the hard process of interest. This phenomenon is called pile-up and can
occur in two forms. One contribution, known as “in-time” pile-up, arises from particle
emissions produced by the additional proton-proton collisions occurring in the same bunch
crossing as the hard-scatter interaction. The second form, named “out-of-time” pile-up,
is a consequence of the short time separation between subsequent bunches (τbunch = 25 ns
in Run 2). Due to the long time taken to produce and read out the electronic signal
in some sub-detectors (see Section 2.2), previous crossings affect the signal shape of the
interaction of interest.

The 2015 pp program started effectively on 3 June when the LHC shift crew declared
“stable beams” as two 6.5 TeV proton beams were brought into collision at the LHC’s
four interaction points. The pp data-taking continued until 3 November. The 2016 data-
taking period occurred from 22 April to 26 October. The instantaneous luminosity peaked
in 2015 at 5 × 1033 cm−2 s−1 (see Figure 2.3a) and in 2016 at 13.8 × 1033 cm−2 s−1 (see
Figure 2.3b), both close to the design value 1034 cm−2 s−1. The average number of pp
collisions per bunch crossing was 13.7 in 2015 and 24.9 in 2016, peaking at 50 simultaneous
hard-scatter interactions in 2016 (see Figure 2.5).

The average efficiency of the 2015 and 2016 ATLAS data taking periods was of 92.1%
and 92.4% respectively (in rough terms, it corresponds to the yellow area divided by the
green area in Figure 2.4). The loss of efficiency can be due to the turn-on of the high
voltage of some sub-detectors at the beginning of an LHC fill, to deadtime or to individual
problems with a given sub-detector that prevented the ATLAS data taking to proceed.

The measurement of the inclusive jet cross-sections presented in this thesis is based on
the data collected in the 2015 data taking period. The search for new phenomena in high-
mass final states with a photon and a jet is based on the 2015 and 2016 samples. Only
data collected during stable beam periods in which all sub-detectors were fully operational
are used. A brief description of the ATLAS detector and its sub-systems is given in the
next section.

2.2 The ATLAS detector

ATLAS is one of the multi-purpose detectors at the LHC. It spans over 44 m in length
and 25 m in height, is located at Interaction Point 1 (see Figure 2.2) and is composed of
many sub-systems as illustrated in Figure 2.6. The ATLAS layout is nominally forward-
backward symmetric with respect to the interaction point, and consists of three primary
detection systems layered radially upon each other: a central inner tracker, a calorimeter
system, and a muon spectrometer. The inner tracker (see Section 2.2.2) is embedded in a
2 T solenoidal magnetic field (see Section 2.2.6) and is used to measure the position and
momentum of charged particles. The calorimeter system determines the energy of both
neutral and electrically charged particles (see Section 2.2.3). The muon spectrometer is
located within a large toroidal magnetic field and allows to measure the position and
momentum of muons (see Section 2.2.4).

The principle behind this organisation of sub-systems can be described by simple con-
cepts. Vertex identification (discussed in Section 2.3.1.2) requires high resolution track
reconstruction; to minimise large extrapolations the tracking system is inserted as close
as possible to the interaction point. The energy of charged and neutral particles is meas-
ured in the second layer, the calorimeter system. This has a large volume and is made
of materials that guarantee a large number of radiation and interaction lengths. Ideally,
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particles are completely absorbed within the calorimeter(s) volume and their energy is
thus measured as the sum of the energy deposited by the showered products of the original
particles. This is the opposite case of the tracking system which is designed to minimise
modifying the original trajectory of the particles. Muons usually transverse the calori-
meter loosing of the order of 2 GeV, and then their momentum can be measured with
improved precision using the outermost muon tracking system (in general in combination
with the inner tracker). A common factor to all sub-systems forming ATLAS is that
they have to resolve physics signals and correctly identify different fundamental particles
emerging from the collision spot at enormous rates, and be radiation resistant to survive
the harsh enviroment [77]. Each sub-system is uniquely designed to detect the energy
signature of passing leptons, photons, and hadrons, as visualised in Figure 2.7.

Figure 2.6: Cut-away view of the ATLAS detector and its sub-systems. 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.
Image from Ref. [35].

Another difficulty, consequence of the huge amount of collisions per second, is the
computing power and network speeds needed to transfer the information collected at
the detector, convert the measured electric pulses into physical entities (reconstructed
electrons, photons, jets, etc.) and store the information permanently in disks. The
following sections are intended to provide a brief overview of the ATLAS detector and of
its trigger and acquisition system. For further details the reader is kindly deferred to the
original source of all this information in Ref. [35].

2.2.1 Coordinate system and kinematic variables

The coordinate system used in ATLAS is a right-handed Cartesian system centred at
the geometric centre of the detector. The z-axis lies along the beam line, while the
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Figure 2.7: A cross-section of the ATLAS detector showing sub-detectors and their interaction with
basic particles. Solid lines signify energy deposited by a single charged particle, groups of lines represent
particle showers, and dotted lines illustrate no interaction with the sub-detector. Image from Ref. [78].

transverse x-y plane is defined with x pointing toward the centre of the LHC ring and
y points upwards. The azimuthal angle φ is measured around the beam axis, and the
polar angle θ is obtained from the beam axis. Note that while ∆φ is invariant under
longitudinal Lorentz boosts, the polar angle is not a convenient angular variable because
the separation between two objects, ∆θ, depends on the boost of the event. In its stead,
two variables are introduced: the rapidity y and pseudorapidity η, defined in equations 2.2
and 2.3, respectively.

y =
1

2
ln

(
E + pz

E − pz

)
(2.2)

η = − ln tan (θ/2) (2.3)

The pseudorapidity is equal to the rapidity for massless particles. Thus, for relativistic
objects y is closely related to θ, with the added advantage that ∆y is boost invariant. This
is very important for instance for jet reconstruction and track association. These relay
on the distance between two points (either calorimeter cells, or reconstructed objects) in
the rapidity-azimuthal angle space defined as

∆R(1, 2) =
√

(y1 − y2)2 + (φ1 − φ2)2, (2.4)

which is boost invariant.
The conservation of momentum in the plane transverse to the beam axis implies that

the transverse momentum of the collision products should sum to zero. Any imbalance is
known as “missing transverse momentum”, or Emiss

T ,3 and may be indicative of weakly-
interacting, stable particles in the final state. Within the Standard Model, this arises from

3The quantity Emiss
T is a transverse vector and is fully determined by its magnitude and its azimuthal

angle. The subscript T is used to indicate the component of a vector in the transverse plane: AT =√
A2
x +A2

y.

23



neutrinos. There are also prospects for such particles in theories beyond the Standard
Model, making Emiss

T an important variable in searches for exotic signatures. Fake Emiss
T

can also result from interacting Standard Model particles which escape the acceptance
of the detector, are badly reconstructed, fail to be reconstructed altogether, or simply
because of the finite resolution of the calorimeter energy measurements. Emiss

T thus can
also serve as an important measure of the overall event reconstruction performance.

2.2.2 Tracking system

The inner detector (ID), or central tracking system, is responsible of reconstructing the
path of charged particles via high-resolution position measurements. Tracks are used,
among other things, for vertex reconstruction and identification (see Section 2.3.1.2).
Combined with a solenoidal magnetic field of 2 T aligned with the beam line, tracks
are used to measure the direction and momentum for particles having nominally pT &
500 MeV, where pT is the transverse momentum, within the acceptance pseudorapidity
range |η| < 2.5. The measurements are conducted by the combined use of three different
technologies: the Pixel detector, the SemiConductor Tracker (SCT) and the Transition
Radiation Tracker (TRT). Figures 2.8 and 2.9 show diagrams of the inner detector com-
ponents, which are described next.

Figure 2.8: Cut-away view of the ATLAS inner detector. Image from Ref. [35].

2.2.2.1 Silicon pixel detector

The silicon pixel tracker is the innermost part of the tracking system. It is composed of
three (four) concentric barrel layers in Run 1 (2). Three additional disks at each end-cap
are settled at distances of 495, 580, and 650 mm from the IP along the beam direction.
A new pixel layer (insertable b-layer, or IBL) was inserted closer to the collision point
during LS1 [79]. This was a significant technical challenge because the beam pipe had to
be removed and replaced with a smaller radius pipe upon which the IBL was mounted
and inserted with all of its services into the small space between the beam pipe and the
original pixel detector. Each one of the original three barrel layers span an area of 50µm
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Figure 2.9: Drawing showing the sensors and structural elements traversed by a charged track with
pT = 10 GeV in the barrel inner detector. The track traverses successively the beryllium beam pipe, the
three cylindrical silicon-pixel layers with individual sensors elements of 50× 400µm2, the four cylindrical
double layers (one axial and one with a stereo angle of 40 mrad) of silicon-microstrip sensors of pitch
80µm, and approximately 36 axial straws of 4 mm diameter contained in the transition-radiation tracker
modules. Image from Ref. [35].

by 400µm. In order to cope with a higher radiation dose, the IBL sensors are smaller
(50× 250µm2). This results in a total of approximately 92 million pixels.

2.2.2.2 Silicon strip tracker

The SemiConductor Tracker (SCT) implements long, narrow silicon strips making the
coverage of a larger area more economical in terms of the number of channels. The
physical principle is the same as for the Pixel detector; ionising particles traversing the
semiconductor produce electron-hole pairs whose currents are read out by the front-end
chips, providing a binary response: a “hit” is registered only if the pulse height in a channel
exceeds a preset threshold. There are 4088 SCT modules, each composed of two single-
sided 64 mm silicon strip sensors attached to one another with a 40-mrad angular pitch
to provide two-dimensional hit localisation. The SCT operates in the same enviroment
conditions as the pixel detector at approximately −10 ◦C to reduce the leakage current.
The SCT is divided into four concentric barrel layers (|η| < 1.1) and nine end-cap disks
(1.1 < |η| < 2.5) at each side. The disks are placed at a distance between 934 and
2720 mm from the interaction point along the beam direction. This system provides a
total of approximately 6.3 million channels.

2.2.2.3 Transition radiation tracker

The Transition Radiation Tracker surrounds the silicon detectors providing measurements
of charged particles up to |η| = 2.0. It consists of proportional drift gaseous tubes (straws)
4 mm in diameter arranged longitudinally in up to 73 layers in the barrel (|η| < 1.0) and
160 radial straw planes in each end-cap (1.0 < |η| < 2.0). The barrel straws span
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1440 mm in length and are further arranged into three cylindrical groups divided in 32
φ sectors. There are 52544 axially oriented tubes in the barrel. End-cap TRTs have
122880 straws, each of 370 mm long. In total, there are approximately 350000 readout
channels. Drift tubes are filled with a Xenon-CO2−O2 gas mixture that is ionised upon
the passage of charged particles. Ions within the gas drift to the straw wall (acting as a
cathode) and towards a tungsten (gold-coated) wire running inside the tube (that acts
as an anode) due to a large electric potential of −1530 V applied between the wall and
the wire. Under normal operating conditions, the maximum electron collection time is
∼ 48 ns. In addition, the barrel drift tubes are embedded in a matrix of polypropylene
fibers that aid in electron identification via transition X-rays produced when charged
particles cross inhomogeneous materials. In the end caps, the transition radiation is
generated by foil interleaved between the straws.

2.2.3 Calorimeter system

In the LHC (or any other hadronic collider) the value of
√
s is the initial energy at the

hadronic level but the energy of the actual partonic process is unknown beforehand. The
energy of a given event is determined ex post facto by the calorimeter system. The ATLAS
calorimeter system is a non-compensating sampling calorimeter composed of different
sub-detectors spanning full φ-symmetry and pseudorapidity range (|η| < 4.9, 0.5◦ . θ .
179.5◦). Broad η coverage is mandatory for an adequate event reconstruction, specially for
accurate determination of the missing energy in physics processes where weakly interacting
particles are expected. The term “sampling” denotes the design approach that utilises
intercalated layers of absorbing and active materal which induce particle showers and
measure their energy, respectively [80]. The readout signal is proportional to the energy
deposited in each layer of the active media. “Non-compensation” means that part of
the energy of nuclear collisions between the high-energy particles from the event and the
detector material nuclei remains “invisible” to the active read out as is lost in the form of
nuclear recoil or fission.4 A consequence of non-compensation is that the energy response
for hadronic particles (interacting strongly with the nuclei) is smaller than for particles
of the same energy that interact predominantly by electromagnetic (EM) forces. The
particle showers produced from EM particles and those produced from hadronic particles
involve different physics processes and therefore develop differently in the detector [10];
thus, two types of calorimeters (EM and hadronic) are designed to cater to each shower
type. They are segmented into towers in η and φ which point towards the centre of the
detector.

Electrons, positrons, and photons produce EM showers: energetic electrons radiate
Bremsstrahlung photons, while energetic photons convert to electron-positron pairs when
traversing dense material. To characterise the thickness of a material as seen by the
EM radiation, the radiation lenght (X0) measures both the average distance required to
lower high energy electrons to 1/e times its initial energy by Bremsstrahlung, and also 7/9
the mean free path for high energy photons to undergo pair production. For hadronic
calorimeters, the nuclear interaction length (λ) measures the average distance traveled by
a hadron before interacting with a nucleus.

The longitudinal depth of an EM shower is expressed in terms of the radiation length

4A compensating calorimeter like the D0 calorimeter at the Tevatron, had a fissionable material as
absorber such that the energy lost due to nuclear interaction is “compensated” by the energy released by
fissioned atoms.
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and the critical energy (Ec
5), as shown in Equation 2.5.

X = X0
ln(E0/Ec)

ln 2
(2.5)

Hadronic showers involve processes including hadron production from nuclei interac-
tions, hadron decays and de-exciting nuclei. Primarily, charged particles are produced
by the hadronisation after the parton shower and hadron decay. Showers initiated by
hadrons produce primarily pions and kaons. About one third of the energy dissipated in
the hadronic shower is via neutral pions which decay -within less than 30 nm- via π0 → γγ
and produce an EM component of the shower characterised by electron Bremsstrahlung
and e+e− pair production. Additionally, particles may interact with the nuclei in the
absorber in a variety of nuclear processes, which then produce additional particles near
the MeV scale. The longitudinal depth of the hadronic shower scales with the nuclear
interaction length, where λ ∝ A

1
3 .

In ATLAS, two calorimeter technologies are utilised. The innermost calorimeters use
sampling technology with liquid argon (LAr) as the active detector medium. These are
housed in three cryostats, one barrel and two end-caps, held at 80 K using liquid nitro-
gen. The barrel cryostat contains the Pb/LAr electromagnetic barrel calorimeter (EMB),
whereas the two end-cap cryostats each contain the Pb/LAr electromagnetic end-cap
calorimeter (EMEC), the Cu/LAr hadronic end-cap calorimeter (HEC), and the copper-
tungsten/LAr forward calorimeter (FCal), as illustrated in Figure 2.10. The outermost
sampling detector uses steel as absorber and plastic scintillator-tiles as the active com-
ponent, and is cooled with water. The hadronic tile calorimeters are divided in three
parts: the central barrel and two extended barrels, shown in Figure 2.10. This second
construction approach provides high opacity to hadrons (9.7 nuclear interaction lengths
at η = 0) at a lower cost as compared to liquid argon calorimeters. LAr EM calorimet-
ers cover |η| < 3.2, LAr hadronic calorimeters cover 1.5 < |η| < 4.9, and Tile hadronic
calorimeters cover |η| < 1.7.

The active material reacts to passing charge particles and consists of either plastic
scintillators or liquid argon. In plastic scintillators the charged particles produce light
via excitation followed by scintillation. The number of photons produced is proportional
to the energy deposited by the incident particle and is guided to photomultiplier tubes
(PMTs) by optical fibers. In the liquid argon medium the incident charged particles ionise
the liquid, causing electrons and positive ions to drift (driven by a bias voltage) towards
electrodes which measure the deposited charge.

Passive material consists of heavy absorber material which interacts with both charged
and neutral particles but which does not measure the deposited energy. Incident particles
may interact with the material through several mechanisms. Charged particles can radiate
photons through Bremsstrahlung, which may pair-produce electrons and positrons that
may themselves radiate further photons. Hadron-nucleon scattering can produce strongly
interacting particles which can further interact with both the active and passive materials,
again causing a shower of particles. Through this process the energy of charged and
neutral particles may be measured and contained within the calorimeter. Muons deposit
a relatively small amount of energy in the calorimeters as they are not strongly interacting
and are more massive than electrons. Neutrinos do not interact with the calorimeters

5The critical energy (Ec ∝ 1
Z ) measures the energy at which losses from ionisation (logarithmic with

energy) are comparable to losses from Bremsstrahlung (linear with energy), above which Bremsstrahlung
dominates. The radiation length X0 ∝ Z(Z + 1) [10].
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Figure 2.10: Cut-away view of the ATLAS calorimeter system. Image from Ref. [35].

at all, appearing only as a momentum imbalance inside the detector as discussed in
Section 2.2.1.

Minimising the resolution of the energy response is essential to providing an accurate
measurement of particle energy. The fractional calorimeter resolution as a function of
energy is described as:

σE
E

=
N

E
⊕ S√

E
⊕ C

where N is a measurement of the noise, dominant at low energies, arising from background
and electronics, S parametrises the stochastic uncertainty due to the random sampling of
the active and passive materials, and C is a constant term, dominant at higher energies
arising from non-uniformities in the detector. These terms are added in quadrature (⊕)
to derive the fractional resolution.

Construction details for each calorimeter system are described next.

2.2.3.1 Electromagnetic calorimetry

The lead (laminated with stainless steel)/LAr electromagnetic calorimeter system (EMB
and EMEC modules) is the closest one to the interaction point, requiring a high radiation
tolerance and fine granularity in η and φ to measure the narrow showers of photons and
electrons. The ATLAS EM calorimeters use liquid argon as the active material due to its
high radiation tolerance and uniformity. Argon is held in a liquid state at 89 K through
the use of cryostats.

The whole volume of the EMB covers the region |η| < 1.475, and consists of two
identical half-barrels each of 3.2 m in length and an inner (outer) diameter of 2.8 m (4 m)
and formed by 1024 absorbers. The EMB is housed inside the same cryostat that holds
the solenoid magnet. The primary layer of the EMB has a fine lateral and longitudinal
segmentation (∆η × ∆φ = 0.003 × 0.1) that permits a discrimination between single or
two close by photon showers produced respectively by prompt photons6 and neutral pions

6“Prompt” photons are photons produced in the collision before hadronisation.
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decays, for showers within |η| < 2.5, as seen in Figure 2.11. A second layer collects
the largest fraction of the energy of the electromagnetic shower (around 80%), and is
finely segmented in square towers of ∆φ×∆η = 0.025×0.0245 in the transverse plane (∼
4×4 cm2 for η = 0) which permits a detailed reconstruction of the showers. The third layer
has half the granularity of the previous layer and measures the tail of the electromagnetic
shower. A presampler (not shown in figures) covers the region |η| < 1.8 to improve the
energy measurement for particles that start showering before entering the calorimeter. In
the two electromagnetic end-cap components (EMEC) the accordion waves are parallel
to the radial direction and run axially covering a region between 1.375 < |η| < 3.2.

Figure 2.11: Sketch of a barrel module where the different layers are clearly visible with the ganging of
electrodes in φ. The granularity in η and φ of the cells of each of the three layers and of the trigger towers
is also shown. Image from Ref. [35].
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The readout electrodes are located in the gaps between the absorbers and consist of
three conductive copper layers separated by insulating polyimide sheets. The two outer
cooper layers are at the high-voltage potential and the inner one is used to read out the
signal via capacitive coupling. Both the EMB and EMEC are segmented radially into
three readout layers to allow for measurement of longitudinal shower profiles. Within
each layer are lead plates organised into an accordion structure that allows for uniform
sampling across the full φ coverage and eliminating the need for servicing gaps. The
average drift time of electrons is roughly 450 ns, leading to long analog signal pulses
shown by the solid line in Figure 2.12. The signal is shaped to have a long negative tail
used to restore the signal baseline and to reduce the sensitivity to pile-up [81]. The pulses
are sampled digitally every 25 ns with four samples used to extract the signal pulse shape
for amplitude and timing measurements. Five samples had been used to extract the pulse
shape during the 2012 data-taking period but offered no substantial improvement over
four samples. The four signal samples are converted to an energy measurement using
constants calculated through test-beam data and dedicated calibration runs [35, 82].

The effective thickness for electrons and photons in each layer of the EM calorimeters
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Figure 2.12: The triangular signal shape of LAr signal amplitude versus time (solid line) compared to the
shaped bi-polar pulse of the readout electronics (circles). The dots indicate an ideal position of samples
separated by 25 ns. Four samplings are used to measure the pulse amplitude and time in contrast to five
in Run 1. Image from Ref. [82].

is shown in Figure 2.13. It is measured in terms of radiation lenghts (X0) and varies as a
function of η. The total radiation length ensures that the energy of electrons and photons
is mostly contained within the EM calorimeters.

Figure 2.13: Cumulative amounts of material, in units of radiation length X0. The thicknesses of each
accordion layer as well as the amount of material in front of the accordion are shown, separately, for (a)
the barrel and (b) the end-cap, as a function of |η|. Images from Ref. [35].
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Geometrical groups of cells called “trigger towers” defined by the analog sum of the
readouts from channels within ∆φ × ∆η = 0.1 × 0.1 (see Figure 2.11) are practical as
inputs for rapid trigger evaluation (but without resolution along the direction in which
the shower develops), as described in Section 2.2.7.
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2.2.3.2 Hadronic calorimeters

This section describes the tile calorimeter, the LAr hadronic end-cap calorimeter, and
the LAr forward calorimeter. The first two calorimeters cover |η| < 3.2, while the latter
one covers the region 3.1 < |η| < 4.9 where no dedicated EM calorimeter exists. Hadron
showers will deposit a fraction of their energy in the EM calorimeter but usually extend
past its 2 nuclear interaction lengths (λ). The hadronic calorimeters extend this by up to
10λ, fully containing most high energy hadron showers.

2.2.3.2.1 Tile calorimeter

The Tile calorimeter (TileCal) consists of plastic polystyrene scintillator tiles, serving as
active material, with steel absorbers. It is segmented in 64 wedge-shaped modules, each
spanning ∆φ ∼ 0.1, for full 2π azimuthal coverage, and containing the scintillator, steel,
and readout electronics. A scheme of one of these modules is shown in Figure 2.14. The

Figure 2.14: Schematic of the mechanical assembly of a single module of the Tile calorimeter showing
the tile scintillators, the wavelength-shifting fibers and the photomultipliers for optical readout. Image
from Ref. [35].
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electronics are housed in steel support structures furthest from the beam line to reduce
radiation exposure. Alternating steel and polystyrene are segmented radially into three
readout layers, allowing for the measurement of longitudinal shower profiles. The layers
thickness, in terms of λ, for the different components of the calorimeter system are shown
in Figure 2.15.

Wavelength-shifting 1 mm-diameter fibers connect the polystyrene plates to photomul-
tiplier tubes. The PMTs convert the ultraviolet scintillation light produced in the active
material due to passing charged particles into an electrical signal. The scintillators are
grouped into cells of 0.1× 0.1 in η− φ in the first two layers and 0.2× 0.1 in η− φ in the
third layer.
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Figure 2.15: Cumulative amount of material, in units of interaction length λ, as a function of |η|, in front
of the electromagnetic calorimeters, in the electromagnetic calorimeters themselves, in each hadronic
layer, and the total amount at the end of the active calorimetry. Also shown for completeness is the total
amount of material in front of the first active layer of the muon spectrometer (up to |η| = 3.0). Image
from Ref. [35].
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Each cell is read out on both sides by two PMTs, requiring a total of 9852 PMTs to
service the whole detector, to provide redundancy and sufficient information to partially
equalise signals produced by particles entering the scintillating tiles at different impact
positions. As it occurs with the EMB, the tile calorimeter is also capable to provide with
analog sums of subsets of its different electronic channels, to form trigger towers used at
the Level 1 trigger (see Section 2.2.7).

Readout electronics located in steel girders are used to shape, amplify, and sum PMT
signals. Narrow signals are shaped into pulses with a full width half maximum of 50 ns.
The shaped pulses are amplified at two complementary gain scales (1:64) to fully cover
cell energies from roughly 220 MeV to 1.5 TeV and are subsequently digitally sampled at
40 MHz. Seven samples of the shaped pulse are fit with optimal filter coefficients [83] to
extract the signal magnitude and timing. The steel girders also house low-voltage power
supplies and infrastructure used to distribute high voltage to the PMTs.

Several calibration procedures are used to correct the measured energy to the EM
scale [84–87]. Calibrations are used to derive initial conversion factors and to account for
changes in the scintillator response over time or in the gain of individual PMTs over time,
caused by light and radiation exposure as well as temperature fluctuations.

2.2.3.2.2 Hadronic end-cap calorimeter

Hadronic end-cap calorimeters extend the range of the hadronic calorimeter at 1.5 <
|η| < 3.2 (see Figure 2.10). Each end-cap is composed of two wheels with copper plate
absorbers oriented perpendicular to the beam line. The absorbers provide a depth of ∼ 10
nuclear interaction lenghts (see Figure 2.15). The design is influenced by their proximity
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to the beam where the high energy detritus from the hard scatter can be harmful for the
detectors. Hence, LAr is used as the active material with readout electrodes gathering
ionisation charge. The liquid argon is recycled so the effects of radiation damage are
attenuated over time. The HEC has a granularity of 0.1 × 0.1 (η − φ) in the first wheel
and 0.2× 0.2 (η − φ) in the second.

2.2.3.2.3 Forward calorimeters

The forward calorimeters [88] are located at each end-cap cryostat covering the region
3.1 < |η| < 4.9 and are instrumented with LAr (as active material) to handle the high
radiation. The forward calorimeters at each side is split into three modules, in a flat-plate
design: an innermost electromagnetic layer is composed of copper/LAr modules (FCal1),
and two outermost hadronic layers are made of cooper-tungsten/LAr modules. Cooper
plates facilitate heat interchange, while the tungsten absorbers minimise the lateral spread
of hadronic showers. The overall depth of these detectors is approximately 11 nuclear
interaction lengths (see Figure 2.15).

2.2.3.3 Instrumentation in gap between calorimeters

The gaps between the barrel and end-cap calorimeters, known as transition regions, used
for cables and services for the inner detector as well as power supplies and services for
the barrel LAr calorimeter. At the outer radius of the detector, a reduced section of
a standard TileCal sub-module, the plug, provides additional coverage in this region
and significantly reduces the neutron flux from the inner-detector volume into the muon
system. Gap and cryostat scintillators, covering respectively the regions 1.0 < |η| < 1.2
and 1.2 < |η| < 1.6, provide signals which can be used to correct for energy losses in the
inactive material in the transition regions. Both gap and cryostat scintillators have full
coverage in φ, with a segmentation of ∆φ = 0.1. The transition regions together with the
added instrumentation are shown in Figure 2.16.

Figure 2.16: Schematic of the transition regions between the barrel and end-cap calorimeters, where
additional scintillator elements are installed to provide corrections for energy lost in the inactive material.
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2.2.4 Muon spectrometer

The muon spectrometer (MS) is responsible for the momentum measurement of charged
particles exiting the barrel and end-cap calorimeters in the pseudorapidity range |η| < 2.7
and select events of interest in the region |η| < 2.4. The magnetic field for the muon
spectrometer is produced by the barrel and end-cap air-core toroid magnets. The air-core
magnet concept for the muon spectrometer minimises the amount of material traversed
by the muons after exiting the calorimeters. The layout of the muon system and the
magnets is shown in Figure 2.17. The muon spectrometer consists of four primary sub-
systems, two precision muon trackers: the monitored drift tubes (MDT) and cathode
strip chambers (CSC), and two triggering sub-systems: resistive plate chambers (RPC)
and thin gap chambers (TGC), that are briefly described next.

Figure 2.17: Cut-away view of the ATLAS muon system. Image from Ref. [35].

2.2.4.1 Precision sub-systems

The MDT chambers cover the region |η| < 2.7, except in the innermost end-cap layer
where their coverage is limited to |η| < 2.0. The basic element is a pressurised drift
tube with a diameter of ∼ 30 mm, operating with Ar/CO2 gas (93/7%) at 3 bar pressure
(this mixture was selected due to its aging properties and small likelihood of forming
deposits within the tube). The electrons resulting from ionisation due to crossing muons
are collected at the central gold plated tungsten-rhenium wire acting as an anode. The
maximum drift time from the wall to the wire is of about 700 ns, when operated at a
nominal potential of 3080 V. The direction of the tubes in the barrel and end-caps is
along φ. Signal transmission to the electronics and connection to the HV supply system
are at opposite ends.

The limit for safe operation of the MDTs is at counting rates of about 150 Hz/cm2,
which is exceeded in the region |η| < 2 for the first layer of the end-cap. In this region, the
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MDTs are replaced by CSCs which are safe up to counting rates of about 1000 Hz/cm2,
sufficient up to the forward boundary of the barrel muon system at |η| = 2.7. The
CSCs are multiwire proportional chambers with the wires oriented in the radial direction.
To either side of the wire plane are cathode strip planes separated from the anode by
2.5 mm. Both cathodes are segmented, one with the strips perpendicular to the wires,
and the other cathode has strips parallel to the wires. The readout is performed on the
cathodes. Both sub-systems are located between the eight coils of the superconducting
barrel toroid magnet, while the end-cap chambers are in front and behind the two end-cap
toroid magnets.

2.2.4.2 Trigger chambers

An essential design criterion of the muon system was the capability to trigger on muon
tracks. The precision-tracking chambers have therefore been complemented by a system
of fast trigger chambers capable of delivering track information within a few tens of
nanoseconds after the passage of the particle. In the barrel region (|η| < 1.05), Resistive
Plate Chambers (RPC) were selected for this purpose, while in the end-cap (1.05 < |η| <
2.4) Thin Gap Chambers (TGC). Both chamber types deliver signals in less than 25 ns,
thus providing the ability to tag the beam-crossing and allowing the Level 1 trigger logic
(see Section 2.2.7) to recognise muon multiplicity and approximate energy range. The
trigger chambers measure both coordinates of the track, one in the bending (η) plane and
one in the non-bending (φ) plane.

The RPC is a gaseous parallel electrode-plate (i.e. no wire) detector, formed by two
resistive plates, kept parallel at a distance of 2 mm by insulating spacers. The electric
field between the plates of about 4.9 kV/mm allows avalanches to form along the ionising
tracks towards the anode.

TGCs provide two functions in the end-cap muon spectrometer: the muon trigger
capability and the determination of the second azimuthal coordinate to complement the
measurement of the MDTs in the bending (radial) direction. TGCs are multi-wire pro-
portional chambers with the characteristic that the wire-to-cathode distance of 1.4 mm is
smaller than the wire-to-wire distance of 1.8 mm. The high electric field around the TGC
wires and the small wire-to-wire distance lead to very good time resolution of 4 ns. Only
tracks at normal incidence passing midway between two wires have much longer drift
times due to the vanishing drift field in this region. This high electric field necessitates a
quenching gas mixture of 55% carbon dioxide and 45% n-pentane. The TGCs, forming
circular disks, are mounted in two concentric rings, an outer (end-cap) one covering the
rapidity range 1.05 < |η| < 1.92 and an inner (forward) one covering the rapidity range
1.92 < |η| < 2.4.

2.2.5 Forward detectors

The forward detectors are responsible for the measurement of luminosity and beam con-
ditions, are located at the limits or outside the main detector volume (but form part of
the ATLAS sub-systems), and are discribed next.

2.2.5.1 The Beam Condition Monitor

One of the worst-case scenarios during LHC operation arises if several proton bunches hit
the collimators in front of the detectors. While the accumulated radiation dose from such
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unlikely accidents corresponds to that acquired during a few days of normal operation, and
as such provides no major contribution to the integrated dose, the enormous instantaneous
rate might cause detector damage. The Beam Condition Monitor (BCM) detects such
incidents and trigger an abort (beam dump) in time to prevent serious damage to the
detector. It also helps determining the luminosity.

BCM, consists of two stations, each with four modules, placed symmetrically around
the interaction point at z = ±184 cm and 5.5 cm away from the beam line, which cor-
responds to |η| = 4.2. Each module, includes two radiation-hard diamond sensors. The
difference in time-of-flight between the two stations distinguishes particles from normal
collisions (∆t = 0, 25, 50 ns, etc.) from those arising from stray protons or beam-gas back-
ground which frequently initiate charged particle showers, originated well upstream (or
downstream) from the ATLAS interaction point. Due to their very fast response time and
intrinsically very high resistance to radiation, the BCM detectors will be used through-
out the lifetime of the experiment to distinguish these stray beam particles from those
originating from proton-proton interactions.

In Run 2 the Diamond Beam Monitor (DBM) [89] was added to complement the
BCM, which can saturate at instantaneous luminosity of 1034 cm−2s−1. The DBM, located
approximately one metre from the IP, adds tracking capabilities with chemical vapor
deposition diamond sensors.

2.2.5.2 LUCID detector

LUCID (LUminosity measurement using Cherenkov Integrating Detector) is designed to
detect inelastic pp scattering in the forward direction, in order to both measure the in-
tegrated luminosity and to provide online monitoring of the instantaneous luminosity
and beam conditions. LUCID is placed at ±17 m from the interaction point and 10 cm
apart from the beam line, covering the range |η| ∼ 5.8. LUCID consists of 20 aluminum
cones directed at the IP filled with C4F10 at 1.2–1.4 bar, in order to measure Cherenkov
radiation7 from incident particles. By assuming the number of particles detected is pro-
portional to the number of interactions in the bunch crossing, LUCID is able to measure
µ in order to calculate the luminosity.

In Run 2, the original LUCID detector was upgraded to LUCID-2 [90] to deal with
several challenges: fast aging from a large total integrated luminosity, constrains on elec-
tronics from 25 ns bunch crossings, increased particle fluxes saturating PMTs and counting
algoritms, and a new beam pipe material.8 The new design no longer uses a gas, but rather
quartz windows as the Cherenkov medium.

2.2.6 The solenoidal and toroidal magnet system

The magnetic field responsible for bending the trajectory of charged particles is provided
by the ATLAS magnet system. Thus, the momentum of particles can be measured via the
radius of curvature of the tracks left within the detector systems. This magnetic system
is 22 m in diameter and 26 m in length, with a stored energy of 1.6 GJ. ATLAS features
a unique hybrid system of four large superconducting magnets, as shown in Figure 2.18.

7Radiation emitted when charged particles travel through a dielectric medium faster than the velocity
of light in that medium.

8Moving from stainless steel to aluminum approximately increases the flux of particles through LUCID
by a factor of four.

36



The central solenoid has an inner radius of 1.23 m, a total length of 5.8 m, and sits just
outside and surrounding the inner detector cavity. It shares the cryostat with the LAr
EMB calorimeter, but in a separated vessel as the superconducting solenoid is kept at
4.5 K. A 2 T axial field is generated with 7.73 kA flowing through a single-layer aluminum
coil wound by a niobium-titanium (NbTi) conductor. The flux is returned by the steel of
the ATLAS hadronic calorimeter and its girder structure.

Three large superconducting toroids (one barrel and two end-caps), arranged with
an eight-fold azimuthal symmetry around the calorimeters, provide bending power for
the muon spectrometer. The barrel toroid extends 25.3 m along the z axis whereas the
end-cap toroids have 5 m in lenght. The toroidal magnets implement coils consisting of a
conductor made of a mixture of aluminum, copper and an alloy of NbTi at 20.5 kA and
provide 0.2–2.5 T in the barrel and 0.2–3.5 T in the endcap.

Figure 2.18: Geometry of magnet windings and tile calorimeter steel. The eight barrel toroid coils, with
the end-cap coils interleaved are visible. The solenoid windings lie inside the calorimeter volume. The
tile calorimeter is modelled by four layers with different magnetic properties, plus an outside return yoke.
For the sake of clarity the forward shielding disk is not displayed. Image from Ref. [35].
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2.2.7 Trigger and data adquisition in Run 2

The proton-proton interaction rate at the LHC is 40 MHz (proton bunches collide every
25 ns). Since the information coming from the∼ 100 million readout channels from all sub-
systems constitute 1.6 MB of data per event, if no filtering is applied, this corresponds to a
total recording rate near 60 TB/s. At this rate and due to limitations in processing power
and storage in the data acquisition system9, a continuous extraction of collision data is not
feasible. In addition, the vast majority of processes of interest have smaller cross-sections
than the inclusive collisions, dominated by low energy interactions, and therefore there
is no practical reason to save the information of events which do not provide interesting
physics. In addition, the cross-section is massively dominated by QCD interactions such
as multijet production, whereas processes like Higgs boson production only contribute few
parts per trillion to the total cross-section. This can be seen in Figure 2.19, which shows
cross-section predictions for different physics processes, obtained for pp̄ and pp collisions.
Hence, a sophisticated system is needed for selecting and reconstructing events online

9The event data recording rate, based on technology and resource limitations, is of the order of
1 kHz [91].
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Figure 2.19: Cross sections from proton collisions as a function of centre-of-mass energy. The discontinuity
between Tevatron [92] and LHC energies reflects the switch from pp̄ to pp collisions. Image from Ref. [93].
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efficiently (maximising the rejection of unwanted events while minimising the rejection of
interesting events).

The ATLAS Trigger and Data Acquisition (TDAQ) [94] system is a highly optim-
ised network of hardware and software providing a solution to this problem. This trigger
system is an essential component of the experiment as it is responsible to make (fast)
the decision to whether or not select given bunch-crossing for later study. In Run 2, the
TDAQ system consists of a hardwared-based first-level trigger (L1) and a software-based
high-level trigger (HLT) with a total rate of approximately 1.6 GB/s. The original design
of the TDAQ system, utilised in Run 1, consisted on a three level triggering system with
a final recording rate of 960 MB/s, where the HLT consisted of separate Level-2 (L2) and
Event Filter (EF) triggers. In Run 2, nearly all components received an upgrade, to main-
tain acceptably low pT thresholds while dealing with increasingly challenging demands:
increased centre-of-mass energy from 8 TeV to 13 TeV, increased pile-up, decreased bunch
spacing interval from 50 ns to 25 ns, and increased instantaneous luminosity [91, 95]. In
addition, L2 and EF triggers were merged into a single homogeneous system, the HLT,
simplifying development and reducing the CPU and network consumption [96]. A com-
parison of LHC and TDAQ parameters between Runs 1 and 2 is deprecated in Table 2.1.
A comprehensive description of the Run 1 Trigger and Data Acquisition system of the
ATLAS experiment can be found in Ref. [97], while the performance of the Run 2 TDAQ
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system is detailed in Ref. [91].

Table 2.1: Comparison of LHC and TDAQ parameters between Run 1 (8 TeV) and Run 2 (13 TeV, up
to 2016). The increased luminosity, centre-of-mass energy, and pile-up required updated algorithms and
architecture to address the increased production rate and to keep the output rate reasonable. Values
from Refs. [76, 95, 98, 99].

Property Run 1 Run 2
√
s [TeV] 8 13

Lpeak [1033cm−2s−1] 7.73 13.8
Mean number of interactions per crossing 20.7 23.7
Bunch spacing [ns] 50 25
L1 rate [kHz] 70 100
Output rate [kHz (GB/s)] 0.6 (0.96) ∼ 1 (∼ 1.6)

The L1 trigger consists of fast, custom-made electronics that can perform event selec-
tions using complex quantities such as missing transverse energy. It is capable of reducing
the data rate from 40 MHz down to 100 kHz; however, it is built for speed rather than
precision measurements.

The L1 trigger receives coarse measurements from the calorimeters and muon sys-
tems. Sums of calorimeter energy deposits from 7000 trigger towers are collected by the
“L1Calo” trigger, while RPC and TGC track information is collected by the “L1Muon”
trigger. Event data is buffered on detector-specific front-end electronics while the L1 trig-
ger decision is being formed. Muon triggers at L1 are based on a coincidence of hits among
several layers of the trigger muon chambers. Electrons and photons are triggered on en-
ergy deposits in the EM calorimeter. Jet candidates are constructed at L1 from coarse
calorimeter towers made of trigger-elements using a sliding window algorithm [100]. A
trigger-element is defined as a sum of cells in a 0.2× 0.2 (η−φ) region, and a sliding win-
dow algorithm examines the total ET against a trigger threshold value in a 4× 4 region.
Various criteria are used to decide which events pass the L1 trigger and the HLT, such as
the pT and η of reconstructed objects or the calculated missing ET of an event (Emiss

T ).
For each set of criteria, unique trigger exists. A “trigger menu” consisting of 512 “trigger
items”, logical combinations of trigger inputs from L1Calo and L1Muon, is processed by
the Central Trigger Processor (CTP) [101, 102] which produces a trigger decision within
2.5µs. The items in the trigger menu can be “prescaled” so that a predetermined frac-
tion of events passing the trigger are randomly ignored, thereby reducing the overall rate.
Triggers that are more stringent in their selection are unprescaled, and are able to save
all passing events. The CTP is also responsible for limiting the time between L1 accepts
(simple dead time) and a leaky bucket algorithm to limit the number of L1 accepts in
a given number of bunch crossings (complex dead time) [103]. A detector may issue a
“busy” signal to the CTP in order to signal that its buffers are full, preventing further
L1 accepts until the busy signal is cleared. After the L1 trigger acceptance, the events
are buffered in the ReadOut System (ROS) and processed by the HLT. The L1 trigger
sends the η and φ coordinates which caused the L1 trigger to fire, the so-called “region of
interest” (RoI), to the HLT.

The second level of the triggering system is the software-based HLT, which reduces
the 100 kHz L1 rate to a final ∼ 1 kHz event output rate, with an average latency (de-
cision time) of 200 ms. The HLT has access to fine-granularity calorimeter information,
precision measurements from the MS, and tracking information from the ID, which are
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not available at L1. The HLT uses reconstruction algorithms and calibrations similar to
those used offline. As needed, the HLT reconstruction can either be executed within RoIs
(approximately 2% of the total event data) identified at L1 or for the full detector. In
both cases the data is retrieved on demand from the readout system. Several (∼ 2500)
triggers are provided in a trigger menu, based on the number of objects, their transverse
momentum, missing transverse energy, and certain identification and isolation criteria.
As in Run 1, in order to reduce the processing time, most HLT triggers use a two-stage
approach with a fast first-pass reconstruction to reject the majority of events and a slower
precision reconstruction for the remaining events. However, with the merging of the previ-
ously separate L2 and EF triggers, there is no longer a fixed bandwidth or rate limitation
between the two steps. Figure 2.20 shows different triggers and their rates for data taking
in October 2015 and July 2016. The triggers which are used in this thesis are discussed
in detail later.

If an event is accepted, the data is stored to perform full offline event reconstruction
(see next section). The luminosity of the proton beams decreases steadily as collisions
progress, causing data collection conditions to vary as a function of time. Data is therefore
collected in time intervals of one minute, referred to as lumi-blocks. Each one is assigned
an integrated luminosity depending upon detector and beam conditions over that lumi-
block. They are also useful for isolating problematic data which may have been taken while
a sub-detector was inoperative or malfunctioning, allowing their easy rejection during data
analysis. ATLAS provides lists of lumi-blocks of “good” data for each data taking period
known as Good Run Lists (GRL). Most events passing the HLT are written to the “main”
physics stream, while a few events which require a larger processing time are saved to a
“debug” stream for future reprocessing.

2.3 Object reconstruction and identification

The ATLAS reconstruction software uses a wide variety of different algorithms to identify
individual particles and jets from tracks and energy depositions recorded by the detector.
As these algorithms greatly influence the efficiency and performance of the reconstruction
process, they are under constant development. This section gives a short overview on some
of the algorithms used to reconstruct events recorded by ATLAS during LHC Run 2 (up
to 2016). The Emiss

T and hadronically decaying τ leptons reconstruction is not discussed
here but are described in detail in Refs. [105] and [106], respectively.

2.3.1 Track and vertex reconstruction

2.3.1.1 Track reconstruction

Track reconstruction is the process of identifying individual charged particles emerging
from the interaction and measuring their traces in the inner detector. Such charged
particles can be measured up to |η| = 2.5, which is the η coverage of the tracking sys-
tem (see Section 2.2.2). With the curvature radius and the known magnetic field, it is
ultimately possible to calculate the transverse momenta of particles. This procedure is
sub-divided in four stages [107]:

• Individual cells from the silicon detector are clustered by connecting adjacent hits.
Cluster splitting is performed using a neural network. Timing information from the
TRT is converted into drift-circles.
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Figure 2.20: Physics trigger group rates for the L1 and HLT triggers are presented ((a,c) and (b,d)
respectively). The rates displayed in panels (a,b) ((c,d)) are shown as a function of the number of
luminosity blocks which correspond to an average 60 s per luminosity block in a fill taken in October
2015 (July 2016) with a peak luminosity of L = 4.6 1033cm−2s−1 (L = 1.02 1034cm−2s−1) and an average
pile-up of µ = 14.7 (µ = 24.2). In panels (a,c), the rate of the individual L1 trigger groups specific
for trigger physics objects at L1 are presented. Overlaps are only accounted for in the L1 trigger total
output rate. Panels (b,d) shows the rate of the individual HLT trigger groups specific for trigger physics
objects. Overlaps are only accounted for in the total Main Physics Stream rate. In the b-jet (i.e. jet
initiated by a quark b) as well in the tau group, the multi object triggers are contained. The B-physics
triggers are mainly muon based trigger algorithms. The combined group represents multiple triggers of
different objects, as combinations of electrons, muons, taus, jets and missing transverse energy. Common
features to all rates are their exponential decay with decreasing luminosity during an LHC fill. The
rates periodically increase due to change of prescales to optimise the bandwidth usage, dips are due to
deadtime and spikes are caused by detector noise. Images from Ref. [104].

(a) (b)

(c) (d)

• Track seeds are identified from a combination of pixel and strip layer hits, requiring
a total of three hits. They are processed by applying a set of thresholds as well as
a combinatorial Kalman filter to form a combined particle track.

• Ambiguities are resolved using a scoring mechanism taking into account double
usage of hits in several tracks of the same event as well as layers missing a hit for a
specific track.

• Tracks within the TRT coverage that survive the ambiguity solver are extended
and combined with the TRT tracking information. This significantly increases the
momentum resolution due to the increased lever.
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After tracks have been identified, splines are fit and combined with data about the
magnetic field strength to measure the momentum of the particle associated to the track.

2.3.1.2 Vertex reconstruction

A “primary vertex” (PV) is the location where two protons collide. Primary vertices are
reconstructed by matching up intersecting tracks, which proceeds in three main steps:
seeding, track assigment, and fitting. A rough outline of the procedure is as follows:

• All reconstructed tracks satisfying certain criteria are extrapolated to the beam
axis. The impact parameter (z0), defined as the longitudinal distance at the point
of closest approach, is computed for every track with respect to the nominal beam
spot. This information is used to generate seeds, for which an iterative likelihood
maximisation method is used.

• Tracks compatible with a seed are grouped together for fitting.

• An adaptive vertex fitting algorithm [108] is used to estimate the position and
uncertainty of the vertex.

• Incompatible tracks not used in a previous vertex fit are used to repeat the procedure
starting from the creation of a new seed.

The vertex with the largest
∑
p2

T for all associated tracks is labeled as the hard-scatter
vertex. All other reconstructed vertices are considered to be pile-up. The identification
of vertices becomes more challenging as the average number of interactions per bunch
crossing (the pile-up) increases, and thus new algorithms are being developed to increase
the resilience of ATLAS vertexing [109].

2.3.2 Electron reconstruction

Electrons are reconstructed by matching reconstructed tracks in the ID to clusters of EM
calorimeter energy deposits, whose shower profile is consistent with an EM shower [110].
To build the EM cluster, a sliding window algorithm is used [100]. The window is a
fixed-size grid of cells, Nη ×Nφ = 3× 5, in the middle layer of the LAr calorimeter where
approximately 80% of the energy of an EM shower is deposited. For each cell, the energy
is summed across all the longitudinal layers, forming a tower. If the transverse energy
of the towers in the window is above 2.5 GeV and is a local maximum, a seed cluster is
formed.

Pattern recognition and track fitting algorithms are then used to match ID tracks to
seed clusters. Track seeds from the ID with pT > 1 GeV are tested against pion and
electron pattern recognition algorithms, and are required to reside in a cluster seed. A
track fit is performed twice to extrapolate the ID track to the calorimeter, using the track
momentum or the cluster momentum, and is required to be near the cluster. If either
succeds, a final optimised track reconstruction is performed using a Gaussian Sum Fitter
(GSF) [112].

An electron candidate is formed if there is at least one ID track matched to the seed
cluster. The EM cluster is then rebuilt by summing energy in a grid of 3× 7 (5× 5) cells
in each layer of the barrel (end-cap) region, starting in the middle layer. After corrections
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are applied10, the four-momentum of the electron candidate is calculated using the energy
measurement of the EM cluster and the η and φ measurements from the track.

Background objects like hadronic jets, non-prompt electrons from photon conversions,
and semi-leptonic decays of hadrons with heavy quarks can “fake” an electron signature
and be reconstructed at this stage as an electron candidate [111]. A multivariate analysis
technique (MVA) [113] takes into account several cluster and track variables to create
a likelihood identification for each candidate as either signal or background.11 Different
working points with different levels of electron efficiency and background rejection are
provided. These are “Loose”, “Medium”, and “Tight”, which correspond respectively
to approximately 95%, 90% and 80% identification efficiency for an electron with ET >
40 GeV. The reconstruction and identification efficiencies for all working points are show
in Figure 2.21.

Figure 2.21: Reconstruction and identification efficiencies for signal electrons as a function of the trans-
verse energy ET, integrated over the full pseudorapidity range, are shown for several working points.
Image from Ref. [110].
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Further suppresion of background electrons is provided by isolation criteria [110]. This
allows to select, as much as possible, prompt electrons, removing those coming from
hadron decays and contained within jets. For the isolation requirements, both tracking

10A correction to the clusters is applied taking into account the radiative losses suffered by the electrons
while traversing the silicon tracker by virtue of a Gaussian-Sum-Filter [112].

11Multivariate analysis techniques are used extensively in physics analyses to separate signal from
background, since they allow, in contrast to cut-based methods, the simultaneous evaluation of several
properties when making a selection decision.
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and calorimeter information is used. Working points using calorimeter and/or track based
isolation are provided for either a specific efficiency with variable cuts or fixed cut values.
The calorimeter isolation uses the sum of the transverse energy (ET) in a cone of ∆R < 0.2
around the electron centre (Econe0.2

T ), substracting the 5×7 cell window contribution from
the electron. For the track isolation, the sum of the transverse momenta for quality tracks
in a variable cone of size ∆R < min(0.2, 10 GeV/ET) centred around and excluding the
electron track, pvarcone0.2

T , is used.

2.3.3 Photon reconstruction

At photon energies above 1 GeV, the interaction of the photons with the tracker is com-
pletely dominated by e+e− pair production, also known as “photon conversion”. All other
interactions between the photons and the tracker material, such as Compton or Rayleigh
scattering, have cross-sections which are orders of magnitude below photon conversion,
and can thus be ignored.

Photon candidates are reconstructed from clusters of energy, deposited in the EM
calorimeter [114, 115]. Those candidates that are matched to either a reconstructed
conversion vertex formed from two tracks constrained to originate from a massless particle
or a single track with its first hit after the innermost layer of the pixel detector, are
classified as “converted photons”. Candidates without a matching track or reconstructed
conversion vertex in the ID are classified as “unconverted photons”. Those matched to
a track consistent with a track originating from an electron from the hard-scatter vertex
are kept as electrons.

As it is the case of electrons, also photon identification criteria are based on shower
shapes in the calorimeter system as well as discriminating variables (DVs). A loose
selection is derived using only the information from the hadronic calorimeter and the
lateral shower shape in the second layer of the electromagnetic calorimeter, which contains
most of the photon energy. The final tight selection applies tighter criteria to these
variables, based on the shower shape in the finely segmented first calorimeter layer to
ensure the compatibility of the measured shower profile with that originating from a single
photon impacting the calorimeter. In all cases, the requirements on the DVs are tuned
separately for unconverted and converted photons, in several pseudorapidity regions. To
further reject the background from jets misidentified as photons, the photon candidates
are required to be isolated using both calorimeter and tracking detector information.

The photon efficiency is shown in Figure 2.22 for data and MC simulations for different
pseudorapidity intervals. For the photon efficiency measurements, a data sample enriched
in Z → llγ events is exploited. No significant differences are observed between data-driven
measurements and simulations. This is because, in order to improve the description of
the photon DVs, corrections are applied to the simulated values, by applying a shift to
each of them, whose value is optimised separately for unconverted and converted photons,
and as a function of the pseudorapidity. The small differences in the efficiency between
the simulation and the data are taken into account by computing data-to-MC efficiency
ratios, also referred to as scale factors, to correct the identification efficiency in MC.

The energy of each photon used in this thesis is corrected using MC simulation and
data as described in Ref. [116]. The EM energy clusters are calibrated separately for
converted and unconverted photons, based on their properties including the longitudinal
shower development. The energy scale and resolution of the photon candidates after the
MC-based calibration are further adjusted based on a correction derived using Z → e+e−
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Figure 2.22: Comparison of the radiative Z boson data-driven efficiency measurements of unconverted
photons to the Z → llγ simulation as function of ET in the region 10 ≤ ET ≤ 80 GeV, in the four
pseudorapidity intervals. The bottom panels show the ratio of the data-driven results to the MC predic-
tions (“scale factor”, SF). The uncertainty bars represent the sum in quadrature of the statistical and
systematic uncertainties. Images from Ref. [114].
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events from data and MC simulation.

2.3.4 Muon reconstruction

Muon reconstruction in ATLAS is performed exploiting the information from the ID and
the MS [117]. Until they reach the MS, muons traverse typically 100 radiation lenghts,
mostly instrumented by the EM and hadronic calorimeters. Muons produced in the hard
interactions in the LHC tipically have energies between 10 GeV and 1 TeV. At these
energies, muons can be treated as Minimum Ionising Particles (MIP). They deposit an
amount of energy in the calorimeter system of about 3–4 GeV [118].

In the ID, muons are reconstructed like any other charged particle. A Hough trans-
form [119] is used to search for hits aligned on a trajectory in the bending plane of the
detector. Muon track candidates are then built by fitting together hits from segments in
different layers. The segments are selected using criteria based on hit multiplicity and fit
quality and are matched using their relative positions and angles. The information on
energy deposit in the calorimeter system is also used and corrections are applied to take
into account the energy loss in the material.
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Four different types of muons are defined in ATLAS, depending on which sub-detectors
are used in reconstruction. They are listed below:

• Combined (CB) muons: track reconstruction is performed independently in the
ID and MS, and a combined track is formed with a global fit that uses the hits from
both sub-detectors. Muons are firstly reconstructed in the MS, where the track
density is much smaller, and then extrapolated inward and matched to an ID track.
They are the most commonly used muons in physics analyses since they have the
highest purity and the best kinematic resolution.

• Segment-tagged (ST) muons: a muon is classified as ST if a track in the ID,
once extrapolated to the MS, is associated with at least one local track segment in
the MDT or CSC chambers. ST muons are used when muons cross only one layer of
MS chambers, either because of their low pT or because they pass through regions
with reduced MS acceptance.

• Calorimeter-tagged (CT) muons: a track in the ID is identified as a muon if it
can be matched to an energy deposit in the calorimeter compatible with a MIP. This
kind of muons have the lowest purity with respect to all the other muon types but
they allow to recover the acceptance in regions where MS is partially instrumented
(to host cabling and services), close to η = 0.

• Extrapolated (ME) muons: the muon trajectory is reconstructed based only on
the MS track and a loose requirement on compatibility with originating from the
IP. ME muons are mainly used to extend the acceptance for muon reconstruction
into the region 2.5 < |η| < 2.7, which is not covered by the ID.

In the same way as for electrons, muon candidates are defined as “Loose”, “Medium”,
and “Tight”, with increasing purity, according to the quality of the reconstruction and
identification12.

Muon reconstruction efficiency as a function of η is shown in Figure 2.23 for Loose,
Medium, and Tight muons. The ATLAS muon reconstruction efficiency is very high
(close to 100%).

Concerning the isolation requirements, similar considerations, as for electrons, are
made for muons: track-based and calorimeter-based isolation measurements are used to
create working points with either 1) efficiency based bariable cuts or 2) fixed cuts. The
track-based muon isolation, pvarcone0.3

T , uses a slightly larger cone, ∆R < 0.3, with respect
to the electron case.

2.3.5 Jets

Jets are the experimental realisation of the partonic showering and subsequent hadron-
isation of particles carrying colour charge. In this section, the jet algorithms used to
reconstruct jets are described. A brief characterisation is also given of what are the
inputs used to build the experimental jets.

12In fact, for muons there is another identification criteria known as “High-pT”, which is optimised for
searches for high-mass Z ′ and W ′ resonances.
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Figure 2.23: Panels (a) and (b) show the muon reconstruction efficiency as a function of η measured in
Z → µµ events for muons with pT > 10 GeV for respectively the Medium and Tight muon selections.
Panel (a) also shows the efficiency of the Loose selection (squares) in the region |η| < 0.1 where the
Loose and Medium selections differ significantly. The error bars on the efficiencies indicate the statistical
uncertainty. Panels at the bottom show the ratio of the measured to predicted efficiencies, with statistical
and systematic uncertainties. Images from Ref. [117].
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2.3.5.1 Jet algorithms

There is no fundamental, quantitatively unique definition of a jet. The jet definition may
be adapted for a specific application (i.e. particular signatures) or experimental condi-
tion (high/low luminosity, high/low centre-of-mass energy, etc.) in order to reconstruct
more closely the hard scattering process. This flexibility is an accepted practice in many
analyses, as long as the same definition is consistently used when comparing data to theor-
etical calculations or Monte Carlo simulations. Nonetheless, to ensure stable definitions,
jet algorithms must satisfy reasonable criteria:

• Infrared and collinear (IRC) “safe” (see below)

• Minimal sensitivity to hadronisation, underlying event and pile-up

• Applicability in both experimental analyses and theoretical calculations

• Reliability of (finite) results at all orders in perturbation theory

The above list is an extension of the “Snowmass accord” [120] originally aimed to
facilitate the comparison among jet physics results, that still provides a common ground
for the development of modern jet algorithms.

Commonly, ATLAS uses jet definitions from the family of sequential recombination
algorithms [121–123]. These were specifically designed to be insensitive to the presence
of soft (infrared) and collinear gluon emission, and are thus usable for calculations done
to any order in perturbation theory. Recombination algorithms try to reverse the pattern
of QCD parton showers and multi-gluon radiations characterised by softer emissions as
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the shower evolves [124]. For this, the algorithm defines a distance dij between entities
(particles or energy deposits in the calorimeter) and between entity i and the beam diB:

dij = min
(
p2p
Ti
, p2p

Tj

) ∆R2
ij

R2

diB = p2p
Ti
,

(2.6)

where ∆R2
ij is defined in Equation 2.4, pT i is the transverse momentum of entity i, and

parameters p and R regulate the evolution of the clustering. The algorithm identifies the
smallest of the distances and if it is a dij then combines entities i and j, while if it is diB
defines entity i as a jet and removes it from the list of entities. The new four-moment (pµ)
of the combined pair is defined as pµi+j = pµi +pµj . Then, distances for the set of remaining
entities are calculated and the procedure is repeated until no entities are left.

Two examples of sequential recombination algorithms are the kt algorithm (p =
1) [121], extensively used at LEP, and the Cambridge-Aachen (C/A) algorithm (p =
0) [122, 123]. In the kt algorithm the soft particles are merged first, which introduces a
strong sensitivity to small fluctuations of the energy density of the parton shower. The
C/A algorithm relies solely on angular ordering of emissions in order to reconstruct the
shower by omitting the transverse momentum from dij, which again results in a strong
dependence to the experimental conditions. A case of particular interest corresponds
to p = −1, referred to as the “anti-kt” jet-clustering algorithm [125]. In this, the soft
particles will tend to cluster with hard ones long before they cluster among themselves,
effectively reducing the sensitivity to fluctuations of the parton shower or energy contri-
butions from UE. If a hard particle has no hard neighbours within a distance 2R, then
it will simply accumulate all the soft particles within a circle of radius R, resulting in a
perfectly circular cone-shape jet in the (y−φ) plane. More complex boundaries can occur
for busy environments composed of many close-by showers.

The other free parameter in Equation 2.6 is the radius R that sets a characteristic scale
in the (y − φ) space, and generally speaking defines the area of the jet (πR2) for highly
energetic and isolated jets. There is no strict recommendation for the choice of R, but it
is commonly advised to use values between 0.4 and 1.2, where effects of hadronisation and
the influence of the underlying event are minimised [126] (see also Figure 38 of Ref. [127]).
As the radius increases less energy is “splashed out” of the jet, a phenomena known as
out-of-cone energy, but the influence of underlying event also increases as the area of the
jet growths.

The most common values for anti-kt jets in ATLAS are R = 0.4, 1.0 [128–130]. The
so-called large-R jets (R = 1.0) are used (among other things) to identify boosted hadron-
ically decaying vector bosons. Jets from two-body decays of boosted vector bosons have
a substructure typically absent from decays of gluons and light quarks [129]. To elucidate
the substructure differences, grooming techniques [131–133] remove soft contributions to
the jet. In particular, ATLAS commonly uses a grooming technique called trimmig [129,
133]. Jet trimming further aims to improve the jet mass resolution by removing contam-
ination from initial state radiation, multiple parton interactions, and pile-up interactions.

2.3.5.2 Topological clusters

A possible choice for inputs to the jet reconstruction algorithm is the set of high-granularity
calorimeter cells. The cell signals are measured at the electromagnetic (EM) energy scale.
This scale reconstructs the energy deposited by electrons and photons correctly but does
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not include any corrections for the loss of signal for hadrons due to the non-compensating
nature of the ATLAS calorimeter. Another choice for inputs to the jet algorithm is the
set of towers of cells running longitudinally along the calorimeter (like the sliding win-
dow used for electron reconstruction, 2.3.2). However, none of those inputs reproduce
the actual shape of the particle cascade and are more susceptible to electronic noise and
other sources of fluctuations such as pile-up. For that reason, the input objects to the
jet algorithm are three-dimensional topological clusters (topoclusters) [134] built from
individual calorimeter cells.

The topocluster formation follows cell signal-significance patterns generated by elec-
tromagnetic and hadronic showers. In this, the clustering algorithm implicitly performs
a topological noise suppression by removing cells with insignificant signals which are not
in close proximity to cells with significant signals. This approach takes advantage of the
high granularity of the calorimeter system. Finely segmented lateral readout together
with longitudinal sampling layers allows the resolution of energy-flow structures generat-
ing these spatial signal patterns, thus retaining only signals important for particle and
jet reconstruction while efficiently removing insignificant signals induced by noise. As the
calorimeters are subject to a significant amount of background noise, the mean noise level
is constantly measured and subtracted from measurements.

Topological clusters are formed through an iterative procedure [134] which identifies
the most significant energy deposits, the seed cells, and then clusters neighboring cells
into a single topocluster. Seed cells are first identified as the calorimeter cells with an
energy significantly above a predefined noise threshold |Ecell| > 4σnoise. The seed cell forms
a protocluster and neighbouring cells are iteratively added to it if they have an energy
|Ecell| > 2σnoise. Once the iterative process ends and a stable protocluster is formed, all
cells adjacent to the protocluster are added, independent of the magnitude of their signal.
Through this method a topocluster is formed by a core of cells with significant energy
surrounded by an envelope of cells containing any residual or leaked energy.

The jet-finding algorithms treat the topoclusters as massless four-vectors of magnitude
E =

∑
Ecell which point from the centre of the detector to the energy-weighted barycentre

of the topocluster. The resulting topological cell clusters have shape and location informa-
tion, which can be exploited to improve the energy resolution. A local cell signal weighting
(LCW) [134, 135] method can be applied to each topocluster, bringing clusters from the
EM to the LCW scale, including corrections for dead material, out-of-cluster losses for
pions and calorimeter response for hadronic clusters (identified using their topology and
energy density).

2.3.5.3 Particle flow algorithm

An alternative approach is taken in the particle flow algorithm, in which measurements
from both the tracker and the calorimeter are combined to form the signals, which ideally
represent individual particles. The energy deposited in the calorimeter by all the charged
particles is removed. Jet reconstruction is then performed on an ensemble of “particle flow
objects” consisting of the remaining calorimeter energy and tracks which are matched to
the hard interaction. The benefits of reconstructing jets with the particle flow algorithm
(detailed in Ref. [136]) are:

• For low-energy charged particles, the momentum resolution of the tracker is signi-
ficantly better than the energy resolution of the calorimeter.

49



• The acceptance of the detector is extended to softer particles, as tracks are recon-
structed for charged particles with a minimum transverse momentum pT > 400 MeV,
whose energy deposits often do not pass the noise thresholds required to seed topo-
clusters [136].

• The angular resolution of a single charged particle, reconstructed using the tracker
is much better than that of the calorimeter.

• Low-pT charged particles originating within a hadronic jet are swept out of the jet
cone by the magnetic field by the time they reach the calorimeter. By using the
tracks azimuthal coordinate at the perigee, these particles are clustered into the jet

• When a track is reconstructed, one can ascertain whether it is associated with a
vertex. Therefore, in the presence of multiple in-time pile-up interactions, the effect
of additional particles on the hard-scatter interaction signal can be mitigated by
rejecting signals originating from pile-up vertices.

However, particle flow introduces a complication. For any particle whose track meas-
urement ought to be used, it is necessary to correctly identify and subtract its signal in the
calorimeter to avoid double-counting. In the particle flow algorithm, a Boolean decision is
made as to whether to use the tracker or calorimeter measurement. The ability to accur-
ately subtract all of a single particle energy, without removing energy deposited by other
particles, forms the key performance criterion upon which the algorithm is optimised.

2.3.5.4 Jets considered in this thesis

From now on, jets are reconstructed using the anti-kt algorithm with a radius parameter
value of R = 0.4 using the FastJet software package [137]. The inputs to the jet al-
gorithm are either stable simulated “truth” particles or energy deposits in the calorimeter
(particle flow objects for p-flow jets), and the resulting jets are referred to as “truth
jets” or “particle jets” and “reconstructed jets”, respectively. The inputs to truth jets
are simulated particles with a lifetime τ , defined by cτ > 10 mm, that are (unless stated
otherwise) neither final-state muons nor neutrinos. Muons and neutrinos are ignored as
they leave little or no visible energy in the calorimeters.

For the physics analyses discussed in Chapters 4 and 5, jets reconstructed from EM
topoclusters (AntiKt4EMTopo) are used. In addition, jets reconstructed from LCW topo-
clusters (AntiKt4LCTopo) and with the particle flow (p-flow) algorithm (AntiKt4EMPFlow)
are used for the derivation of the global sequential calibration presented in Chapter 3.
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Chapter 3

Global sequential calibration

3.1 Preface

The determination of the jet energy scale, its uncertainty, and the achievement of an
optimal jet energy resolution are the major tasks of the ATLAS jet calibration program.
Jets in data and simulation are calibrated following the procedure described in detail in
Ref. [130]. The global sequential (GS) calibration [138] is part of the jet energy scale
calibration [130]. This chapter details the derivation of the GS calibration to be used in
13 TeV collision and simulated data. The GS calibration was derived for AntiKt4EMTopo,
AntiKt4LCTopo and AntiKt4EMPFlow jets, the latter for the first time in the ATLAS
collaboration. This calibration was used by all analyses using jets in 2015 and 2016 data.

Section 3.2 summarises the jet calibration scheme used in ATLAS in Run 2. The
MC simulation sample and the object selection used to derive the GS calibration are
described in Sections 3.3 and 3.4, respectively. The GS calibration technique is introduced
in Section 3.5 and the results are presented in Section 3.6.

3.2 Introduction to the jet calibrations

The jet energy calibration restores the jet energy to that of jets reconstructed at the
particle level. The full chain of corrections is illustrated in Figure 3.1. All stages correct
the full four-momentum unless otherwise stated, scaling the jet pT, energy, and mass.
Each stage is briefly discussed next.

3.2.1 Origin correction

Calorimeter jets are reconstructed assuming they point back to the centre of the detector,
which usually does not match to the hard-scatter vertex. In the origin correction [139],
the four-momenta of the jets are recalculated to originate from the hard-scatter vertex
rather than from the centre of the detector, while keeping the jet energy constant, and
consenquently improving the η resolution of jets. This correction is not applied to p-flow
jets, since the origin correction is already applied to the particle flow objects, given that
track information is already available when reconstructing them.
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Figure 3.1: Illustration of the calibration stages. Each one is applied to the four-momentum of the jet,
except for the origin correction. Image from Ref. [130]
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3.2.2 Pile-up correction

Jets are corrected for the contributions from additional proton-proton interactions within
the same (in-time) or nearby (out-of-time) bunch crossings. First, a correction based on
the jet area (A) and the average transverse energy density (ρ) of the event is applied [140],
∆pT = −ρ × A. The jet area is a measure of the susceptibility of the jet to pile-up and
is determined jet by jet. The average energy density serves as a measure of the pile-up
activity and is calculated event by event as the median energy density of jets reconstructed
with the kt algorithm with a radius parameter value of R = 0.4. After this correction,
there remains some dependence of the average jet pT on pile-up activity. An additional
correction is therefore derived by comparing reconstructed jets to matched particle jets
in simulated inclusive jet events [141]. The correction is parametrised as a function of
the mean number of interactions per bunch crossing (µ) and the number of reconstructed
primary vertices in the event (NPV), such that both the out-of-time and in-time effects
are taken into account.

3.2.3 Absolute Monte Carlo-based calibration

A jet energy- and η-dependent correction, known as JES, is applied to reconstructed
jets in data and Monte Carlo simulation [139]. It is derived from simulated samples of
inclusive jet events and is designed to lead to agreement in energy and direction between
MC reconstructed and particle jets on average, correcting for instrumental effects, non-
compensating calorimeter response, energy losses in dead material and out-of-cone effects.

3.2.4 Global sequential calibration

The Monte Carlo based procedure described in the previous section corrects the calibra-
tion of jets depending on their momentum and rapidity. However, for a given pT–η bin,
the substructure and thus the response can vary from jet to jet depending on the soft-
ness and the nature of the particles it is composed of, its transverse distribution, and the
fluctuations of its development in the calorimeter [130, 138]. Furthermore, the average
particle composition and shower shape of a jet varies for quark- and gluon-initiated jets.
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A quark-initiated jet will often include hadrons with a higher fraction of the jet pT that
penetrate further into the calorimeter, while a gluon-initiated jet will typically contain
more particles of softer pT, leading to a lower calorimeter response and a wider transverse
profile. The GS calibration is a series of multiplicative corrections to reduce the effects
from these fluctuations and improve the jet resolution. It is based on global jet observ-
ables such as the longitudinal structure of the energy depositions within the calorimeters,
tracking information associated to the jet, and information related to the activity in the
muon chambers behind a jet. The GS corrections are designed to improve performance
without changing the average jet energy scale in the QCD inclusive jet sample used as a
reference, and are discussed in detail throughout this chapter.

3.2.5 In situ techniques

At this point, the calibration of MC jets is finished. However, a residual “in situ” calib-
ration is derived to correct for remaining differences between the jet energy response in
data and simulation.

This correction is calculated using γ+jet, Z+jet, dijet and multijet pT-balance tech-
niques [130, 142, 143]. Up to a jet pT of about 950 GeV(400 GeV), the pT balance between
a photon (Z boson) and a jet is exploited. The multijet pT-balance technique calibrates
a high-pT jet (300 < pT < 2000 GeV) recoiling against a collection of lower-pT jets. Bey-
ond 2000 GeV the response is considered constant. All these corrections are derived for
the central jets, with |η| < 1.2 and are combined following the procedure described in
Refs. [130, 144]. The relative response of all detector regions is equalised using a pT-
balance method exploiting dijet events (η-intercalibration) where the two leading jets are
in different η-regions.

3.3 Monte Carlo simulation samples

MC event generators are used to simulate the energy and direction of particles produced
in pp collisions. An overview of the MC event generators used in ATLAS can be found in
Ref. [145]. The baseline simulation samples used for the GS corrections are inclusive jet
events produced using Pythia 8 (version 8.160) [146] with the NNPDF2.3LO [147] LO
PDF set and the A14 underlying-event tune. The EvtGen 1.2.0 program [148] was used
to model bottom and charm hadron decays.

Pile-up events, i.e additional pp interactions that are not correlated with the hard-
scatter event of interest, are simulated as minimum bias events produced with Pythia 8
using the A2 tune [64] and the MSTW2008LO [149] PDF set. The simulated detector
signals from these events are overlaid on the detector signal from the hard-scatter event,
in order to reproduce the pile-up conditions of the different periods of data taking in 2015
and 2016.

Generated events are propagated through a full simulation of the ATLAS detector
based on Geant 4 that simulates the interactions of the particles produced by the
event generators with the detector material. Hadronic showers are simulated with the
FTFP [150] and BERT [151] models.
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3.4 Object selection

3.4.1 Jets

The inputs to reconstructed jets are topoclusters or particle flow objects, discussed in
Sections 2.3.5.2 and 2.3.5.3, respectively. The topoclusters are initially reconstructed
at the EM scale, which correctly measures the energy deposited in the calorimeter by
particles produced in EM showers. A second topocluster collection is built by calibrating
the calorimeter cells such that the response of the calorimeters to both electromagnetic
and hadronic showers is correctly accounted for. This calibration uses the local cell
signal weighting (LCW) method, that improves the resolution compared to the EM scale
by correcting the cluster energy according to its degree of compatibility with an EM or
hadronic depositions, and thus reduces fluctuations due to the non-compensating response
of the ATLAS calorimeters [135].

Reconstructed jets are calibrated using the multi-step procedure outlined in Sec-
tion 3.2, up to the JES calibration. After this, the energy scale of the calorimeter jets
built from EM or LCW-scale topoclusters are referred to as EM+JES or LCW+JES, re-
spectively. On the other hand, the energy scale of the p-flow jets after the JES calibration
is labeled as EMPFlow+JES.

3.4.2 Tracks

Tracks are required to have transverse momentum of at least 500 MeV, in addition to
quality criteria based on impact parameters and number of hits in the different ID sub-
detectors [152].

3.4.3 Association of tracks and truth jets to reconstructed jets

It is useful to associate particles, tracks, and truth jets to reconstructed jets. There are
two standard methods of association that are used for different purposes: ∆R matching
and ghost association [140].

The method known as ∆R matching associates reconstructed jets to a truth (particle)
jet when both are closer to each other than to any other jet and lie within a radius of
R = 0.3.

The ghost association procedure is used to associate hadrons, partons or tracks to
reconstructed jets. It treats the objects as four-vectors of infinitesimal magnitude during
the jet reconstruction and assigns them to the jet with which they are clustered.

For composition studies, the flavour of a reconstructed jet in simulation is the PDG
ID1 [106] of the ghost-associated parton with highest energy. Only the two jets with
highest pT are used in the flavour studies presented in Section 3.6.3.

3.4.4 Muon segments

Muon track segments are used in the jet calibration as a proxy for the uncaptured jet
energy carried by energetic particles leaking past the calorimeters without being fully ab-
sorbed. The segments are partial tracks reconstructed within an MS module. Segments

1The PDG ID is a numbering convention of known and theorised particles to facilitate information
exchange between different Monte Carlo event generators and detector simulations.
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are assigned to jets using the method of ghost association described above, with each seg-
ment treated as an input four-vector of infinitesimal magnitude to the jet reconstruction.

3.4.5 Jet structure properties

Several effects can impact the calorimeter response to jets:

• The number of particles that share the energy of the jet

• The fraction of the jet energy carried by electromagnetic particles (i.e., π0, η, γ, e±)

• The transverse distribution in η − φ of the particle jet constituents

• Fluctuations in the development of the calorimeter shower

The response of a jet of a given pT is higher if the jet is composed of a few high pT

particles rather than many softer particles, because the response of a single charge hadron
increases with particle pT. This is due to the nature of the hadronic shower development.
After each nuclear interaction, on average, 1/3 of the momentum is carried by π0s (which
have a response equal to one given that π0 → γγ), and 2/3 by charged pions. Thus, after n
steps in the shower development, 1−

(
2
3

)n
of the energy is transferred to π0s. On average,

the higher the particle pT, the higher the value of n, the larger the EM component of the
hadronic shower, and thus the larger the jet response.

Wider jets have on average lower response than narrow jets. This is due to three
reasons. A wider shower can deposit a fraction of the jet energy beyond the radius of the
jet, an effect known as out-of-cone radiation. Wider jets have on average lower energy
density (energy per unit area), and could thus fail the threshold for cluster reconstruction.
Finally, wider jets have larger probability to hit poorly instrumented transition regions.

Due to fluctuations inherent in the development of hadronic showers, the fraction of
energy deposited in dead material can vary from jet to jet and, for high energy jets, a
shower can deposit a fraction of its energy beyond the calorimeter, affecting consequently
the jet response.

There are several jet structure observables that are sensitive to the shower attributes
that impact the calorimeter response and help to implicity correct in average for those
effects. For each jet definition, the variables that provide the largest improvement in
performance have been selected in an empirical way [136, 138]. These observables are
described next.

The longitudinal structure of the jet is characterised by the fractional energy deposited
in the different longitudinal layers of the calorimeters before any jet calibration is applied
(“layer fractions” or flayer):

flayer =
Elayer

EM

Ejet
constit

,

where Ejet
constit is the energy of the jet before the jet energy scale calibration and Elayer

EM

is the energy deposited in the layer of interest at the EM scale. Two layer fractions are
used, fTile0 and fLAr3. fTile0 is the fraction of jet energy measured in the first layer of
the hadronic Tile calorimeter (|ηdet| < 1.7), while fLAr3 is the energy fraction in the third
layer of the electromagnetic LAr calorimeter (|ηdet| < 3.5). These fractions are sensitive
to the energy deposited in the cryostat vessel and to the hadronic fraction of the shower.

55



Tracking information is included by using three observables, depending on the jet
definition. These are the number of tracks (with pT > 1 GeV) ghost-associated to the jets
(ntrk), the jet track width (widthtrk), and the charged fraction (fcharged). The jet track
width carries information about the transverse structure of the jet, and is defined as the
average angular distance between the tracks (with pT > 1 GeV) ghost-associated to the
jet and the calorimeter jet axis, weighted by the track pT:

widthtrk =

∑
i p

i
T∆R(i, jet)∑

i p
i
T

,

where i refers to the tracks. The charged fraction, the fraction of the jet pT measured from
ghost-associated tracks (with pT > 500 MeV), allows to determine the degree of under-
calibrated signal due to the lower energy deposit of hadrons in the hadronic calorimeter,
and is defined as:

fcharged =

∑
i p

i
T

pjet,constit
T

,

where i refers to the tracks and pjet,constit
T is the pT of the jet before the jet energy scale

calibration.
Activity in the muon chambers is characterised using the number of muon segments

ghost-associated to the jet (Nsegments). The Nsegments correction, also known as punch-
through correction, reduces the tails of the response distribution caused by high-pT jets
that are not fully contained in the calorimeter. All the corrections are derived as a
function of jet pT, except for the punch-through correction which is derived as a function
of jet energy, being more correlated with the energy escaping the calorimeters. These
corrections are performed such that the jet energy scale is unaltered on average. As a
consequence, the jet energy resolution is improved and the sensitivity to jet fragmentation
effects such as differences between quark- or gluon-induced jets is reduced.

The GS corrections are determined in jet |ηdet| (the pseudorapidity of the jet before
the jet direction is corrected to point to the hard-scatter vertex) bins of width 0.1 from
|ηdet| = 0 to |ηdet| = 3.5. Corrections are derived for reconstructed jets with pT > 20 GeV
at the EM+JES, LCW+JES and EMPFlow+JES scales. The variables used, as well
as the order in which the corrections are applied, are summarised in Table 3.1. The
improvement in performance does not depend on the sequence of the corrections [138].

For jets at the LCW+JES scale, only the tracking and uncontained calorimeter jet
corrections are applied, since the LCW calibration already takes into account information
about the fractional energy deposited in each layer of the calorimeter, and the energy
measured around the jet. No further improvement in resolution is achieved through the
use of such variables for jets at the LCW+JES scale. For p-flow jets, no punch-through
correction was derived due to a technical problem with the calculation of Nsegments.

Figures 3.2 and 3.3 show the distributions of the fTile0, fLAr3, ntrk, widthtrk, Nsegments,
and fcharged variables in data and MC events. The underlying distributions of these
observables are fairly well modelled by MC simulation. Slight differences with data have
a negligible impact on the GS corrections as long as the dependence of the average jet
response on the observables is well modelled in MC simulation. A complete study, using
data and MC simulations, of the average jet response dependence on the GS observables
is presented in Refs. [136, 153], confirming the good modelling of the MC simulation.
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Figure 3.2: The distributions of observables used by the GS calibration in inclusive jet events for anti-kt
R = 0.4 jets within |η| < 0.6 in data (black) and Pythia MC simulation (red). The variables shown
are (a) the fractional energy in the first Tile calorimeter layer, (b) the fractional energy in the third LAr
calorimeter layer, (c) the number of tracks per jet, (d) the pT-weighted track width, and (e) the number
of muon track segments per jet. Jets are selected only from events in which 600 < pavgT < 800 GeV, where
pavgT is the average pT of the two leading pT jets. Jets are calibrated up to the EM+JES scheme without
the GS calibrations applied. Distributions are individually normalised to unit area. The ratio of Pythia
to data is shown in the bottom panels.
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Table 3.1: Sequence of global sequential corrections used to improve the jet performance in each |ηdet|
region for AntiKt4EMTopo, AntiKt4LCTopo, and AntiKt4EMPFlow jets.

AntiKt4EMTopo
|ηdet| region Corrections

[0, 1.7] fTile0 fLAr3 ntrk widthtrk Nsegments

[1.7, 2.5] fLAr3 ntrk widthtrk Nsegments

[2.5, 2.7] fLAr3 Nsegments

[2.7, 3.5] fLAr3

AntiKt4LCTopo
|ηdet| region Corrections

[0, 2.5] ntrk widthtrk Nsegments

[2.5, 3.5] Nsegments

AntiKt4EMPFlow
|ηdet| region Corrections

[0, 1.7] fcharged fTile0 fLAr3

[1.7, 2.7] fcharged fLAr3

[2.7, 3.5] fLAr3

Figure 3.3: Comparison of the charged fraction (fractional jet pT carried by reconstructed tracks) for a
selection of p-flow jets with 40 < pT < 60 GeV and |η| < 0.6, selected in Z → µµ events from collision
data and MC simulation. The simulated samples are normalised to the number of events in data. Jets
are calibrated up to the EMPFlow+JES scale without the GS calibrations applied. The ratio of data to
the MC simulation is shown in the bottom panel. Image from Ref. [136].
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3.5 Global sequential calibration technique

The average calorimeter response to jets, or average jet response, for a given population of
reconstructed jets is defined as R =

〈
preco

T /ptruth
T

〉
, where preco

T is the reconstructed jet pT

and ptruth
T is the pT of the matching (within ∆R < 0.3) truth jet. The mean is taken from a

Gaussian fit with a standard range of 1.6σ to the preco
T /ptruth

T distribution. In the case of the
correction for uncontained jets, the jet energy is used instead of the pT. The jet resolution
(σR) is given by the standard deviation of the Gaussian fit to the jet response distribution.
The fractional jet resolution

(
σR/R = σprecoT

/preco
T

)
is used to determine the size of the

fluctuations in the jet energy reconstruction. All jets used to determine the average
jet response are required to be “isolated” in order to avoid ambiguity in the matching
between reconstructed and truth jets. The isolation requirement for reconstructed jets is
that there should be no other reconstructed jet within ∆R = 2.5R, and only one truth
jet with ptruth

T > 7 GeV within a cone of ∆R = 1.5R, where R = 0.4 for all jet definitions
used in this analysis.

For each observable x, a jet four-momentum correction is derived in MC events as a
function of x in bins of ptruth

T and |ηdet| by inverting the reconstructed average jet response:
C(x) = R−1(x). The punch-through correction is an exception, since it is constructed as
a function of the jet energy (Etruth) and logNsegments. The punch-through correction is
only derived for jets with Nsegments > 20.

The average jet response is then scaled back to the initial value, such that after this
correction the dependence of the average jet response on the variable x is removed without
changing the average jet energy. This results in a reduction of the spread of the reconstruc-
ted calorimeter jet energy and, thus, an improvement in resolution. Corrections for each
observable are applied independently and sequentially to the jet four-momentum, neg-
lecting correlations between observables. No improvement in resolution was found from
including such correlations or altering the sequence of the corrections [138]. Figure 3.4
illustrate how the GS technique improves the resolution.

Figure 3.4: Illustration of how the technique described in the text improves the jet resolution. Response
distributions before (left) and after (right) the GS calibration are presented. For fixed ptruthT , the response
is Gaussian but depends on x. A correction as a function of x is derived to shift the average response
for fixed x to match the full (i.e. average jet response for the full x range) average jet response, thus
improving the resolution.
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First, the average jet response is evaluated in bins of |ηdet|, ptruth
T (or Etruth) and jet

property x, then the function F is constructed in |ηdet| regions using a two dimensional
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Gaussian kernel:

F
(
ptruth

T , x
)

=

∑Nbins

j=1 Rjwj∑Nbins

j=1 wj
,

where:

wj =
1

∆R2
j

× Gauss

(
log ptruth

T − log
〈
ptruth

T

〉
j

σpT
⊕
x− 〈x〉j
σx

)
,

and j denotes the index of a
(
ptruth

T , x
)
-bin, Rj is the average jet response, ∆Rj is the

statistical uncertainty of Rj,
〈
ptruth

T

〉
j

and 〈x〉j are the average pT and x of the jets

in each bin, Gauss(x) is the amplitude of a Gaussian function with µ = 0 and σ =
1, σpT and σx are width-parameters of the Gaussian kernel and ⊕ denotes addition in
quadrature. This parametrisation is used to smooth out statistical fluctuations in the
response curve. The kernel-width parameters used were selected to capture the shape
of the average jet response across x and ptruth

T , and at the same time provide stability
against statistical fluctuations. This procedure requires that the correction for variable
xi (C(xi)) is calculated using jets to which the correction for variable xi−1 (C(xi−1)) has
already been applied. The jet transverse momentum after correction number i is given
by:

piT = C(xi)× pi−1
T = C(xi)× C(xi−1)× pi−2

T = ...

From now on, F
(
ptruth

T , x
)

will be referred to as R(ptruth
T ) for simplicity.

The choice of deriving the corrections as a function of ptruth
T instead of preco

T is motivated
by the fact that for fixed ptruth

T (preco
T ) bins the response distribution is (not) Gaussian.

The shape of the distribution for bins of preco
T is determined by the underlying falling pT

spectrum of the jet distribution. Since the cross-section is higher for low-ptruth
T jets, for

any fixed preco
T bin, there will be more jets with low ptruth

T (i.e.: high response). This
causes a tail towards the high-response end of the response distribution, as illustrated in
Figure 3.5.

Figure 3.5: Panels (a) and (b) show the response distribution for AntiKt4EMTopo jets at the EM+JES
scale within |ηdet| < 0.1 with 80 < ptruthT < 100 GeV and 80 < precoT < 100 GeV, respectively. A Gaussian
fit is overlaid in both distributions to illustrate that the response distribution is not Gaussian when
plotted in precoT ranges.
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This choice introduces a complication, the correction factors are derived as a func-
tion of ptruth

T while the correction needs to be applied to reconstructed jets in MC and
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data, where in the latter no “truth” information is available. The “numerical inversion”
technique solves this problem. In essence, it allows to apply pT-dependent calibrations
to reconstructed jets when the average response of these jets has a dependence on ptruth

T .
There are two steps in this technique:

1. Calculation ofR
(
ptruth

T

)
from a Gaussian fit to the response distributions in different

ptruth
T bins.

2. Estimation of R (preco
T ) approximating preco

T by preco
T,est = R

(
ptruth

T

)
· ptruth

T , expression
which holds on average.

Note that R (preco
T ) is, in fact, calculated as a function of preco

T,est by transforming the x-axis
of the response calculated in step 1. However, when it is used as part of the calibration it
is evaluated on a jet-by-jet basis as a function of the jet preco

T . For this reason, in the rest
of this chapter, preco

T and preco
T,est may be used interchangeably in this context, depending

on whether the emphasis is on how the R function is calculated or how it is used. With
an expression for R (preco

T ), the jet can be now calibrated through the inversion of the
response as pcalib

T = preco
T /R (preco

T ). The jet four-momentum is calibrated in an equivalent
way: using 1/R (preco

T ) as a scale factor for each of its components.

3.6 Performance of the global sequential calibration

In this section, the most relevant results regarding the calorimeter response to jets, the
estimation of the jet resolution improvement, and the sensitivity to jet flavour are presen-
ted.

3.6.1 Jet response dependence on jet structure observables

The average jet pT response in MC simulation as a function of each corresponding observ-
able for several intervals of ptruth

T is shown in Figure 3.6. All the variables are shown for
AntiKt4EMTopo jets, with the exception of fcharged which is shown for AntiKt4EMPFlow
jets. Jets are respectively calibrated at the EM+JES and the EMPFlow+JES scale
without GS corrections. For all of the jet structure variables, a strong dependence of
the average jet response as a function of the studied property is observed. The strongest
dependence is observed for the ntrk and widthtrk variables. All figures satisfy that the
average jet response is equal to one. Consequently, the response is higher (smaller) than
one for EM (hadronic) jets since they were overcorrected (undercorrected) by the JES.
The observed dependence of the response on each observable is the expected:

• fcharged: The higher the charged fraction, the higher is the response, since the clusters
are replaced by the p-flow objects with improved response. The lower the charged
fraction, the smaller is the benefit from using tracks, and consequently the lower is
the response.

• ntrk: The response decreases with the number of associated tracks, since the higher
the number of particles sharing the jet energy, the smaller the response of the jet.

• widthtrk: Wider jets has higher widthtrk and, as explained in Section 3.4.5, lower
response with respect narrow jets.
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• fTile0: The higher the fTile0 fraction, the lower the EM component of the shower,
and consequently the lower the response.

• fLAr3: The higher the fLAr3 fraction, the higher the energy deposited in the non-
instrumented area between the Tile and EM calorimeters, and hence the lower the
response.

• Nsegments: The higher the number of associated segments, the higher the energy
uncontained in the calorimeter, and consequently, the lower the response.

The distribution of each observable in MC simulation for each ptruth
T interval is shown in

the bottom panels of those figures. The spike at zero in the fTile0 distribution of Figure 3.6
at low ptruth

T reflects jets that are fully contained in the electromagnetic calorimeter and
do not deposit energy in the Tile calorimeter. The negative tail in the fLAr3 distribution
(and, to a lesser extent, in the fTile0 distribution) at low ptruth

T reflects calorimeter noise
fluctuations. AntiKt4LCTopo jets are not shown since they present a similar behaviour
as AntiKt4EMTopo jets for ntrk, widthtrk and Nsegments observables, while fTile0, fLAr3 are
not not shown either for AntiKt4EMPFlow jets since the behaviour is analogous to the
AntiKt4EMTopo case.

The dependence of the jet response on each observable is significantly reduced after
the full GS calibration is applied, as shown in Figure 3.7. All the variables are shown
for AntiKt4EMTopo jets, and only fcharged for AntiKt4EMPFlow jets. Deviations of the
order of 2% (except for few cases at low pT) are observed, reflecting the small correlations
between observables that are unaccounted for in the corrections and small discrepancies
between the actual response curve and the smoothed one. Similar results are observed for
AntiKt4LCTopo and AntiKt4EMPFlow jets.

3.6.2 Jet response and resolution after the GS calibration

Figures 3.8 and 3.9 show the average jet response for AntiKt4EMTopo and AntiKt4EMPFlow
jets, respectively, as a function of ptruth

T for the Pythia 8 MC samples where the cor-
rections were derived. The average jet response after each correction remains almost
unchanged, as desired, except for few bins at low ptruth

T where differences of 1 − 2% are
observed. Comparable results are obtained for AntiKt4LCTopo jets.

Figures 3.10 and 3.11 show the jet resolution for AntiKt4EMTopo and AntiKt4EMPFlow
jets, respectively, as a function of ptruth

T for the same MC samples. The jet resolution im-
proves as more corrections are applied. The improvement observed for AntiKt4LCTopo
jets, for which only the tracking and Nsegments-based corrections are applied, was found
to be smaller. This is expected since no calorimeter-based GS corrections are applied
because this is already accounted for in the LCW calibration.

Figure 3.10 seems to indicate no improvement is achieved due to the punch-through
correction, but note that all jets are used regarless of their number of associated segments,
and this correction is only applied to jets with Nsegments > 20. The fraction of jets with
Nsegments > 20 is negligible, except at very high Etrue, as shown in Figure 3.12. Figure 3.13
shows the improvement in the RMS/Mean of the response as a function of the true jet
energy for jets not fully contained in the calorimeters, i.e. jets with Nsegments > 20, after
applying the GS calibration. The mean corresponds to the mean value of the jet response
distribution. The RMS was used instead of the resolution since it gives information about
the reduction in the low jet response tail after applying the punch-through jet correction.
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Figure 3.6: Average jet response as a function of (a) fcharged, (b) ntrk, (c) widthtrk, (d) fTile0, (e)
fLAr3, and (f) Nsegments variables for several ptruthT intervals for AntiKt4EMPFlow jets in panel (a) and
for AntiKt4EMTopo jets in panels (b,c,d,e,f) with |ηdet| < 0.1 (|ηdet| < 0.8 for the Nsegments variable).
Markers are placed at the mean of the jet property distribution in that bin. Calorimeter (p-flow) jets are
at the EM+JES (EMPFlow+JES) scale without GS corrections. The underlying distributions of the jet
structure variables, normalised to their integral for each ptruthT bin, are shown in the lower part of each
subfigure.
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Figure 3.7: Similar to Figure 3.6, but after the GS corrections are applied.

0 0.5 1

 R
es

po
ns

e
T

p

0.9

1

1.1

1.2

 < 40 GeVtruth
T

p ≤30 

 < 100 GeVtruth
T

p ≤80 

 < 400 GeVtruth
T

p ≤350 

 = 13 TeV, Pythia Dijets

| < 0.1
det

η=0.4, EMPFlow+JES+GS   |R tkanti-

Simulation Internal ATLAS

chargedf
0 0.5 1

F
ra

ct
io

n
R

el
at

iv
e

0

0.05

0.1

(a)

0 10 20 30

 R
es

po
ns

e
T

p

1

1.1

1.2

 < 40 GeVtruth
T

p ≤30 

 < 100 GeVtruth
T

p ≤80 

 < 400 GeVtruth
T

p ≤350 

 = 13 TeV, Pythia Dijets

| < 0.1
det

η=0.4, EM+JES+GS   |R tkanti-

Simulation Internal ATLAS

trkn
0 10 20 30

F
ra

ct
io

n
R

el
at

iv
e

0

0.05

0.1

(b)

0 0.1 0.2 0.3

 R
es

po
ns

e
T

p

1

1.1

1.2

 < 40 GeVtruth
T

p ≤30 

 < 100 GeVtruth
T

p ≤80 

 < 400 GeVtruth
T

p ≤350 

 = 13 TeV, Pythia Dijets

| < 0.1
det

η=0.4, EM+JES+GS   |R tkanti-

Simulation Internal ATLAS

trkwidth
0 0.1 0.2 0.3

F
ra

ct
io

n
R

el
at

iv
e

0

0.05

0.1

(c)

0 0.2 0.4 0.6

 R
es

po
ns

e
T

p

1

1.1

1.2

 < 40 GeVtruth
T

p ≤30 

 < 100 GeVtruth
T

p ≤80 

 < 400 GeVtruth
T

p ≤350 

 = 13 TeV, Pythia Dijets

| < 0.1
det

η=0.4, EM+JES+GS   |R tkanti-

Simulation Internal ATLAS

Tile0f
0 0.2 0.4 0.6

F
ra

ct
io

n
R

el
at

iv
e

0

0.05

0.1

(d)

0 0.05 0.1

 R
es

po
ns

e
T

p

1

1.1

1.2

 < 40 GeVtruth
T

p ≤30 

 < 100 GeVtruth
T

p ≤80 

 < 400 GeVtruth
T

p ≤350 

 = 13 TeV, Pythia Dijets

| < 0.1
det

η=0.4, EM+JES+GS   |R tkanti-

Simulation Internal ATLAS

LAr3f
0 0.05 0.1

F
ra

ct
io

n
R

el
at

iv
e

0

0.05

0.1

(e)

30 210 210×2

 R
es

po
ns

e
T

p

1

1.2
 < 800 GeVtruth

T
p ≤600 

 < 1200 GeVtruth
T

p ≤1000 

 < 2000 GeVtruth
T

p ≤1600 

 = 13 TeV, Pythia Dijets

| < 0.8
det

η=0.4, EM+JES+GS   |R tkanti-

Simulation Internal ATLAS

segmentsN
30 210 210×2

F
ra

ct
io

n
R

el
at

iv
e

4−10

3−10

2−10

1−10

(f)

64



Figure 3.8: Average jet response as a function of ptruthT in MC simulation for AntiKt4EMTopo jets with
(a) |ηdet| < 0.1, (b) 1.0 < |ηdet| < 1.1, (c) 2.0 < |ηdet| < 2.1, and (d) 3.0 < |ηdet| < 3.1. Markers show
the response at the EM+JES scale without GS corrections (black circles), with calorimeter-based GS
corrections only (red squares), with calorimeter- and tracking-based GS corrections only (green upper
triangles), and including all GS corrections (blue lower triangles). The lower part of each subfigure show
the difference between the average jet response with the GS corrections and the average jet response at
the EM+JES scale without the GS calibration.
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The observed improvement decreases with increasing jet energy, as the fraction of energy
not contained in the calorimeter for these jets becomes smaller relative to their total
energy.
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Figure 3.9: Average jet response as a function of ptruthT in MC simulation for AntiKt4EMPFlow jets with
(a) |ηdet| < 0.1, (b) 1.0 < |ηdet| < 1.1, (c) 2.0 < |ηdet| < 2.1, and (d) 3.0 < |ηdet| < 3.1. Markers show the
response at the EMPFlow+JES scale without GS corrections (black circles), with charged fraction based
GS correction only (red squares), and including all GS corrections (green upper triangles). The lower
part of each subfigure show the difference between the average jet response with the GS corrections and
the average jet response at the EMPFlow+JES scale without the GS calibration.
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Figure 3.10: Jet transverse momentum resolution as a function of ptruthT in the Pythia 8 MC sample
for (a) |ηdet| < 0.1, (b) 1.0 < |ηdet| < 1.1, (c) 2.0 < |ηdet| < 2.1 , and (d) 3.0 < |ηdet| < 3.1, for
AntiKt4EMTopo jets. Markers show resolution at the EM+JES scale without GS corrections (black
circles), with calorimeter-based GS corrections only (red squares), with calorimeter- and tracking-based
GS corrections only (green upper triangles), and including all the GS corrections (blue lower triangles).
The lower panel of each subfigure show the difference in quadrature between the resolution with the GS
corrections (σ

′
) and the resolution at the EM+JES scale without GS corrections (σ).
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Figure 3.11: Jet transverse momentum resolution as a function of ptruthT in the Pythia 8 MC sample
for (a) |ηdet| < 0.1, (b) 1.0 < |ηdet| < 1.1, (c) 2.0 < |ηdet| < 2.1, and (d) 3.0 < |ηdet| < 3.1, for
AntiKt4EMPFlow jets. Markers show resolution at the EMPFlow+JES scale without GS corrections
(black circles), with fcharged-based GS correction only (red squares), and including all the GS corrections
(green upper triangles). The lower panel of each subfigure show the difference in quadrature between
the resolution with the GS corrections (σ

′
) and the resolution at the EMPFlow+JES scale without GS

corrections (σ).
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Figure 3.12: Fraction of jets with Nsegments > 20 as a function of Etrue for AntiKt4EMTopo jets with
|ηdet| < 0.8.
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Figure 3.13: RMS/Mean of the response as a function of the truth jet energy for AntiKt4EMTopo jets
with Nsegments > 20 and |ηdet| < 0.8, with (black circles) and without (red squares) the GS calibration.
The lower panel show the difference in quadrature between the RMS/Mean with (σ′) and without (σ)
the GS calibration.
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3.6.3 Flavour dependence of the jet response in simulation

The GS calibration preserves the average jet response in the specific Pythia 8 MC
sample used to derive the corrections. If the GS calibration is applied to a sample with
jets produced in different physics processes the average jet response can be different. This
is because the jet response is sensitive to the flavour of a jet, and the flavour composition
of a sample depends on the physics process. The jet structure variables and thus the
calorimeter response to jets are sensitive to differences in fragmentation between light-
(LQ-) and gluon-initiated jets produced in different physics processes. The difference in
the response between jets initiated by quarks or gluons and a lack of knowledge of the
flavour composition of the analysed data are a source of uncertainty in physics analyses
involving jets. This is briefly discussed in Section 4.5.1 and in more detail in Ref. [130].
It is desirable for the flavour dependence to be as small as possible, because it limits the
impact of these effects on the systematics uncertainty of the jet energy scale.

Studies of the flavour dependence of the calorimeter response to jets calibrated with the
GS calibration are presented in this section. The flavour dependence is studied using jets
from inclusive jet MC events processed through the flavour labelling procedure explained
in Section 3.4.3. The flavour dependence of the jet response is in part a result of the
differences in particle level properties of the different types of jets. A gluon-initiated jet
tends to have more particles, and those particles tend to be softer than in the case of
a LQ-initiated jet. Also, a gluon-initiated jet tends to be wider (i.e. with lower energy
density in the core of the jet) before reaching the calorimeter. The magnetic field in the
inner detector amplifies the broadness of the gluon-initiated jet, since their low pT charged
particles tend to bend more than the higher pT particles in a LQ-initiated jet. The harder
particles in a LQ-initiated jet tend to penetrate further into the calorimeter.

Figure 3.14 shows the jet flavour fractions as a function of pT. At low pT the sample is
dominated by gluon-initiated jets. Between 300 GeV and 400 GeV, the contributions are
of the same order. Above approximately 400 GeV, LQ-initiated jets increasingly dominate
the sample. In this MC sample, the contribution of jets initiated by a quark b (b-jets) is
negligible.

Figure 3.15 shows the average jet response for LQ-initiated jets in inclusive jet MC
events in two ηdet regions before and after applying the GS corrections. After the GS
corrections, the average jet response of LQ-initiated jets gets closer to 1, mainly due to
the tracking-based corrections. The impact on the average jet response of the uncontained
calorimeter jet correction with respect to the previous (widthtrk) correction is negligible.

Figure 3.16 shows the average jet response for gluon-initiated jets in inclusive jet MC
events in two ηdet regions. Gluon-initiated jets have an average jet response that is higher
than unity for ptruth

T < 30 GeV and smaller than unity in the complementary ptruth
T range.

This is due to an overcorrection from the JES at low pT (the average response after the
JES correction is higher that one), as seen in Figure 3.8. The GS calibration brings the
response closer to unity, mainly due to the tracking-based corrections.

Figure 3.17 shows the average jet response for b-jets in inclusive jet MC events in two
ηdet regions. All b-jets, whether decaying semileptonically or hadronically, are included.
The average jet response for b-jets at the EM+JES scale is larger than one, resembling
the average jet response for LQ-initiated jets. The tracking corrections bring the average
jet response closer to 1.

Figure 3.18 shows the difference in average jet response between LQ- and gluon-
initiated jets with and without the GS calibration for AntiKt4EMTopo jets in two differ-
ent ηdet regions. The difference between the LQ- and gluon-initiated average jet response
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Figure 3.14: Fraction of LQ-initiated jets (black squares), gluon-initiated jets (red circles), and b-jets
(green upper triangles) as a function of precoT for AntiKt4EMTopo jets with |ηdet| < 3.5 and at the
EM+JES with the GS corrections applied.
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Figure 3.15: Average jet response as a function of ptruthT for LQ-initiated AntiKt4EMTopo jets for (a)
|ηdet| < 0.3 and (b) 2.1 < |ηdet| < 2.4 in the Pythia 8 MC sample. The average jet response at the
EM+JES scale without GS corrections (black circles) and including all the GS corrections (red squares)
are shown. Only the two highest pT jets in each event are used. The lower part of each subfigure show
the difference between the average jet response with the GS corrections and the average jet response at
the EM+JES scale without GS corrections.
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is considerably reduced after applying the GS corrections. A reduction of the flavour
dependence on the average jet response is also obtained for AntiKt4LCTopo and An-
tiKt4EMPFlow jets.
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Figure 3.16: Average jet response as a function of ptruthT for gluon-initiated AntiKt4EMTopo jets for (a)
|ηdet| < 0.3 and (b) 2.1 < |ηdet| < 2.4 in the Pythia 8 MC sample. The average jet response at the
EM+JES scale without GS corrections (black circles) and including all the GS corrections (red squares)
are shown. Only the two highest pT jets in each event are used. The lower part of each subfigure show
the difference between the average jet response with the GS corrections and the average jet response at
the EM+JES scale without GS corrections.
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Figure 3.17: Average jet response as a function of ptruthT for AntiKt4EMTopo b-jets for (a) |ηdet| < 0.3
and (b) 2.1 < |ηdet| < 2.4 in the Pythia 8 MC sample. The average jet response at the EM+JES scale
without GS corrections (black circles) and including all the GS corrections (red squares) are shown. Only
the two highest pT jets in each event are used. The lower part of each subfigure show the difference
between the average jet response with the GS corrections and the average jet response at the EM+JES
scale without GS corrections.
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3.6.4 Global sequential calibration in ATLAS jet triggers

The GS calibration discussed in this chapter was also applied online in all the small-R
(R = 0.4) jet HLT triggers in the data collected in 2017. Up to 2016, only the pile-up
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Figure 3.18: Difference in the average response of LQ- and gluon-initiated jets as a function of ptruthT for
AntiKt4EMTopo jets with (a) |ηdet| < 0.3 and (b) 2.1 < |ηdet| < 2.4. The difference after at EM+JES
without the GS corrections (black circles), and including all the GS corrections (red squares) are shown.
Only the two highest pT reconstructed jets are used. The lower part of each subfigure show the difference
between the average LQ − gluon jet response with the GS corrections and the average LQ − gluon jet
response at the EM+JES scale without the GS corrections.
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jet area and absolute MC-based calibrations had been applied online at the HLT level.
In 2017, two different approaches were taken. In all the small-R jet HLT triggers, the
calorimeter-based GS corrections and in situ calibrations were applied. For some small-R
jet HLT triggers, the tracking-based GS calibration was also applied. The tracking-
based GS corrections are only used in a small set of HLT triggers since a full tracking
reconstruction is very CPU intensive at the HLT level. The inclusion of the GS calibration,
together with the in situ calibrations, improves significantly the performance of small-R
jet HLT triggers, allowing to use lower offline thresholds and making the trigger more
efficient, as shown in Figure 3.19.

The punch-through correction is not applied, since this correction would cost addi-
tional CPU with negligible improvement in the HLT jet triggers performance. The vast
majority of uncontained calorimeter jets have a high energy, and those jets are neverthe-
less recorded as they are above the lowest unprescaled trigger threshold. This does indeed
miss some extreme tails of lower energy jets that still are uncontained in the calorimeter,
but usually the trigger efficiencies are defined at the ∼ 99.5% efficient point, making their
contribution negligible.
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Figure 3.19: Efficiencies are shown for a single-jet trigger [154] with a 450 GeV threshold and three different
calibrations applied to jets in the ATLAS high-level trigger. Offline jets are selected with |η| < 2.8. In
green (open squares) the calibration applied in 2016 data, in red (closed circles) the updated calibration
applied in 2017, utilising only calorimeter information, and in blue (open circles) this updated calibration
additionally with track information. The extra calibration steps include the GS calibration and the
application of in situ corrections. Since tracking is not guaranteed to be available for all jet thresholds,
options are provided with and without the tracking-based corrections. These additional corrections allow
for improved agreement between the scale of trigger and offline jets as a function of both η and pT, and
thus the trigger efficiency rises much more rapidly. Image from Ref. [155].
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Chapter 4

Measurement of inclusive jet
cross-sections

4.1 Preface

Precise measurements of jet cross-sections are crucial in understanding physics at hadron
colliders. They probe quantum chromodynamics, the theory of strong interactions, where
jets are interpreted as resulting from the fragmentation of quarks and gluons produced in
a short-distance scattering process. Jet cross-sections provide valuable information about
the strong coupling constant, αs, and the structure of the proton. Also, inclusive jet events
represent a background to many other processes at hadron colliders. The predictive power
of fixed-order QCD calculations is therefore relevant in many searches for new physics.

Inclusive jet production has been measured in hadron collisions at the Spp̄S and Tev-
atron colliders at various centre-of-mass energies. The latest and most precise results at√
s = 1.96 TeV are detailed in Refs. [156, 157]. At the LHC, in Run 1, the ALICE, ATLAS

and CMS collaborations measured inclusive jet cross-sections in proton-proton collisions
at centre-of-mass energies of

√
s = 2.76 TeV [158–160] and

√
s = 7 TeV [161–164] and,

recently, ATLAS and CMS at
√
s = 8 TeV [165, 166]. Finally, in Run 2, CMS published

a low luminosity, 71 pb−1, result at
√
s = 13 TeV [167].

This chapter presents measurements of the inclusive jet cross-sections in proton-proton
collisions at

√
s = 13 TeV centre-of-mass energy by the ATLAS Collaboration using data

collected in 2015 and corresponding to an integrated luminosity of 3.2 fb−1. The inclusive
jet cross-sections are measured double-differentially as a function of the jet transverse
momentum, pT, and absolute jet rapidity, |y|. Jets are reconstructed from EM topoclusters
using the anti-kt jet clustering algorithm with a radius parameter value of R = 0.4. The
measurements cover the kinematic region of 100 GeV < pT < 3.5 TeV and |y| < 3.

Next-to-leading-order perturbative QCD predictions calculated using several parton
distribution function sets, corrected for electroweak and non-perturbative effects, are
quantitatively compared to the measurement results. In addition, the measured cross-
sections are compared to the recently published complete next-to-next-to-leading-order
pQCD calculation [168, 169].

This chapter is organise as follows. Inclusive jet cross-sections are introduced in Sec-
tion 4.2. The data and MC simulation samples used in this analysis are discussed in
Section 4.3, while Section 4.4 summarises the event and jet selection. The jet energy
scale and resolution, and their uncertainties are detailed in Section 4.5. Other system-
atic uncertainties are discussed in Section 4.6. Detector level jet kinematic distributions
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are presented in Section 4.7. The unfolding method used to deconvolute detector effects
and the propagation of the systematic uncertainties are described in Section 4.8 and 4.9,
respectively. The theoretical predictions are detailed in Section 4.10 and the results are
presented and discussed in Section 4.11.

4.2 Cross-section definitions

In this measurement, jet cross-sections are determined for the so-called particle jets. These
jets are built from stable particles, i.e. those fulfilling cτ > 10 mm, where τ is the proper
lifetime. This definition includes muons and neutrinos, which is not the case for the
particle jets used to derive the MC-based jet calibrations detailed in Section 3.2. pQCD
at NLO and NNLO, on the other hand, predict cross-sections for jets at parton level. Non-
perturbative corrections are applied to obtain theoretical predictions at particle level, as
discussed in Section 4.10.2.

Jets are identified using the anti-kt jet algorithm as implemented in the FastJet
package with radius parameter R = 0.4. The use of the anti-kt algorithm is well motivated
since it is infrared- and collinear-safe, and produces geometrically well-defined (“cone-
like”) jets, as already discussed in Section 2.3.5.

Inclusive jet double-differential cross-sections are measured as a function of jet pT in
six equal-size bins of the absolute jet rapidity (|y|). Only jets in the kinematic range
pT > 100 GeV and |y| < 3.0 are considered, to ensure that the jet energy scale is well
understood, as described in Section 3.2. The inclusive jet production cross-section can
be expressed as a ratio of the number of jets in data after correcting for detector effects,
Njets, to the integrated luminosity of the data, L, in a given interval of momentum and
rapidity, ∆pT and ∆y respectively:

d2σ

dpTdy
=

Njets

L∆pT∆y
.

The pT binning is chosen according to the detector pT resolution, such that the bin
width is approximately twice the pT resolution, with the exception of the highest pT

bins in each rapidity range where bins are merged to avoid large statistical fluctuations
and non-Gaussian statistical uncertainties due to a low number of entries. The criterion
followed is that bins were merged when the expected number of events, as predicted by
MC simulation (see Section 4.3), was less or equal than 10.

4.3 Dataset and Monte Carlo simulations

The measurement uses proton-proton collision data at a centre-of-mass energy of
√
s =

13 TeV collected by the ATLAS detector during the 2015 data-taking period of the LHC.
The integrated collected luminosity is 3.2 fb−1 with an uncertainty of 2.1%. The uncer-
tainty in the luminosity is derived following a methodology similar to that detailed in
Ref. [170], from a calibration of the luminosity scale using x-y beam-separation scans
performed in August 2015.

Simulated jet events were produced using four different Monte Carlo event generat-
ors for comparisons to data and to derive corrections. The Pythia 8 program (version
8.186) was used for the baseline comparisons, the deconvolution of detector effects and the
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propagation of systematic uncertainties. It uses LO pQCD matrix elements for 2→ 2 pro-
cesses, along with a leading-logarithmic pT-ordered parton shower [171] including photon
radiation, underlying event simulation with multiple parton interactions [172], and had-
ronisation with the Lund string model. The samples were created using a set of tuned
parameters called the A14 tune and the NNPDF2.3LO LO PDF set. The EvtGen 1.2.0
program was used to model bottom and charm hadron decays. NLO samples of simu-
lated events were produced using Powheg and showered with Pythia 8 for systematic
studies as discussed in Section 4.5.1, and for optimising bin widths. The A14 tune and
the CT10 [173] PDF set were used. In addition, NLO samples of simulated events were
produced using Sherpa 2.1.1 [43] event generator together with CT10 PDF set for com-
parisons to data and for unfolding studies, as discussed in Section 4.7 and 4.8, respect-
ively. For the evaluation of non-perturbative effects, the LO Pythia 8 and the Herwig++
(v2.7.1 [174]) event generators were also employed as described in Section 4.10.2.

In all the MC samples, the effects of multiple proton-proton interactions in the same
and neighbouring bunch crossings were included by overlaying inelastic minimum-bias
events generated with Pythia 8. Events were further weighted to reproduce the observed
distribution of the average number of collisions per bunch crossing in data, as explained
in Section 4.3.1. The stable particles from the generated events were passed through the
ATLAS detector simulation based on Geant 4 and were reconstructed with the same
version of the ATLAS software as was used to process the data.

4.3.1 Pile-up reweighting

The presence of pile-up is included in the MC, allowing to properly reproduce the effects
of pile-up in the simulation. However, the distributions of pile-up collisions in data and
MC do not match, as shown for instance in Figure 4.1, where the 〈µ〉 distributions in MC
and data are compared1. This is because the average pile-up distribution in MC is chosen
before data was collected or before data taking ended. To match the distribution of pile-up
collisions in MC and data, an event by event reweighting technique is applied to MC using
the official ATLAS pile-up reweighting (PRW) tool. This is a two-step process. First,
the integrated luminosity from the data is plotted in bins of average pile-up 〈µ〉, with a
binning chosen to match the discrete values used in the reference pile-up distributions of
the MC. Then, the pile-up weight for a MC event corresponding to the ith 〈µ〉-bin is given
by

wi =
Li/L

Ni/N
,

where L is the total integrated luminosity of the data, Li is the integrated luminosity of
all data in bin i, N is the sum of generator-weights of the whole MC sample, and Ni is
the sum of generator-weights of the events in bin i.

The results are shown in Figures 4.2 and 4.3. Figure 4.2 compares the NPV distribu-
tion in data and MC before (left) and after (right) pile-up reweighting. The comparison
between the 〈µ〉 distributions in data and MC after pile-up reweighting is shown in Fig-
ure 4.3. The agreement in both distributions is clearly enhanced and it is overall very
good.

1Studies of the number of vertices shows that the value of 〈µ〉 in data derived from the luminosity was
overestimated and it had to be scaled down by a factor of 1/1.16.
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Figure 4.1: Comparison of the pile-up conditions in MC (shaded area) and data (points). Both MC and
data distributions are area normalised.
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Figure 4.2: Comparison of the NPV distribution in MC (shaded area) and data (points) before (a) and
after (b) pile-up reweighting. Both MC and data distributions were normalised to the same area. The
agreement is clearly enhanced.
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Figure 4.3: Comparison of 〈µ〉 distribution in MC (shaded area) and data (points) after pile-up reweight-
ing. Both MC and data distributions were normalised to the same area.
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4.4 Event and jet selection

A suite of single-jet triggers [154] with thresholds varying from 55 GeV to 360 GeV are
used to record events with at least one jet with transverse energy above the threshold in
the region |η| < 3.2. To keep the trigger rate to an acceptable level, the triggers with
lower ET thresholds are prescaled by recording only a predefined fraction of events. The
highest-threshold trigger accepts all events passing the threshold.

A pT-dependent trigger strategy for selecting jets is adopted in order to optimise
the statistical power of the measurement. For each event, a jet of a given pT is used
if the event fired the trigger with the lowest prescale2 that is fully efficient at that pT.
The effective luminosities range from 81 nb−1 for 75 < pT < 100 GeV, where the trigger
prescaling is largest, to 3.2 fb−1 for pT > 442 GeV, where an unprescaled trigger is used.
The 75–100 GeV pT bin is used just to reduce the bias from the unfolding procedure (see
Section 4.8) for pT > 100 GeV. The corresponding trigger thresholds and luminosities for
each pT bin of the measurement are shown in Table 4.1. The trigger efficiencies are studied
offline in data as a function of pT and rapidity, by emulating the online trigger decision.
An event passes the trigger emulation (i.e., the trigger is considered fired) if there is at
least one L1 and one HLT object that overstep the corresponding ET threshold. The
trigger efficiency for a given pT bin is obtained as the fraction of events that pass the
trigger emulation with the leading jet pT falling in that bin in a sample obtained by
requiring at least one online jet satisfying ET > 15 GeV. The result is shown for two
representative |y| bins in Figure 4.4. The trigger efficiency is always larger than 99.9% in
the pT range where it is used.

Table 4.1: Trigger strategy of the measurement. The table shows the pT ranges filled by the respect-
ive HLT triggers and their corresponding luminosity. No dependence on the rapidity was found, and
consequently, the same trigger thresholds are used in the full rapidity range.

pT range, [GeV] 99.9% efficiency trigger Luminosity [pb−1]

75–100 HLT 55 0.0807252

100–134 HLT 60 0.118673

134–152 HLT 85 0.483386

152–194 HLT 110 1.37096

194–240 HLT 150 5.09517

240–264 HLT 175 10.1739

264–318 HLT 200 18.7346

318–442 HLT 260 65.0237

442–∞ HLT 360 3158.32

The corresponding GRL (see Section 2.2.7) for the 2015 data taking period is used to
select data. Events are further required to have at least one primary vertex with at least
two associated well-reconstructed tracks satisfying pT > 400 MeV to reject events due to
cosmic-ray muons and other non-collision backgrounds. Quality criteria are applied, using
the LooseBad jet definition defined in Ref. [175], to reject events with jets from beam-
induced background due to proton losses upstream of the interaction point, cosmic-ray air

2That is, with highest effective luminosity.
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Figure 4.4: Turn-on curves of the trigger efficiency as a function of the leading jet pT for the first (top)
and last (bottom) rapidity bins, obtained by emulating the single-jet triggers in data. The dashed lines
represent the trigger thresholds used in the analysis. Similar curves are obtained for the rest of the
rapidity bins.
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showers overlapping with collision events and calorimeter noise from large-scale coherent
noise or isolated pathological cells. In addition, the non-collision background contribution
is further reduced applying the TightBad quality criteria [175] to leading pT jets.

4.4.1 L1 trigger mistimed events

A small number of events (110) were found to be mistimed in the full 2015 dataset (see
Figure 4.5). These mistimed events are due to an artifact of the Finite Input Response
(FIR) filters used in the regular Bunch Crossing Identification (BCID) algorithm [82].
The BCID algorithm runs on a stream of data from each trigger tower that is digitised
at 40 MHz. The regular BCID algorithm is based on the peak position of a FIR filter
which is also used to estimate the tower transverse energy. The FIR filter is formed using
successive weighted sums of four time samples.

Figure 4.5: Median tower timing for the ∼ 1.4 fb−1 of data showing the mistimed events.
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The early BCID of the regular algorithm that appeared in Run 2, occurred due to
an unanticipated effect of the negative coefficients used in the FIR filter. These negative
coefficients cause an incorrect BCID assignment if the ADC value of the first sample
before saturation is high enough and if it is followed by at least four saturated samples.
The Run 1 configuration only used positive FIR coefficients, and thus this issue did not
affect the Run 1 data.

A small number of events were mistimed to the bunch crossing, and thus, were not
accepted. However, these events were still saved in the so-called “physics L1Calo” stream
and hence it was possible to recover them from there. These events were reconstructed
shifting the LAr and Tile pulses by 25 ns to calculate the correct calorimeter energies.
However, it was not possible to recover the tracking information and muon segments.
Hence, the TightBad jet quality criteria can not be used, and only LooseBad is used
instead.

The performance of the jets after the reprocessing and the impact of the missing
information was extensively studied for the analysis presented in Ref. [176] and it was
concluded that the possible sources of miscalibration are small compared to the statistical
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uncertainty. Additional studies have been made in order to ensure the usability of the
mistimed events in this measurement.

All the events have ∆Φ, between the two leading pT jets, close to π, as can be seen
in Figure 4.6, and the second leading pT jet has reasonable pT fraction of the leading
pT jet, as shown in Figure 4.7. Finally, the maximum fractional energy deposition in a
single calorimeter layer (fmax) distribution of leading pT jets is shown in Figure 4.8. One
single jet event was found with fmax of 0.94 and pT of 1.2 TeV, but there is no evidence
suggesting to drop this event. The potential removal of the these events would affect the
cross-section in about 0.01%. All these studies suggest that the mistimed events are safe
to be included in the analysis, and they were.

Figure 4.6: Distribution of ∆Φ between the two leading pT jets in mistimed events.
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Figure 4.7: Distribution of the fraction of second leading jet pT with respect the leading jet pT in mistimed
events.
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Figure 4.8: Distribution of the maximum fractional energy deposition in a single calorimeter layer (fmax)
of the leading pT jet in mistimed events.
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4.4.2 Data recorded with the IBL sub-detector not functioning

A small subset of the data collected in 2015, with a luminosity of 217 pb−1, was recorded
with the IBL sub-detector off or in standby. A comparison of the inclusive pT distribution
of jets between IBL off and IBL on data is depicted in Figure 4.9. A 10% level of
disagreement at high pT is observed.

Figure 4.9: The pT distribution at the detector level of jets with |y| < 3.0 in IBL off data (black points)
and in IBL on data (red points) normalised to the total area. The ratio of the two (blue points) is shown
in the bottom panel. At high pT a difference of 10% is seen.
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The distribution of number of tracks associated to the jet and the distribution of the
width of the jet measured with the tracks associated to it were compared between IBL
off and IBL on data (see Figure 4.10). No significant differences were found in order to
explain the 10% level disagreement found in the jet pT distribution. Since the analysis
is not dominated by statistics, it was decided not to include the IBL off data in the
measurement.
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Figure 4.10: Comparison between IBL off and IBL on data on the distribution of: (a) number of tracks
associated to the jet, (b) the width of the jet measured with the tracks associated to it.
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4.4.3 Data recorded in the debug stream

There are events where the HLT does not give an answer because of a timeout or a crash.
These are saved to the debug stream. The HLT is run offline on these events, and for
events which would have passed the HLT these are reconstructed as for the main physics
stream. These events were added to the analysis. The difference of adding this stream is
shown in Figure 4.11 for representative |y| bins. The impact of adding the debug stream
on the jet pT distributions is small, except at high pT and the central region where it
represents and increment of 10% in the number of jets with pT of the order of 2 TeV.

Figure 4.11: Jet pT distribution at the detector level in different bins of the absolute jet rapidity in data,
including the debug stream (black points), and not including it (red points). The ratio of the two (blue
points) is shown in the bottom panels.
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4.4.4 Cut Flow summary

The cut flow for the inclusive jet cross-section measurement as a function of various
requirements that are sequentially applied is shown in Table 4.2 for anti-kt jets with
R = 0.4.
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Table 4.2: Cut flow of the inclusive jet cross-section measurement as a function of sequentially applied
requirements, excluding 3,199,968 events with the IBL not functioning, including 122,937 events from the
debug stream and 110 recovered mistimed events .

Event requirements (cumulative) Number of Events
Total number of events passing any jet trigger 54,634,195
After GRL 52,530,455
After requiring Ntrk@PV > 1 52,487,179
After requiring at least one central single-jet trigger 28,640,275
After applying jet cleaning criteria 25,372,957
Passing jet pT and rapidity selection 19,552,836

4.5 Jet energy calibration and resolution

This measurement uses AntiKt4EMTopo jets, calibrated with the full jet energy scale
(JES3) calibration following the procedure introduced in Section 3.2. The systematic
uncertainties associated to the JES, as well as the jet resolution and its uncertainties are
briefly described in this section.

4.5.1 Jet energy scale uncertainties

The measurement presented in this chapter uses the most detailed description of the
systematic uncertainties considered in ATLAS. There are, in total, 76 independent sources
of systematic uncertainty treated as being uncorrelated among each other [130]. These
are summarised in Table 4.3 and introduced next.

The systematic and statistical uncertainties of each of the in situ calibration techniques
contribute to the total JES uncertainty as independent systematic components.

Differences between the calorimeter responses to jets initiated by light quarks or gluons
and a lack of knowledge of the flavour composition of the analysed data lead to additional
uncertainties, known as flavour response and flavour composition uncertainties, respect-
ively. This is because the uncertainty on the response of LQ-initiated jets is covered by
the rest of the JES uncertainties while the uncertainty on the gluon response requires
additional uncertainty components. The flavour response uncertainty is fg · ∆Rg, while

the flavour composition uncertainty is
∆fg·|RLQ−Rg|
fg·Rg+fLQ·RLQ

, where fg and fLQ are the fraction of

gluon- and LQ-initiated jets in the sample, respectively. ∆fg is the uncertainty on the
gluon fraction. Rg and RLQ are the response of gluon- and LQ-initiated jets in Pythia 8,
respectively, and ∆Rg is the difference between the responses of gluon-initiated jets pre-
dicted by Pythia 8 and Herwig++. For instance, if fLQ = 1 and ∆fg = 0, then both
flavour uncertainties are zero. On the contrary, if fg = 1 and ∆fg = 0, then the flavour re-
sponse uncertainty accounts for the difference on the gluon response between two different
MC generators, and the flavour composition uncertainty is zero. In this case, the response
is different than in the samples used for the calibrations. Still, that applies for both data
and MC simulation used in the unfolding procedure and hence should have no effect. If
fg = 1 but ∆fg 6= 0, then the flavour composition uncertainty is the uncertainty on the

3Despite being confusing, the absolute MC-based calibration and the full jet energy scale calibration
chain are both known as JES. It should be clear from the context.
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Table 4.3: Summary of the systematic and statistical uncertainties in the JES [130].

Name Description

Z+jet
10 systematic uncertainty components
Statistical uncertainty over 13 regions of jet pT

γ+jet
5 systematic uncertainty components
Statistical uncertainty over 15 regions of jet pT

Multijet balance
5 systematic uncertainty components

Statistical uncertainty over 16 regions of pleading
T

η-intercalibration
3 systematic uncertainty components
Statistical uncertainty

Pile-up

Uncertainty of the µ modelling in MC simulation
Uncertainty of the NPV modelling in MC simulation
Uncertainty of the ρ modelling in MC simulation
Uncertainty in the residual pT dependence

Jet flavor
Uncertainty in the jet composition b/w quarks and gluons
Uncertainty in the jet response of gluon-initiated jets

Punch-through Uncertainty in GSC punch-through correction
Single-particle response Uncertainty from single-particle and test-beam analyses

gluon fraction times the relative response difference between LQ- and gluon-initiated jets
in Pythia 8. Pythia 8 and Powheg+Pythia 8 Monte Carlo simulations are used
to estimate the flavour composition of the sample as a function of pT and rapidity. The
result from Pythia 8 is taken as the nominal quark/gluon composition, and the differ-
ence between the two simulations as an estimate of the fractions uncertainty. The gluon
fractions and their uncertainty are shown in Figure 4.12. Rg,RLQ and ∆Rg are provided
by ATLAS. As a cross-check, the fraction of jets with no assigned flavour was investigated
and was found to be negligible, as shown in Figure 4.13, and hence no uncertainty was
considered due to this effect.

Figure 4.12: (a) the fraction of gluon-induced jets and (b) the uncertainty on the gluon fraction, in bins
of jet pseudorapidity and pT for anti-kt jets with R = 0.4.
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A systematic uncertainty on the punch-through correction, applied only to jets with
Nsegments > 20, is derived as the difference in the jet response between data and MC in
dijet events as a function of the number of muon segments [138].
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Figure 4.13: Fraction of jets in Pythia 8 with no flavour as a function of jet pT for jets with |y| < 3.0.
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An uncertainty in the jet energy scale at high pT (pT > 2000 GeV), where in situ
methods cannot be used, is derived from single-particle response measurements [177], and
is known simply as E/P uncertainty.

Four uncertainties are included to account for potential mismodelling of pile-up in the
MC simulation: the number of reconstructed primary vertices, the average number of
interactions per bunch crossing, the energy density in jets and the residual dependence
of the jet pT on pile-up. The description and evaluation of the pile-up uncertainties are
detailed in Refs. [130, 141].

All of these uncertainties are treated as being fully correlated across pT and η, with
the exception of the statistical uncertainty of the η-intercalibration which is propagated
as being uncorrelated between the 245 different η and pT bins in which it was derived [130,
142]. The JES uncertainty is 1% in the 200–600 GeV range of jet pT, 2% at 2 TeV, and
reaches 3% above 3 TeV. The uncertainty is fairly constant as a function of η and reaches
2.5% at 80 GeV for the most forward jets [130].

4.5.2 Jet energy resolution and its uncertainties

The jet pT resolution (JER) is derived using the data collected during 2012. It is obtained
in situ from the standard deviation of the ratio of the pT of a jet to the pT of other well-
measured objects (a photon or a Z boson [142, 143]) in an event, following techniques
similar to those used to determine the JES uncertainty. The pT-balance technique in dijet
events (η-intercalibration) [142] allows a measurement of the JER at high jet rapidities
and for a wide range of transverse momenta. Noise from the calorimeter electronics and
pile-up forms a significant component of the JER at low pT. A study in zero-bias data4

allows this contribution to be constrained. In addition, a MC simulation is used in each
in situ JER measurement to correct for fluctuations present at particle level due to the
underlying event and out-of-cone contributions from QCD radiation and hadronisation.
The results from all these methods are combined in a way similar to that for the JES [144].

The JER uncertainty has in total 11 components. Eight of these components are ob-
tained by combining the systematic uncertainties associated to the in situ methods. One

4The zero-bias sample contains data collected by recording events exactly one accelerator turn after
a high-pT first-level calorimeter trigger. These events will thus be contained in a random filled bunch
collision with a rate proportional to the instantaneous luminosity [144].
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component is the uncertainty due to the electronic and pile-up noise measurement. An-
other is the absolute JER difference between data and MC simulation as determined with
in situ methods. Finally, the JER uncertainties are completed with an extra component to
account for the differences between the 2012 and 2015 data-taking conditions [178]. Each
JER systematic component describes an uncertainty that is taken to be fully correlated in
jet pT and η. The 11 JER components are treated as fully uncorrelated with each other.

4.5.3 Jet angular resolution and its uncertainties

The jet angular resolution (JAR) is estimated in MC simulation from the differences
in rapidity and azimuthal angle between reconstructed jets and matching particle jets.
This estimate is validated by comparing the standard jets built from calorimeter energy
deposits to those built from tracks in the inner detector [139, 179]. From these studies,
the JAR is assigned an uncertainty of 10% to account for possible differences between
data and MC simulation.

4.6 Other systematic uncertainties

4.6.1 Jet cleaning uncertainties

The efficiency for selecting jets from proton-proton collisions using the jet quality criteria
(LooseBad and TightBad) was studied by an ATLAS dedicated group [175]. These ef-
ficiencies, as a function of pT and η, are shown in Figure 4.14, and are of the order of
99%. In Figure 4.15, these efficiencies are shown simultaneously as a function of pT and
η. Each value was taken as the minimum efficiency for the given pT and η bins shown in
Figure 4.14.

Figure 4.14: Efficiency of selecting jets from proton-proton collisions as a function of pT (a) and η (b)
for the LooseBad (black) and TightBad (red) jet quality criteria.
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Given that no uncertainty is assigned to these efficiencies, it was decided not to ap-
ply them as corrections (1/efficiency), but instead to consider them as an asymmetric
uncertainty.
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Figure 4.15: Efficiency of selecting jets from proton-proton collisions as a function of pT and η for the
LooseBad (a) and TightBad (b) jet quality criteria.
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4.6.2 Jet reconstruction uncertainty

In the measurement performed at
√
s = 7 TeV, jet reconstruction efficiency was evaluated

and an inefficiency was found only for jets with pT < 30 GeV. Hence, no inefficiency in
jet reconstruction is expected in this measurement and no uncertainty is assigned for this
efficiency.

4.6.3 Beam energy uncertainty

An uncertainty in the beam energy of 0.1% [180] is considered when comparing data
with the theory prediction (discussed in detail in Section 4.10) at a fixed beam energy.
The induced uncertainty at the cross-section level is evaluated by comparing the theory
predictions at the nominal and shifted beam energies. It amounts for 0.2% at low pT and
0.9% at high pT in the central region and rises to 2% at the highest pT and high rapidity,
as shown in Figure 4.16.

Figure 4.16: Beam energy uncertainty contribution to the theoretical cross-section as a function of the
jet pT for each |y| of the measurement.
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4.7 Detector level jet kinematic distributions

The Pythia MC sample described in Section 4.3 is used to correct for detector effects
in the unfolding procedure described in Section 4.8. It is thus important that the MC
simulation used to unfold shows reasonable agreement with data in the basic detector level
jet kinematic distributions. In the following sub-sections the jet kinematic distributions
relevant for the measurement are compared between data and different MC simulation
samples (Pythia 8, Powheg+Pythia 8 and Sherpa 2.1.1).

4.7.1 φ distributions

The jet φ distribution for different pT ranges is presented in Figure 4.17. All the MC
simulations describe data to within few percent accuracy. The dip around φ ∼ 1 is
related to the dead Tile modules during the 2015 data taking period, and are very well
described by the simulations.

Figure 4.17: The jet φ distribution at the detector level in four different pT ranges in data (black squares),
Pythia (red circles), Powheg+Pythia (green upper triangles), and Sherpa (pink lower triangles), all
normalised to the total area. The ratio of the MC simulations to the data is shown in the bottom panels.
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Since the measurement is done in bins of |y|, the φ distributions in data and MC
simulations are compared in the jet rapidity bins of the measurement and are shown in
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Figure 4.18. All MC simulation samples present similar (and good) agreement with the
data.

Figure 4.18: The jet φ distribution at the detector level in the six jet rapidity bins of the measurement
in data (black squares), Pythia (red circles), Powheg +Pythia (green upper triangles), and Sherpa
(pink lower triangles), all normalised to the total area. The ratio of the MC simulations to the data is
shown in the bottom panels.
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4.7.2 η distributions

The jet pseudorapidity distribution for different pT ranges in data is compared to three MC
simulations in Figure 4.19. The accuracy to model the η distribution of the simulations is
satisfactory and comparable, although Pythia 8 performs better in the forward region
with respect to the NLO simulations.

Figure 4.19: The jet η distribution at the detector level in six different pT ranges in data (black squares),
Pythia (red circles), Powheg +Pythia (green upper triangles), and Sherpa (pink lower triangles), all
normalised to the total area. The ratio of the MC simulations to the data is shown in the bottom panels.
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4.7.3 pT distributions

Figure 4.20 shows the inclusive jet pT distribution in bins of |y|. In the first three |y| bins
the MC/data ratios are flat over the whole pT range within 10%. It is important to remark
that the value itself of the ratio is not determinant. In effect, the area normalisation of
data and MC distributions are dominated by the first few bins, where the bulk of the
cross-section lies. That is to say, regardless of the distributions, the ratio of normalised
plots will always agree at low pT. As a consequence, the plots should not be regarded on a
quantitative basis, but only as shape comparions. In the fourth |y| bin, the MC/data ratio
for Pythia deviates from a flat behaviour with increasing pT, indicating that Pythia
underestimates the yield of high pT jets. At 2.0 < |y| < 2.5, all MC simulations present
comparable deviations (in absolute values) to the data, although Pythia presents a better
modelling of the high pT range. In the most forward |y| bin, the NLO MC simulations
considerably overestimate the number of high pT jets.

The separated pT distributions for leading, second leading, and third leading pT jets are
presented in Figure 4.21, the distribution including all jets in the events is also shown. The
level of agreement is again satisfactory, except for the Powheg +Pythia MC generator
which shows a considerable mismodelling of the third leading pT distribution, as shown
in Figure 4.21d.

Due to the substantial mismodelling of the pT distribution at large rapidity shown
by the NLO MC generators (and of the third leading pT distribution observed for the
Powheg +Pythia MC simulation sample), it was decided to use Pythia 8 as the
baseline MC simulation. A systematic uncertainty on the unfolding procedure due to the
difference in shape between data and baseline MC simulation is introduced in Section 4.8.

4.7.4 η–φ maps

Figure 4.22 shows the η–φ plots for both Pythia (left) and data (right) at intermediate
pT (top) and high pT (bottom). In Pythia, there is an unpopulated η–φ region (η ∼
2, φ ∼ 0) which is not apparent in data. In order to investigate this region in detail, the φ
distribution for data and MC in the η range 1.75−2.25 is shown in Figure 4.23a. It is clear
that although the data is flat in φ, as expected from the basically azimuthal symmetry
of the detector, the MC displays a different behavior. The two central bins around φ = 0
lie below the mean of the distribution, while their adjacent bins are above it. This
fluctuation essentially cancels to agreement with data when averaged (see Figure. 4.23b).
This unusual situation, in which the MC simulates a problem not present in data, could
be a leftover correction for a module that is not dead anymore. This is not considered a
problem for this measurement given the two uses of the MC in this analysis, the unfolding
due to the energy resolution and the estimation of systematic uncertainties, which are not
affected by this redistribution of events between adjacent φ bins.

4.7.5 Impact of the tight cleaning criteria on the data

Figure 4.24 shows the inclusive pT distribution at the detector level in data when using
the TightBad cleaning criteria for the leading pT jets and LooseBad for the rest of the jets,
and when using LooseBad for all the jets. The change in the inclusive jet cross-sections
measured in data by using the TightBad cleaning criteria in the leading pT jets is 1% at
low pT and 15% at high pT for the first |y| bin of the measurement, while it is negligible
across the full pT range for the last |y| bin. As shown in Figure 4.25, the MC/Data ratio
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Figure 4.20: The pT distribution at the detector level in different bins of the absolute jet rapidity in data
(black squares), Pythia (red circles), Powheg +Pythia (green upper triangles), and Sherpa (pink
lower triangles), all normalised to the total area. The ratio of the MC simulations to the data is shown
in the bottom plots.
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of the pT distribution for the first rapidity bin is slightly improved when using TightBad

for leading pT jets instead of using LooseBad.
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Figure 4.21: The pT distribution for |y| < 3.0 at the detector level of leading pT jets in data (black
squares), Pythia (red circles), Powheg +Pythia (green upper triangles), and Sherpa (pink lower
triangles), all normalised to the total area. The ratio of the MC simulations to the data is shown in the
bottom panel.
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4.7.6 Leading jet fractions

It is interesting to see the level of contribution of leading pT jets to the inclusive jet
cross-sections in data. Figure 4.26 shows that the cross-section is dominated by leading
and second leading jets, as expected. The contribution of third leading jets is small, of
the order of a few percents at low pT and of a few per mille at high pT. The contribution
from fourth leading jets is negligible (and not show in the figure).
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Figure 4.22: η–φ maps in both Pythia 8 (a and c) and data (b and d) at intermediate pT (300–500 GeV,
panels (a) and (b)) and at high pT (642–1992 GeV, panels (c) and (d)). The MC shows an unpopulated
η–φ region (η ∼ 2, φ ∼ 0) which is not apparent in data.
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Figure 4.23: The jet φ distribution at the detector level in the 1.75 ≤ η < 2.25 region in data (black
points) and Pythia 8 (red points) normalised to the total area is shown in (a). The ratio of the two
(blue points) is shown in the bottom panel. (b) The same distribution but doubling the size of the φ
bins.
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Figure 4.24: The jet pT distribution at the detector level in data using the LooseBad (full circles) and
the TightBad (empty circles) cleaning criteria for the leading pT jets for the first (a) and last (b) |y| bins
of the measurement. The ratio of the two is shown in the bottom panels.
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Figure 4.25: Ratio of the pT distribution at the detector level in data to the one in MC simulation when
using the LooseBad (full circles) and the TightBad (empty circles) cleaning criteria for the leading pT
jets for the first |y| bin of the measurement.
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Figure 4.26: Contributed fraction to the pT distribution at reconstructed level in data from leading jets
(black), second leading jets (red), and third leading jets (green). Fourth leading jets are not shown since
their contribution is negligible.
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4.8 Unfolding of detector effects

The reconstructed jet spectra in data are corrected for detector inefficiencies and resolution
effects to obtain inclusive jet cross-sections that refer to the stable particles entering the
detector. The unfolding of the detector resolution in jet pT is based on a modified Bayesian
technique, the iterative dynamically stabilised (IDS) method [181]. This unfolding method
uses a transfer matrix constructed using samples of simulated events, which describes the
migrations of jets across pT bins between particle level jets and reconstructed level jets.
The transfer matrix is filled jet by jet by matching a particle jet with a reconstruction
level jet, when both are closer to each other than to any other jet, lie within a radius of
R = 0.3, have pT > 75 GeV and belong to the same rapidity bin. It is shown in Figure 4.27
for two representive |y| bins. The looser jet pT requirement helps to reduce the unfolding
bias (discussed below) at low pT.

Figure 4.27: The transfer matrix for the most central and forward |y| bins. The z-axis corresponds to
the number of predicted events for a luminosity of 1 fb−1.
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The unfolding technique is performed in three steps, correcting for the matching im-
purity at the reconstruction level, the smearing of matched jets between pT bins, and the
matching inefficiency at the particle level,

Npart
i =

∑
k

N reco
k · Pk · Uik / Ei ,

where i and k are the pT bin indices of the jets at the particle and reconstruction levels
and Npart and N reco are the numbers of particle level and reconstruction level jets in a
given bin, respectively. The symbols P and E denote respectively the matching purity and
the matching efficiency. The symbol U denotes the unfolding matrix, where Uik describes
the probability for a jet at reconstruction level in pT bin k to originate from the particle
level in pT bin i. The unfolding matrix is obtained from the transfer matrix (A) in the
following way:

Uik =
Aik∑n
l=1 Ail

,

where the sum runs over all the pT bins of the measurement.
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The matching purity (Pk) is defined as the fraction of reconstruction level jets that
are matched to a particle level jet for a given pT bin k. The matching efficiency (Ei) is
defined as the fraction of particle level jets that are matched to a reconstruction level jet
for a given pT bin i. If matched particle and reconstructed jets are in different rapidity
bins then they are reassigned as being unmatched. In this way, the migrations across
jet |y| bins are effectively taken into account by bin-to-bin corrections. The jet matching
efficiency and purity are shown in Figure 4.28. The jet matching efficiency is 97.8%
(97.6%) at pT = 100 GeV for low (high) jet rapidity, and reaches 99.7% at high pT. On
the other hand, the jet matching purity is 98.4% (95.8%) at pT = 100 GeV for low (high)
jet rapidity, and reaches (99.6%) at high pT.

Figure 4.28: The matching efficiency and purity in the most central and forward |y| bins.
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The unfolding matrix U depends on the details of the MC model, given that the
transfer matrix is used to build it. This model improves when iterated, where the num-
ber of iterations is chosen such that the residual bias is within a tolerance of 1% in the
bins with less than 10% statistical uncertainty. The residual bias is evaluated through a
data-driven closure test [181, 182], in which the particle level spectrum in the MC sim-
ulation is reweighted to improve agreement between data (after applying the matching
efficiency at reconstruction level) and reweighted MC events in the reconstruction level
spectra. The weights are obtained by fitting with a fourth order logarithmic polynomial
the ratio of the data to reconstruction level MC spectra. The reweighted reconstruction
level MC spectra is unfolded using the nominal unfolding matrix, and the result is com-
pared with the reweighted particle level spectrum. To obtain results that are statistically
significant, this procedure is performed using a bootstrapping technique [183], in which
pseudo-experiments are generated from the MC simulation by sampling each event with
a weight taken from a Poisson distribution with a mean of one. Each pseudo-experiment
therefore emphasises a unique subset of the MC simulation while maintaining statistical
correlations between the nominal and varied samples. The resulting bias for each pseudo-
experiment is evaluated, i.e., the difference between the unfolded result of the reweighted
reconstruction level MC spectra and the expected result (i.e., the reweighted particle level
spectra). The systematic uncertainty is then calculated as the average of all the biases
obtained with the bootstraping technique. This systematic uncertainty accounts for the
mismodelling of the shape of the pT distribution of the MC simulation. Using one itera-

100



tion, the uncertainty bias is of the order of a few per mille, except at high pT (∼ 1TeV)
and high rapidity where it increases to 5%, as shown in Figure 4.29. The data unfol-
ded using two iterations is in agreement (within the IDS bias uncertainty) with the data
unfolded using one iteration. Since the bias due to shape differences between data and
MC simulation is small after one iteration and since increasing the number of iterations
enhances the statistical uncertainty, it was decided to use in this measurement a single
iteration.

Figure 4.29: Relative difference 100 × (unfolded reconstruction level MC - particle level MC) / particle
level MC, for the inclusive jet pT cross-section for (a) the |y| < 0.5 bin and (b) the 2.5 ≤ |y| < 3.0 bin.
The smoothing procedure described in Section 4.9 was applied to the 2.5–3.0 |y| bin because of large
statistical fluctuations due to the small number of events at high pT.
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The dependence of the unfolding procedure on pile-up was studied. The data was
unfolded using two MC simulation samples, consisting on Pythia 8 with and without
pile-up reweighting technique being applied (see Section 4.3.1), and the smoothed (see next
Section) relative difference between the two was taken as an extra systematic uncertainty.
This uncertainty is smaller that 1%, except at high pT and at large rapidity where it grows
up to 1–2%.

The impact on the unfolding technique of the choice of the MC generator was investig-
ated using the Sherpa sample. In order not to consider effects due to differences in the pT

response between Sherpa and Pythia 8, the response of Sherpa is corrected to have the
same one as in Pythia 8. Since a perfect agreement between the response of the recalib-
rated Sherpa and the response of Pythia 8 was not achieved, a systematic uncertainty
was assigned to account for differences in the responses at the 1/1000 level. Sherpa was
also reweighted by the ratio of the pT distributions at truth level between Pythia 8 and
Sherpa to avert effects due to shape differences. The relative difference between the un-
folded Pythia spectra at reconstruction level using the recalibrated/reweighted Sherpa
sample and the Pythia spectra at truth level is shown in Figure 4.30 for representative
|y| bins. Since the difference agrees in all |y| bins and lies within the uncertainty on the
recalibration of Sherpa, no uncertainty on the MC generator choice for the unfolding
procedure is considered in this analysis.
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Figure 4.30: Relative difference between unfolded Pythia 8 spectra at reconstruction level with recal-
ibrated/reweighted Sherpa and Pythia spectra at truth level for (a) the first |y| bin and (b) the last
|y| bin of the measurement. The red band shows the systematic uncertainty due to differences in the
responses at 1/1000 level.
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4.9 Propagation of the uncertainties to the cross-

sections

The statistical uncertainties are propagated through the unfolding procedure using a
bootstrapping technique based on an ensemble of 1000 pseudo-experiments. Each pseudo-
experiment is constructed by reweighting each event in data and simulation according to
a Poisson distribution with expectation value equal to one. This procedure preserves the
correlations between jets produced in the same event. The unfolding is performed for each
pseudo-experiment and a covariance matrix is constructed for the cross-section in each |y|
bin. The total statistical uncertainty is obtained from the covariance matrix, where bin-
to-bin correlations are also encoded. The separate contributions from the data and from
the MC statistics are obtained through the same procedure by reweighting either the data
or the simulated events. The total statistical uncertainty and its separate contributions
are shown in Figure 4.31. The total statistical uncertainty is of the order of a few per
mille (percent) at low pT and reaches 40% (30%) at the last pT bin for the first (last) |y|
of the measurement. The contribution to the total statistical uncertainty from the MC
simulation is negligible, except at high pT and large |y|.

All components of the JES uncertainty (see Section 4.5) are propagated through the
unfolding procedure using pseudo-data (MC simulations) to avoid the impact of the lar-
ger statistical fluctuations in data. The jet pT in pseudo-data is scaled up and down
by one standard deviation of each component. This procedure takes into account the
correlations between various phase-space regions. The resulting pseudo-data spectra are
unfolded for detector effects using the nominal unfolding matrix. The difference between
the nominal unfolded cross-section and the systematically shifted unfolded cross-section
is taken as a systematic uncertainty. The jet energy scale is the dominant uncertainty
for pT < 2500 GeV (pT < 700 GeV) in the first (last) rapidity bin. In the complement-
ary regions, the statistical uncertainty prevails. Figure 4.32 shows the break-down of the
JES systematic uncertainties in representative jet rapidity bins. At low pT, the dominant
systematic uncertainties are the jet flavour uncertainties, while at high pT, they are the
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Figure 4.31: Statistical uncertainty on the unfolded spectra with contributions from both data and MC
simulation samples for anti-kt jets with R = 0.4 for (a) the first |y| bin and (b) the last |y| bin of the
measurement. The black solid line shows the relative uncertainty due to data before unfolding (“Raw
data”), the solid green line shows the relative uncertainty due to the available MC statistics (“MC
portion”), the dash blue line shows the relative uncertainty due to data after unfolding (“Data portion”),
and finally the solid blue line is the total relative statistical uncertainty (“Full error”).
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E/P and the punch-through (jet flavour and η−intercalibration) uncertainties in the first
(last) rapidity bin.

The uncertainty in the JER is the second largest individual source of systematic un-
certainty. There are 11 components, some of which can involve a JER degradation in part
of pT–η phase-space and a JER improvement in the complementary part, which allows
(anti-)correlations to be accounted for. The effect of each of the components (∆σ) is
evaluated by smearing the energy of the reconstructed jets by a factor σsmear, calculated
as:

σ2
smear + σ2

nominal = (σnominal + ∆σ)2 ,

where σnominal is the nominal fractional jet energy resolution. In another words, the
smearing consists of a degradation of the jet energy resolution by one standard deviation
of its uncertainty component. The degradation of the JER is achieved by smearing the
reconstructed jets in the relevant phase-space region in the MC simulation used as pseudo-
data. On the other hand, an effective improvement of the JER is achieved by smearing
the energy of the jets in the MC simulation used in constructing the transfer matrix. The
difference between the modified spectrum unfolded with the systematically varied transfer
matrix to the nominal spectrum unfolded with the nominal transfer matrix is taken as a
systematic uncertainty.

The effect of the uncertainty in the JAR is evaluated by smearing the η and φ of the
reconstructred jets in a similar way as done for the JER, and it was found to be negligible.

The uncertainty on the jet cleaning procedure (introduced in Section 4.6) is also
propagated through the unfolding procedure using pseudo-data. This systematic un-
certainty, for the first and last |y| bin of the measurement, is shown in Figure 4.33.

The uncertainty in the luminosity measurement of 2.1% is propagated as being cor-
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Figure 4.32: Panels (a) and (b) ((c) and (d)) show the relative JES systematic uncertainties for the
inclusive jet cross-sections in the first (last) jet rapidity bin.
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Figure 4.33: Systematic jet cleaning uncertainty for the first (a) and last (b) |y| bin of the measurement.

 [GeV]
T

p

210×2 310 310×2

R
el

at
iv

e 
un

ce
rt

ai
nt

y 
[%

]

1.5−

1−

0.5−

0

0.5

1

1.5
NP: JET_Cleaning

Nominal uncertainty

| < 0.5y = 0.4, |R jets, tkanti-

 InternalATLAS

(a)

 [GeV]
T

p

210×2

R
el

at
iv

e 
un

ce
rt

ai
nt

y 
[%

]

1.5−

1−

0.5−

0

0.5

1

1.5
NP: JET_Cleaning

Nominal uncertainty

| < 3.0y |≤ = 0.4, 2.5 R jets, tkanti-

 InternalATLAS

(b)

104



related across all measurement bins.
In order to assess the statistical precision of the systematic uncertainty estimates, each

component is re-evaluated using a set of pseudo-experiments. The statistical fluctuations
of the systematic uncertainty estimates are minimised using a smoothing procedure. To
achieve this, for each component, the pT bins are combined until the propagated uncer-
tainty value in the bin has a Gaussian statistical significance larger than two standard
deviations. A Gaussian kernel smoothing [139] is used to obtain the values in the original
fine bins.

Figure 4.34 shows the individual components of the systematic uncertainties added in
quadrature in representative phase-space regions. In the central (forward) region the total
uncertainty is about 5% (8%) at medium pT of 300–600 GeV. The uncertainty increases
towards both lower and higher pT reaching 6% (10%) at low pT and 30% ([-45%,+40%])
at high pT.

Figure 4.34: Relative systematic uncertainty for the inclusive jet cross-section as a function of the jet
pT for the first and last rapidity bins ((a) and (b) respectively). The individual uncertainties are shown
in different colours: the jet energy scale, jet energy resolution and the other uncertainties (jet cleaning,
luminosity and unfolding bias). The total systematic uncertainty, calculated by adding the individual
uncertainties in quadrature, is shown as a green line. The statistical uncertainty is shown as vertical
black lines.
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4.10 Theoretical predictions

Theoretical predictions of the cross-sections are obtained using NLO and NNLO pQCD
calculations with corrections for non-perturbative and electroweak effects.

4.10.1 Next-to-leading-order pQCD calculations

The NLO pQCD predictions are calculated using NLOJET++ 4.1.3 [184] interfaced to
APPLGRID [185] for fast and flexible calculations with various PDF sets and various
values of the renormalisation and factorisation scales. The inclusive jet cross-section
prediction is calculated using pmax

T , the transverse momentum of the leading jet in the
event, as the renormalisation scale (µR) and the factorisation scale (µF). An alternative
scale choice, µR = µF = pjet

T , the pT of each individual jet that enters the cross-section
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calculation, is also considered. This scale choice is proposed in Ref. [186]. Both scale
choices were used in the previous ATLAS analysis at

√
s = 8 TeV [165]. The predictions

are calculated using several PDFs provided by the LHAPDF6 [187] library: the NLO
CT14 [188], MMHT 2014 [189], NNPDF 3.0 [190], and HERAPDF 2.0 [191] sets, and
the NNLO ABMP16 [192] set. The value of the strong coupling constant (αs) is taken
from the corresponding PDF set.

The main uncertainties in the NLO predictions come from uncertainties associated
with the PDFs, the choice of renormalisation and factorisation scales, and the uncer-
tainty in the value of αs. PDF uncertainties are defined at the 68% confidence level and
propagated through the calculations following the prescription given for each PDF set,
as recommended by the PDF4LHC group for PDF-sensitive analyses [193]. Calculations
are redone with varied renormalisation and factorisation scales to estimate the uncer-
tainty due to missing higher-order terms in the pQCD expansion. The nominal scales
are independently varied up or down by a factor of two in both directions excluding op-
posite variations of µR and µF. The envelope of the resulting variations is taken as the
scale uncertainty. The difference between the predictions obtained with the pjet

T and the
pmax

T scale choice, shown by the ratio of the two in Figure 4.35 for representative phase-
space regions, is treated as an additional uncertainty. This uncertainty is 8% at low pT

(pT ∼ 100 GeV), decreases with pT and is negligible at high pT. The uncertainty from
αs is evaluated by calculating the cross-sections using two PDF sets that differ only in
the value of αs used and then scaling the cross-section difference corresponding to an αs

uncertainty ∆αs = 0.0015 as recommended in Ref. [193].

Figure 4.35: Ratio of the NLO QCD prediction calculated using the CT14 PDF set using the scale
choice pjetT to the one calculated with the scale choice pmax

T , for the first (a) and last (b) |y| bin of the
measurement.
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All the uncertainties in the NLO QCD cross-section predictions, except the one due
to the difference between pjet

T and pmax
T QCD scale choices, obtained with the CT14 PDF

set are shown in Figure 4.36 for representative phase-space regions. The uncertainty due
to the choice of renormalisation and factorisation scale is dominant in most phase-space
regions, rising from 10% at about pT = 100 GeV in the central rapidity bin to about
50% in the highest pT bins in the most forward rapidity region. The PDF uncertainties
vary from 2% to 12% depending on the jet pT and rapidity. The contribution from the αs

uncertainty is about 2% at low pT and negligible for the highest pT bin in each rapidity
range.
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Figure 4.36: Relative NLO QCD uncertainties in the inclusive jet cross-sections calculated using the CT14
PDF set. Panels (a) and (b) correspond respectively to the first and last |y| bins for the measurement. The
uncertainties due to the renormalisation and factorisation scale, the αs, the PDF and the total uncertainty
are shown. The total uncertainty, calculated by adding the individual uncertainties in quadrature, is
shown as a black line.
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4.10.2 Non-perturbative corrections

Non-perturbative corrections kNP are applied to the parton-level cross-sections. The cor-
rection factors are calculated using LO MC event generators, as the bin-by-bin ratio of
the nominal particle-level MC cross-sections to the MC cross-section derived from jets
reconstructed from the partons remaining after showering, when the modelling of hadron-
isation and the underlying event are switched off. The correction factors are evaluated
using two event generators, Pythia 8 and Herwig++ with different tunes and PDF sets,
which are listed in Table 4.4. The main difference between estimated non-perturbative
corrections arises from using Pythia 8 or Herwig++. The baseline correction is taken
from Pythia 8 using the A14 tune with the NNPDF2.3 LO PDF set, which corresponds
to the tune yielding the closest result to Herwig++. The envelope of all corrections is
considered as a systematic uncertainty.

Table 4.4: Summary of the soft-physics model tunes used for the evaluation of the non-perturbative
corrections for each event generator and PDF set.

CTEQ6L1 [194] CTEQ6L1 MSTW2008LO CT10 NNPDF2.3LO NNPDF2.3LO CTEQ6L1

Pythia 8 4C [195] AU2 A14 AU2 MONASH A14 A14

Herwig++ UE-EE-5 [196, 197] UE-EE-4 [196, 197] UE-EE-5

In order to avoid statistical fluctuations, the following function is used to fit the non-
perturbative correction factors as a function of the jet pT for each rapidity bin of the
measurement:

kNP(pT) = a+
b

pcT
,

where a, b and c are free fit parameters. The fit is performed in the range 25 ≤ pT <
3500 GeV. The final non-perturbative corrections correspond to the fitted functions cal-
culated at the central values of the pT bins. In most cases, the difference between the
fitted function and the points lies within 1%. For a few cases, in particular for Herwig++,
the difference can go up to 2%.
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The correction factors for a set of representative event generators and tunes are shown
in Figure 4.37 in illustrative |y| bins as a function of pT. The values of the correction are
in the range 0.92–1.03 at low pT and 0.98–0.99 (0.97–1.01) at high pT for the first (last)
rapidity bin.

Figure 4.37: Non-perturbative correction factors for the inclusive jet NLO pQCD prediction as a function
of jet pT for the first and last rapidity bin, (a) and (b) respectively. The corrections are derived using
Pythia 8 with the A14 tune with the NNPDF2.3 LO PDF set. The envelope of all MC configuration
variations is shown as a band, and considered as a systematic uncertainty.
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4.10.3 Electroweak corrections

The NLO pQCD predictions are corrected for the effects of γ and W±/Z interactions
at tree and one-loop level. They are derived using an NLO calculation of electroweak
(EW) contributions to the LO pQCD process. The correction is defined as the ratio of a
2→ 2 calculation including tree-level effects of order α2

s , α2, and αsα (from interference of
QCD and EW diagrams), plus weak loop corrections of order α2

sα to the LO QCD 2→ 2
calculation.

The correction factors are derived in the phase space considered for the measurement
presented here and were provided by the authors of Ref. [198]. No uncertainty associated
with these corrections is presently estimated.

The electroweak correction factors as a function of the jet pT in bins of |y| are shown in
Figure 4.38. The electroweak correction is small for low jet transverse momenta, reaches
8% at the highest pT (3 TeV) for the central |y| bin, and is less than 4% for the rest of
the |y| bins.

4.10.4 Next-to-next-to-leading-order pQCD calculations

The recently developed NNLO pQCD predictions were provided by the authors of Refs. [168,
169] using the NNLOJET program and the MMHT 2014 NNLO PDF set for two different
choices of the µR and µF scales, respectively pjet

T and pmax
T . The non-perturbative and
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Figure 4.38: Electroweak correction factors as a function of the jet pT for all |y| bins.
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electroweak corrections described in Sections 4.10.2 and 4.10.3, respectively, are applied
to the predictions. In addition to the statistical uncertainties on the calculations, which
are larger for higher pT and high rapidities, two sources of uncertainty are considered in
this NNLO calculation: the scale uncertainty and the systematic uncertainty in the non-
perturbative correction. To obtain the scale uncertainty, both scales (renormalisation and
factorisation) are varied simultaneously by a factor of 0.5 or 2.5 If both variations yield
changes with the same sign, the scale uncertainty is obtained from the larger change. No
PDF uncertainty is considered for the NNLO pQCD predictions due to computing time
limitations, since NNLOJET is yet not interfaced to APPLGRID.

4.11 Results

The measured double-differential inclusive jet cross-sections are shown in Figure 4.39 as
a function of pT for the six jet rapidity bins. The measurements cover the jet pT range
from 100 GeV to 3.5 TeV for |y| < 3.0, thus reaching significantly higher than the previous
ATLAS measurements [165, 199, 200]. The NLO pQCD predictions using the CT14 PDF
set, corrected for non-perturbative and electroweak effects, are also shown in the figure.

The ratios of the NLO pQCD predictions to the measured inclusive jet cross-sections as
a function of pT in the six jet rapidity bins are shown in Figure 4.40 for the CT14, MMHT
2014, NNPDF 3.0, HERAPDF 2.0 and ABMP16 PDF sets. No significant deviation of the
data points from the predictions is seen; the NLO pQCD predictions and data agree within
uncertainties. This behaviour is compatible with the results of the comparison between
data and the pQCD predictions in the previous ATLAS measurement at

√
s = 8 TeV [165].

In the forward region (|y| > 2) there is a tendency for the NLO pQCD prediction using the
CT14, MMHT 2014, NNPDF 3.0, and AMBP16 PDF sets to overestimate the measured

5A different approach to estimate the scale uncertainty was used for NNLO due to computing time
limitations. At NLO the simultaneous variations are not always the dominant ones, although they are at
high pT.
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Figure 4.39: Inclusive jet cross-sections as a function of pT and |y|. The statistical uncertainties are
smaller than the size of the symbols used to plot the cross-section values. The dark gray shaded areas
indicate the experimental systematic uncertainties. The data are compared to NLO pQCD predictions
calculated using NLOJET++ with pmax

T as the QCD scale and the CT14 NLO PDF set, to which non-
perturbative and electroweak corrections are applied. The yellow shaded areas indicate the predictions
with their uncertainties. At low and intermediate pT bins the experimental systematic uncertainties are
comparable to the theory uncertainties (drawn on top) and therefore are barely visible.
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cross-section in the high pT range, although the difference from data does not exceed
significantly the range covered by the experimental and theoretical uncertainties.

The ratios of the NNLO pQCD predictions to the measured inclusive jet cross-sections
as a function of pT in the six jet rapidity bins are shown in Figure 4.41 for the two different
scale choices, pjet

T and pmax
T , together with the NLO case for comparison. When using pjet

T

as a scale, the NNLO pQCD predictions describe the data within uncertainties, with
the exception of the forward (|y| > 2) high pT range where it tends to overestimate the
measured cross-section. The predictions using pmax

T as the scale overestimate the measured
cross-sections.

The NLO pQCD predictions, corrected for non-perturbative and electroweak effects,
are quantitatively compared to the measurement using the method described in Ref. [200].
The χ2 value and the corresponding observed p-value (pobs) are computed taking into
account the asymmetries and the (anti-)correlations of the experimental and theoretical
uncertainties. The individual experimental and theoretical uncertainty components are
assumed to be uncorrelated among each other and fully correlated across the pT and |y|
bins. The correlations of the statistical uncertainties across different phase-space regions
are taken into account using covariance matrices derived from 1000 pseudo-experiments
obtained by fluctuating the data and the MC simulation (see Section 4.9).

For the theoretical prediction and separately for each scale choice (pmax
T and pjet

T ), the
uncertainties related to the scale variations, the PDF eigenvectors, the non-perturbative
corrections and the strong coupling constant are treated as additional uncertainty com-
ponents. In the case of the NNPDF 3.0 PDF set, the replicas [190] are used to evaluate
a covariance matrix, from which the eigenvectors are then determined.

Table 4.5 shows the summary of the pobs values for each individual rapidity bin of the
measurement. Table 4.6 reports the results obtained from a global fit to all the pT and
rapidity bins of the measurement. Given that in this case the pobs values are very small,
the results are directly presented in terms of the χ2 per degree of freedom (dof).

Fair agreement is seen (with p-values in the percent range) when considering jet cross-
sections in individual jet rapidity bins treated independently, with some tension present in
the 1.5–2.5 rapidity region. Comparable results are obtained for PDF sets determined with
similar data. Strong tension between data and theory is observed when simultaneously
considering data points from all jet transverse momentum and rapidity regions (Table 4.6),
a behaviour already observed in the previous ATLAS measurement at

√
s = 8 TeV [165].

Consideration of all data points together requires a good understanding of the correl-
ations of the experimental and theoretical systematic uncertainties in jet pT and rapidity.
Although the correlations of most uncertainties are generally well known, the systematic
uncertainties that are based on simple comparisons between two options (two-point uncer-
tainties) are not well defined. This is the case for instance for the in situ multijet balance
uncertainties due to different fragmentation models and the theoretical uncertainty related
to the alternative scale choice. In these cases, alternative decorrelation scenarios can in
principle be used instead of the default full correlation model. To this end, systematic
uncertainties are split into sub-components whose size varies with jet rapidity and pT,
keeping their sum in quadrature equal to the original uncertainty.

Reference [165] presents a detailed discussion on reasonable alternative correlation
scenarios. Following the proposal therein, decorrelation scenarios were applied simultan-
eously to the largest sources of two-point experimental uncertainties (the JES flavour re-
sponse, the JES multijet pT-balance fragmentation, and the pile-up energy density in jets)
as well as the theoretical uncertainties (the scale variations, the alternative scale choice
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Figure 4.40: Comparison of the measured inclusive jet cross-sections and the NLO pQCD predictions
shown as the ratios of predictions to the measured cross-sections. The ratios are shown as a function
of the jet pT in six |y| bins. The predictions are calculated using NLOJET++ with pmax

T as the QCD
scale and five different PDF sets: CT14, MMHT 2014, NNPDF 3.0, HERAPDF 2.0 and ABMP16. Non-
perturbative and electroweak corrections are applied to the theoretical predictions. The first three PDF
sets are shown on top and the last two together with CT14 are shown in the bottom. The CT14 case
is repeated to serve as a reference for comparison. The uncertainties of the predictions, shown by the
coloured lines, include all the uncertainties discussed in Section 4.10. The grey bands show the total data
uncertainty including both the systematic (JES, JER, unfolding, jet cleaning, luminosity) and statistical
uncertainties.
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Figure 4.41: Ratios of the NLO and NNLO pQCD predictions to the measured inclusive jet cross-sections,
shown as a function of the jet pT in six |y| bins. The NLO predictions are calculated using NLOJET++
with the MMHT 2014 NLO PDF set. The NNLO predictions are provided by the authors of Refs. [168,

169] using NNLOJET with the MMHT 2014 NNLO PDF set. The predictions calculated using pjetT

(pmax
T ) as the QCD scale are shown in the top (bottom). Non-perturbative and electroweak corrections

are applied to the predictions. The NLO and NNLO uncertainties are shown by the coloured lines,
including all the uncertainties discussed in Section 4.10. The grey bands show the total data uncertainty
including both the systematic (JES, JER, unfolding, jet cleaning, luminosity) and statistical uncertainties.
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and the non-perturbative corrections) using the splitting options that yielded the largest
χ2 reduction for each single component in Ref. [165]. The χ2 using the CT14 PDF set and
the pmax

T scale choice is found to be reduced by 58 units (χ2/dof = 361/177) compared to the
nominal configuration, but the corresponding p-value is still � 10−3, in agreement with
the conclusions of the previous ATLAS measurement at

√
s = 8 TeV [165]. It should be

noted that, for some uncertainty components, the notion of a standard deviation (i.e., the
size of the uncertainty itself) is not well defined. Furthermore, the phase-space depend-
ence of the size of the uncertainties is a key ingredient in the χ2 evaluation, and for some
sources, it is particularly difficult to determine in detail. Both could explain part of the
observed tension between the measurement and the theory. The remaining tension could
be due either to the break-down of the assumptions made in the treatment of two-point
systematic uncertainty components, or to an incomplete theoretical description, such as
missing higher-order corrections.

Table 4.5: Summary of observed p-values (pobs) from the comparison of the inclusive jet cross-section
and the NLO pQCD prediction corrected for non-perturbative and electroweak effects for various PDF
sets, separately for the two scale choices and for each rapidity bin of the measurement.

pobs

Rapidity ranges CT14 MMHT 2014 NNPDF 3.0 HERAPDF 2.0 ABMP16
pmax

T

|y| < 0.5 67% 65% 62% 31% 50%
0.5 ≤ |y| < 1.0 5.8% 6.3% 6.0% 3.0% 2.0%
1.0 ≤ |y| < 1.5 65% 61% 67% 50% 55%
1.5 ≤ |y| < 2.0 0.7% 0.8% 0.8% 0.1% 0.4%
2.0 ≤ |y| < 2.5 2.3% 2.3% 2.8% 0.7% 1.5%
2.5 ≤ |y| < 3.0 62% 71% 69% 25% 55%

pjet
T

|y| < 0.5 69% 67% 66% 30% 46%
0.5 ≤ |y| < 1.0 7.4% 8.9% 8.6% 3.4% 2.0%
1.0 ≤ |y| < 1.5 69% 62% 68% 45% 54%
1.5 ≤ |y| < 2.0 1.3% 1.6% 1.4% 0.1% 0.5%
2.0 ≤ |y| < 2.5 8.7% 6.6% 7.4% 1.0% 3.6%
2.5 ≤ |y| < 3.0 65% 72% 72% 28% 59%

Table 4.6: Summary of χ2/dof values obtained from a global fit using all pT and rapidity bins, com-
paring the inclusive jet cross-section and the NLO pQCD prediction corrected for non-perturbative and
electroweak effects for several PDF sets and for the two scale choices. All the corresponding p-values
are � 10−3.

χ2/dof
CT14 MMHT 2014 NNPDF 3.0 HERAPDF 2.0 ABMP16

all |y| bins
pmax

T
419/177 431/177 404/177 432/177 475/177

pjet
T

399/177 405/177 384/177 428/177 455/177

Since the uncertainties in the NNLO pQCD predictions do not yet include the contri-
butions from the PDF and αs uncertainties, it is not possible to perform a quantitative
comparison to the measurements. However, one can conclude from Figure 4.41 that the
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differences between data and the theoretical predictions at NNLO are smaller (larger)
than at NLO for the pjet

T (pmax
T ) scale choice.
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Chapter 5

Search for new phenomena in
high-mass photon+jet final states

5.1 Preface

Prompt photons in association with jets are copiously produced at the LHC, mainly
through quark-gluon scattering (qg → qγ). The dominant process is illustrated in Fig-
ure 5.1a, and corresponds to a t-channel. The γ + jet(s) final state provides also a sensitive
probe for a class of phenomena beyond the Standard Model that could manifest them-
selves in the high end of the invariant mass spectrum of the γ+jet system (mγj). The
search is performed by looking for localised excesses of events in the mγj distribution with
respect to the SM prediction. Two classes of benchmark signal models are considered.
The first class consists of specific BSM models and the second one is based on generic
Gaussian-shaped mass distributions.

The BSM signals are implemented in Monte Carlo simulation and appear as broad
peaks in the mγj spectrum. In this search, two scenarios are considered: quarks as
composite particles and extra spatial dimensions. In the first case, if quarks are composed
of more fundamental constituents bound together by some unknown interaction, new
effects should appear depending on the value of the compositeness scale Λ. A quark
substructure could explain the origin of the three generations of quarks as well as their
various masses and behaviours under weak interactions. In particular, if Λ is sufficiently
smaller than the centre-of-mass energy, excited quark (q∗) states may be produced in high-
energy pp collisions at the LHC [201–203]. The q∗ production at the LHC could result in
a resonant peak at the mass of the q∗ (mq∗) in the mγj distribution if the q∗ can decay
into a photon and a quark (qg → q∗ → qγ). This present search considers excited up
(u∗) and down (d∗) quarks, and only the SM gauge interactions for q∗ production. In the
second scenario, the existence of extra spatial dimensions (EDs) is assumed to provide
a solution to the hierarchy problem [46–48]. Certain types of ED models predict the
fundamental Planck scale M∗ in the 4+n dimensions (n being the number of extra spatial
dimensions) to be at the TeV scale, and thus accessible in pp collisions at

√
s = 13 TeV at

the LHC. In such a TeV-scale M∗ scenario of the extra dimensions, quantum black holes
(QBHs) may be produced at the LHC as a continuum above the threshold mass (Mth)
and then decay into a small number of final-state particles including photon-quark/gluon
pairs before they are able to thermalise [204–207]. In this case a broad resonance-like
structure could be observed just above Mth on top of the SM mγj distribution. The Mth

value for QBH production is taken to be equal to M∗ while the maximum allowed QBH

116



mass is set to either 3M∗ or the LHC pp centre-of-mass energy of 13 TeV, whichever is
smaller. The upper bound on the mass ensures that the QBH production is far from
the “thermal” regime, where the classical description of the black hole and its decay into
high-multiplicity final states should be used. In this analysis, the extra-dimensions model
proposed by Arkani-Hamed, Dimopoulous and Dvali (ADD) [208] with n = 6 flat EDs,
and the one by Randall and Sundrum (RS1) [209] with n = 1 warped ED are considered.
Only the following six non-thermal black hole states and their decays to a photon and a
parton are considered in this search:

u+ g → QBH2/3 → u+ γ

d̄+ g → QBH1/3 → d̄+ γ
q + q̄ → QBH0 → g + γ
g + g → QBH0 → g + γ

d+ g → QBH−1/3 → d+ γ

ū+ g → QBH−2/3 → ū+ γ

where u represents all up-type quarks, d all down-type quarks, and q all quark flavours.
The second class of benchmark models, based on a generic Gaussian-shaped mass

distribution with different values of its mean and standard deviation, provides a generic
interpretation for the presence of signals with different Gaussian widths, ranging from
a resonance with a width similar to the reconstructed mγj resolution of ∼ 2% to wide
resonances with a width up to 15%. This approach is considered since new physics is not
only limited to particular models but may appear in unexpected places with an unexpected
form. Hence, the search presented here is ultimately model independent and is sensitive
to any localised excess which may be caused by any BSM process with a γ + jet final
state.

The ATLAS and CMS experiments at the LHC have performed searches for excited
quarks in the γ + jet final state using pp collision data recorded at

√
s = 7 TeV [210],

8 TeV [211, 212] and 13 TeV [213]. In the ATLAS searches, limits for generic Gaussian-
shaped resonances were obtained at 7, 8 and 13 TeV while a limit for QBHs in the ADD
model (n = 6) was first obtained at 8 TeV. The ATLAS search at 13 TeV with data taken
in 2015 was further extended to constrain QBHs in the RS1 model (n = 1). The dijet
resonance searches at ATLAS [176, 214] and CMS [215] using pp collisions at

√
s = 13 TeV

also set limits on the production cross-sections of excited quarks and QBHs.
This chapter presents the search based on the full 2015 and 2016 dataset recorded

with the ATLAS detector, corresponding to 36.7 fb−1 of pp collisions at
√
s = 13 TeV.

The analysis strategy is unchanged from the one reported in Ref. [213], focusing on the
region where the γ + jet system has a high invariant mass. The search here presented
complements the dijet results and provides an independent check for the presence of these
signals in different decay channels.

This chapter is organised as follows. The SM background γ+jet final state processes
are discussed in Section 5.2. Section 5.3 summarises the data and simulation samples used
in this study. The event selection is presented in Section 5.4. The signal and background
modelling are introduced in Section 5.5 together with the signal search and limit-setting
strategies. Finally the results are discussed in Section 5.6.
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5.2 Background processes

Photon plus jet events may be produced at tree level in the SM through either Compton
scattering of a quark and a gluon or through quark-antiquark annihilation, as shown in
Figure 5.1. The quark-gluon diagrams account for most of γ + jet production since those
are favored over the quark-antiquark diagrams due to the PDFs. γ+jet events can also be
produced at the LHC through gluon annihilation, but this is an NNLO process (Figure 5.2
shows the lowest order Feynman diagram).

Events with a real high-pT photon and one or more jets can also be produced if a
parton shower quark rediates off a photon, or when a hadron in a multijet event decays
producing a photon. While such photons tend to appear near or inside jets and thus fail
isolation criteria, the much larger multijet cross-sections (e.g. the ratio of dijet to γ + jet
cross-sections is of the order of αs/α) imply that such fragmentation production can be
a non-negligible contribution to isolated γ + jet signatures.

Figure 5.1: Standard Model diagrams contributing to γ + jet production at tree level.

�
(a)

�
(b)

�
(c)

Figure 5.2: Lowest order gg → γ + jet diagram in the Standard Model.

�
Events without a photon at parton level can also pass the event selection, and are

called “fakes”. This is a smaller component of background photon candidates and is due
to hadrons producing in the detector energy deposits that have characteristics similar to
those of real photons. By far, the dominant process is from dijet events, in which one of
the jets pass the photon selection.

5.3 Data and Monte Carlo simulations

The data sample used in this analysis was collected from pp collisions in the 2015–2016
LHC run at a centre-of-mass energy of 13 TeV, and corresponds to an integrated luminosity
of 36.7± 1.2 fb−1. The uncertainty was derived, following a methodology similar to that
detailed in Ref. [170], from a preliminary calibration of the luminosity scale using x–y
beam-separation scans performed in August 2015 and May 2016. The data are required
to satisfy a number of quality criteria ensuring that the relevant detectors were operational
while the data were recorded.
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Monte Carlo samples of simulated events are used to study the background modelling
for the dominant γ+jet processes, to optimise the selection criteria and to evaluate the ac-
ceptance and selection efficiencies for the signals considered in the search. Events from SM
processes containing a photon with associated jets were simulated using the Sherpa 2.1.1
event generator, requiring a photon transverse energy Eγ

T above 70 GeV at the generator
level. The matrix elements were calculated with up to four final state partons at lead-
ing order in quantum chromodynamics and merged with the parton shower [216] using
the ME+PS@LO prescription [217]. The CT10 PDF set was used in conjunction with a
dedicated parton shower tuning developed by the Sherpa authors. A second sample of
SM γ + jet events was generated using the LO Pythia 8.186 event generator with the
LO NNPDF 2.3 PDF set and the A14 tuning of the underlying-event parameters. The
Pythia simulation includes leading-order γ + jet events from both the direct processes
(the hard subprocesses qg → qγ and qq̄ → gγ) and bremsstrahlung photons in QCD
dijet events. The samples have been separately generated in Eγ

T bins to cover the full
spectrum relevant for this analysis. In each slice, three samples are generated depending
on the flavor of the jet : b-jet, c-jet and light jet. To estimate the systematic uncertainty
associated with the background modelling, a large sample of events was generated with
the next-to-leading-order Jetphox v1.3.1 2 [218] program. Events were generated at
parton level for both the direct and fragmentation photon contributions, using the NLO
photon fragmentation functions [219] and the NLO NNPDF 2.3 PDF set, and setting the
renormalisation, factorisation and fragmentation scales to the photon Eγ

T. Jets of partons
are reconstructed using the anti-kt algorithm with a radius parameter of R = 0.4. The
generated photon is required to be isolated by ensuring that the total transverse energy
of partons inside a cone of size ∆R = 0.4 around the photon is smaller than 7.07 GeV +
0.03× Eγ

T, equivalent1 to the photon selection in data described in Section 5.4.
Samples of excited quark events were produced using Pythia 8.186 with the LO

NNPDF 2.3 PDF set and the A14 set of tuned parameters for the underlying event. The
Standard Model gauge interactions and the magnetic-transition type couplings [201–203]
to gauge bosons were considered in the production processes of the excited states of the
first-generation quarks (u∗, d∗) with degenerate masses. The compositeness scale Λ was
taken to be equal to the mass mq∗ of the excited quark, and the coefficients fs, f and
f ′ of magnetic-transition type couplings to the respective SU(3), SU(2) and U(1) gauge
bosons were chosen to be unity. The q∗ samples were generated with mq∗ values between
0.5 and 6.0 TeV in steps of 0.5 TeV.

The QBH samples were generated using the QBH 2.02 [220] event generator with the
CTEQ6L1 PDF set and Pythia 8.186 for the parton shower and underlying event tuned
with the A14 parameter set. The Mth values were chosen to vary between 3.0 (1.0) and
9.0 (7.0) TeV in steps of 0.5 TeV for the QBH signals in the ADD (RS1) model. All the
qg, q̄g, gg and qq̄ processes were included in the QBH signal production while only final
states with a photon and a quark/gluon were considered for the decay. All six quark
flavours were included together with their antiquark counterparts in both the production
and decay processes.

Apart from the sample generated with Jetphox which is a parton-level calculator,
all the simulated samples include the effects of multiple pp interactions in the same and
neighbouring bunch crossings (pile-up) and were processed through the ATLAS detector

1The parton-level isolation requirement takes into account the correlation between reconstruction-
level isolation energies and particle-level isolation energies, as a proxy for the parton-level isolation, as
evaluated using γ + jet events simulated by Pythia 8.186.
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simulation model based on Geant 4. Pile-up effects were emulated by overlaying sim-
ulated minimum-bias events from Pythia 8.186, generated with the AU2 tune for the
underlying event and the MSTW2008LO PDF set. The number of overlaid minimum-bias
events was adjusted to match the one observed in data (see Section 4.3.1). All the MC
samples except for the Jetphox sample were reconstructed with the same software as
that used for collision data.

5.4 Event selection

Photons are reconstructed from clusters of energy deposits in the EM calorimeter as
described in Section 2.3.3. Both the converted and unconverted photon candidates are
used in the analysis. Photon candidates are required to have Eγ

T > 25 GeV and |ηγ| <
2.37 and satisfy the “tight” identification criteria, designed to lower significantly the
contribution from background, defined in Ref. [115]. Photons are identified based on the
profile of the energy deposits in the first two layers of the EM calorimeter and the energy
leakage into the hadronic calorimeter. To further reduce the contamination from π0 → γγ
or other neutral hadrons decaying into photons, the photon candidates are required to be
isolated from other energy deposits in an event. The calorimeter isolation variable ET, iso

is defined as the sum of the ET of all positive-energy topological clusters reconstructed
within a cone of ∆R = 0.4 around the photon direction excluding the energy deposits
in an area of size ∆η × ∆φ = 0.125 × 0.175 centred on the photon cluster. The photon
energy expected outside the excluded area is subtracted from the isolation energy while the
contributions from pile-up and the underlying event are subtracted event by event [221].
The photon candidates are required to have Eγ

T, iso = ET, iso−0.022×Eγ
T less than 2.45 GeV.

This Eγ
T-dependent selection requirement is used to guarantee an efficiency greater than

90% for signal photons in the Eγ
T range relevant for this analysis. The efficiency for the

signal photon selection varies from (90± 1)% to (83± 1)% for signal events with masses
from 1 to 6 TeV. The dependency on the signal mass is mainly from the efficiency of the
tight identification requirement while the isolation selection efficiency is approximately
(99± 1)% over the full mass range.

Jets are reconstructed from topological clusters calibrated at the electromagnetic scale
using the anti-kt algorithm with a radius parameter R = 0.4. The jets are calibrated to
the hadronic energy scale by the procedure detailed in Section 3.2. Jets from pile-up
interactions are suppressed by applying the jet vertex tagger [222], using information
about tracks associated with the hard-scatter and pile-up vertices, to jets with pjet

T <
60 GeV and |ηjet| < 2.4. In order to remove jets due to calorimeter noise or non-collision
backgrounds, events containing at least one jet failing to satisfy the loose quality criteria
(introduced already in Section 4.4) are discarded. Jets passing all the requirements and
with pjet

T > 20 GeV and |ηjet| < 4.5 are considered in the rest of the analysis. Since a
photon is also reconstructed as a jet, jet candidates in a cone of ∆R = 0.4 around a
photon are not considered.

This analysis selects events based on an unprescaled single-photon trigger requiring
at least one photon candidate with Eγ

T > 140 GeV which satisfies loose identification
conditions [115] based on the shower shape in the second sampling layer of the EM calor-
imeter and the energy leakage into the hadronic calorimeter. Selected events are required
to contain at least one primary vertex with two or more tracks with pT > 400 MeV, to
further reject events due to non-collision backgrounds. Photon candidates are required to
satisfy the “tight” identification and isolation conditions discussed above. The kinematic
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requirements for the highest-ET photon in the events are tightened to Eγ
T > 150 GeV

and |ηγ| < 1.37. The Eγ
T requirement is used to select events with nearly 100% trigger

efficiency (see Figure 5.3). The ηγ requirement is imposed to enhance the signal-to-
background ratio, as shown in Figure 5.4.

Figure 5.3: Measured efficiency of the single-photon trigger used in the analysis as a function of off-
line photon pT. The measurement has been performed with data collected in 2016 with a di-photon
trigger requiring at least two photon candidates which satisfy loose identification conditions and have
EγT > 35 GeV and EγT > 25 GeV, respectively. The measured efficiency curve is compared with the MC
prediction, evaluated with the same method.
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Moreover, an event is rejected if there is any jet with pjet
T > 30 GeV within ∆R < 0.8

around the photon. This is an extended photon isolation requirement to further avoid
possible contamination from nearby jets to the photon isolation cone, which might lead
to a bias in the calibration of the photon. The presence of additional tight and isolated
photons with Eγ

T > 150 GeV in events is negligible for both signal and background events,
and therefore allowed. The γ + jet system is formed from the highest-ET photon and
the highest-pT jet in the event. Finally, the highest-pT jet in the event is required to
have pjet

T > 60 GeV and the pseudorapidity difference between the photon and the jet
(∆ηγj ≡ |ηγ − ηjet|) must be less than 1.6 to enhance signals over the γ + jet background.
Background events with low Eγ

T and high mγj are likely to have large ∆ηγj. This can be
understood as a kinematic constraint since events with small transverse activity need to
have large separation in longitudinal direction between photon and jet to attain a large
mγj. Since the fraction of events with low pT photons in high mγj region is higher in
background than signal because of the t-channel production contribution only present
for background, the ∆ηγj cut improves the signal-background separation in the high mγj

region. Figure 5.5 shows the ∆ηγj distributions for some signal models. The shapes are
similar for various mass points and for both the QBH and excited quark models. It was
found that the optimal ∆ηγj cut does not depend on the signal models.

Table 5.1 shows the cut flow for this search. 3.75 × 106 events are selected by the
criteria introduced above. 6.34× 105 events with an invariant mass (mγj) of the selected
γ + jet system greater than 500 GeV remain in the data sample, while 2.10 × 104 events
are in the high mass regions (mγj > 1.1 TeV) that are used in the fit on the invariant
mass.
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Figure 5.4: ηγ distributions for excited quark signals after all selection criteria applied but |ηγ | < 1.37 cut.
For the SM γ + j sample, a mass cut is applied to account for the effect on the mass fit. The |ηγ | < 1.37
cut improves the signal-to-noise ratio in the selected samples. The drop around 1.37 < |ηγ | < 1.52
corresponds to the crack region of the EM calorimeter.
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Figure 5.5: ∆ηγj distribution for signal (Mq∗ = 1.0 TeV, and QBH with Mth = 1.0 TeV) and backgrounds.
Panels (a) and (b) shows signal and background events which satisfy 0.5 < mγj < 1.5 TeV and 1.0 <
mγj < 2.0 TeV, respectively. For both (a) and (b) the signal normalisation is arbitrary. The different
colours show the different EγT slices of Sherpa samples.
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Table 5.1: Cut flow of the search for new phenomena in high-mass final states with a photon and a jet
as a function of sequentially applied requirements.

Events requirements (cumulative) Nevent εabs εrel

Total 140824880 2.19× 10−2 2.19× 10−2

GRL 137084448 2.14× 10−2 0.97
Ntrk@PV 137082976 2.14× 10−2 1.00
Event Cleaning 136708272 2.13× 10−2 1.00
Trigger 93311040 1.45× 10−2 6.83× 10−1

γ loose 58937192 9.18× 10−3 6.32× 10−1

γ tight 17956998 2.80× 10−3 3.05× 10−1

γ pT > 150 GeV 13597482 2.12× 10−3 7.57× 10−1

γ |η| < 1.37 8696047 1.36× 10−3 6.40× 10−1

γ isolation 5067771 7.90× 10−4 5.83× 10−1

Photon-jet correlation 5067669 7.90× 10−4 1.00
At least one jet after overlap removal 5063919 7.89× 10−4 1.00
Extended isolation 4826424 7.52× 10−4 0.95
Jet cleaning 4815590 7.50× 10−4 1.00
Jet pT > 60 GeV 4772917 7.44× 10−4 0.99
∆η(γ, j) < 1.6 3750954 5.85× 10−4 7.86× 10−1

5.5 Statistical analysis

The data are examined for the presence of a significant deviation from the SM predic-
tion using a test statistic based on the profile likelihood ratio technique [223]. Limits
on the visible cross-section for generic Gaussian-shaped signals and limits on the cross-
section times branching ratio for specific benchmark models are computed using the CLs
prescription [224]. The details of the signal and background modelling used for the likeli-
hood function construction are discussed in Sections 5.5.1 and 5.5.2, respectively, while a
summary of the statistical procedures used to establish the presence of a signal or set limits
on the production cross-sections for new phenomena is given in Section 5.5.3. The model
(signal and background modelling) has been implemented in the RooFit package [225],
while the limits have been set with the RooStats package [226].

5.5.1 Signal modelling

The signal model is built starting from the probability density function (pdf) of the
mγj distribution fsig(mγj) at the reconstruction level. For a Gaussian-shaped resonance
with mass mG, the mγj pdf is modelled by a normalised Gaussian distribution with the
mean located at mγj = mG. The standard deviation of the Gaussian distribution is
chosen to be 2%, 7% or 15% of mG, where 2% approximately corresponds to the effect
of the detector resolution on the reconstruction of the photon–jet invariant mass. For
the q∗ and QBH signals, the mγj pdfs are created from the normalised reconstructed
mγj distributions after applying the selection requirements described in Section 5.4 using
simulated MC events, and a kernel density estimation technique [227] is applied to smooth
the distributions. The signal pdfs for intermediate mass points at which signal events were
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not generated are obtained from the simulated samples by using a moment-morphing
method [228]. The signal template for the q∗ and QBH signals is then constructed as
fsig(mγj) × (σS · B · A · ε) × Lint, where fsig is scaled by the product of the cross-section
times branching ratio to a photon and a quark or gluon (σS ·B), acceptance (A), selection
efficiency (ε) and the integrated luminosity (Lint) for the data sample. The product of the
acceptance times efficiency (A·ε) is found to be about 50% for all the q∗ and QBH models,
varying only by a few percent with mq∗ or Mth. This dependence is accounted for in the
model by interpolating between the generated mass points using a third-order spline. For
the q∗ and QBH signals, limits are set on σS · B after correcting for the acceptance and
efficiency A · ε of the selection criteria.

Experimental uncertainties in the signal yield arise from uncertainties in the luminosity
(±3.2%), photon identification efficiency (±2%), trigger efficiency (±1% as measured in
Ref. [229] ) and pile-up dependence (±1%). The pile-up uncertainty is derived by using
alternative scale factors in the pile-up reweighting tool (see Section 4.3.1). The impact
of the uncertainties in the photon isolation efficiency, photon and jet energy scales is
negligible. A 1% uncertainty in the signal yield is included to account for the statistical
error in the acceptance and selection efficiency estimates due to the limited size of the
MC signal samples. The impact of the PDF uncertainties on the signal acceptance is
found to be negligible compared to the other uncertainties. The photon and jet energy
resolution uncertainties (±2% of the mass) are accounted for as a variation of the width
for the Gaussian-shaped signals. The impact of the resolution uncertainty on intrinsically
large width signals is found to be negligible and thus not included in the signal models
for the q∗ and QBH. The typical difference between the peaks of the reconstructed and
generator-level mγj distributions for the excited-quark signals is well below 1%.

A summary of systematic uncertainties in the signal yield and shape included in the
statistical analysis is given in Table 5.2.

Table 5.2: Summary of systematic uncertainties in the signal event yield and shape included in the fit
model. The signal mass resolution uncertainty affects the generic Gaussian signal shape, while the other
uncertainties affect the event yield.

Uncertainty q∗ and QBH Generic Gaussian

Signal mass resolution N/A ±2% ·mG

Photon identification ±2% N/A
Trigger efficiency ±1% N/A
Pile-up dependence ±1% N/A
MC event statistics ±1% N/A
Luminosity ±3.2%

In order to facilitate the reinterpretation of the present results in alternative physics
models, the fiducial acceptance and efficiency for events with the invariant mass of the
γ + jet system around mq∗ or Mth (referred to as “on-shell” events hereafter) are also
provided. The chosen mγj ranges are 0.6mq∗ < mγj < 1.2mq∗ for the q∗ signal and
0.8Mth < mγj < 3.0Mth for the QBH signal. The fiducial region at particle level, as
summarised in Table 5.3, is chosen to be close to the one used in the event selection at
reconstruction level.

The fiducial acceptance Af , defined as the fraction of generated on-shell signal events
falling into the fiducial region, increases from 56% to 63% with increasing signal mass
Mth from 1.0 to 6.5 (9.0) TeV for the QBH in the RS1 (ADD) model. The Af value for
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Table 5.3: Requirements on the photon and jet at particle level to define the fiducial region and on the
detector-level quantities for the selection efficiency.

Particle-level selection for fiducial region

Photon : Eγ
T > 150 GeV, |ηγ| < 1.37

Jet : pjet
T > 60 GeV, |ηjet| < 4.5

Photon–Jet η separation : |∆ηγj| < 1.6

No jet with pjet
T > 30 GeV within ∆R < 0.8 around the photon

Detector-level selection for selection efficiency

Tight photon identification
Photon isolation

Jet identification including quality and pile-up rejection requirements

the q∗ model varies very similarly to that for the RS1 QBH signal. The rise in the fiducial
acceptance as a function of Mth (mq∗) is driven mainly by the increase of the efficiency
for the photon η requirement since the photons tend to be more central as Mth (mq∗)
becomes larger.

The fiducial selection efficiency εf is defined as the ratio of the number of on-shell
events in the particle-level fiducial region passing the selection at the reconstruction level,
including photon identification, isolation and jet quality criteria, to the number of gen-
erated on-shell events in the particle-level fiducial region. The migration of generated
on-shell events outside the particle-level fiducial region into the selected sample at the
reconstruction level is found to be negligible. The fiducial selection efficiency decreases
from 88 (86) to 82 (80)% within the same Mth ranges as above for the RS1 (ADD) QBH
model and is not highly dependent on the kinematics of the assumed signal production
processes. The εf for the q∗ model behaves very similarly to that for the RS1 QBH model.
The reduction in the fiducial selection efficiency is caused mainly by the inefficiency of the
shower shape requirements used in the photon identification for high-ET photons. The
fiducial acceptance and selection efficiencies for the three benchmark signal models are
shown in Figure 5.6 as functions of mq∗ or Mth.

5.5.2 Background modelling

The mγj distribution of the background is modelled using a functional form. A family of
functions, similar to the ones used in the previous searches for γ + jet [210, 211, 213] and
γγ resonances [230] as well as dijet resonances [176] is considered:

fbg(x) = N(1− x)px
∑k

i=0 ai(log x)i , (5.1)

where x is defined as mγj/
√
s, p and ai are free parameters, and N is a normalisation

factor. The number of free parameters describing the normalised mass distribution is thus
k + 2 with a fixed N . The normalisation N as well as the shape parameters p and ai are
simultaneously determined by the final fit of the signal plus background model to data.

The goodness of a given functional form in describing the background is quantified
based on the potential bias introduced in the fitted number of signal events. To quantify
this bias the functional form under test is used to perform a signal + background fit
to a large sample of background events built from the Jetphox prediction. The large
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Figure 5.6: (a) Fiducial acceptance and (b) selection efficiencies for the three signal models considered in
the analysis as a function of the excited-quark mass mq∗ or the QBH threshold mass Mth. The fiducial
region definition is detailed in Table 5.3. The description of the selection criteria can be found in the
text.
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Jetphox event sample is used for this purpose as the shape of the background prediction
can be extracted with sufficiently small statistical uncertainty.

The parton-level Jetphox calculations do not account for effects from hadronisation,
the underlying event and the detector resolution. Therefore, the nominal Jetphox pre-
diction is corrected by calculating the ratio of reconstructed jet pT to parton pT in the
Sherpa γ + jet sample and applying the parametrised ratio to the Jetphox parton pT.

In addition, an mγj-dependent correction is applied to the Jetphox prediction to
account for the contribution from multijet events where one of the jets is misidentified
as a photon (fake photon events). This correction is estimated from data as the inverse
of the purity, defined as the fraction of real γ + jet events in the selected sample. The
purity is measured in bins of mγj by exploiting the difference between the shapes of the
Eγ

T, iso distributions of real photons and jets faking photons; the latter typically have a
larger Eγ

T, iso value due to nearby particles produced in the jet fragmentation. The purity
is estimated by performing a two-component template fit to the Eγ

T, iso distribution in
bins of mγj. The templates of real- and fake-photon isolation distributions are obtained
from MC (Sherpa) simulation and from data control samples, respectively. The Eγ

T, iso

variable for real photons from Sherpa simulation is corrected to account for the observed
mismodelling in the description of isolation profiles between data and MC events in a
separate control sample. The template for fake photons is derived in a data sample
where the photon candidate fails to satisfy the tight identification criteria but fulfills
a looser set of identification criteria. Details about the correction to the real-photon
template and the derivation of the fake-photon template are given in Ref. [231]. To reduce
the bias in the Eγ

T, iso shape due to different kinematics, both the real- and fake-photon
templates are obtained by applying the same set of kinematic requirements used in the
main analysis. As an example, Figure 5.7 shows the Eγ

T, iso distribution of events within
the range 1.0 < mγj < 1.1 TeV, superimposed on the best-fit result. This procedure is
repeated in every bin of the mγj distribution and the resulting estimate of the purity is
shown as a function of mγj in Figure 5.8. The uncertainty in the measured purity includes
both statistical and systematic components. The latter are estimated by recomputing the
purity using different data control samples for the fake-photon template or alternative
templates for real photons obtained from Pythia simulation or removing the data-to-MC
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corrections applied to Eγ
T, iso in the Sherpa sample and by symmetrising the variations.

The variation from different data control samples for the fake-photon template has the
largest effect on the purity (0.04 at 1.0 < mγj < 1.1 TeV). The measured purity is
approximately constant at 93% over the mγj range above 500 GeV, indicating that the
fake-photon contribution does not depend significantly on mγj.

The mγj distribution in data compared to the corrected Jetphox γ + jet prediction
normalised to data in the mγj > 500 GeV region is shown in Figure 5.8. Theoretical
uncertainties in the Jetphox prediction are computed by considering the variations in-
duced by ±1σ of the NNPDF 2.3 PDF uncertainties, by switching between the nominal
NNPDF 2.3 and CT10 or MSTW2008 PDF sets, by the variation of the value of the strong
coupling constant by ±0.002 around the nominal value of 0.118 and by the variation of the
renormalisation, factorisation and fragmentation scales between half and twice the photon
transverse momentum. The differences between data and the corrected Jetphox predic-
tion shown in Figure 5.8 are well within the uncertainties associated with the perturbative
QCD prediction.

Figure 5.7: Distribution of EγT, iso = ET, iso − 0.022× EγT for the photon candidates in events with 1.0 <
mγj < 1.1 TeV, and the comparison with the result of the template fit. Real- and fake-photon components
determined by the fit are shown by the green dashed and red dot-dashed histograms, respectively, and
the sum of the two components is shown as the solid blue histogram. The blue band shows the systematic
uncertainties in the real- plus fake-photon template. The last bin of the distribution includes overflow
events. The vertical dashed line corresponds to the isolation requirement used in the analysis. The
photon purity determined from the fit for the selected sample in the 1.0 < mγj < 1.1 TeV mass range is
93%.

 [GeV]
γ
T,isoE

40− 20− 0 20 40 60 80 100

 [1
/4

 G
eV

]
γ T

,is
o

1/
N

 d
N

/d
E

0

0.1

0.2

ATLAS
-1 =13 TeV, 36.7 fbs

observed purity: 0.93

<1.1 TeV)
jγ

(1.0<m

Data

γExpected real 

γExpected fake 

γTotal expected real and fake 

The number of signal events extracted by the signal + background fit to the pure
background model described above is called the “spurious signal” [37] and it is used to
select the optimal functional form and the mγj range of the fit. In order to account for
the assumption that the corrected Jetphox prediction itself is a good representation of
the data, the fit is repeated on modified samples obtained by changing the nominal shape
to account for several effects: firstly, the nominal distribution is corrected to follow the
envelope of the changes induced by ±1σ variations of the NNPDF 2.3 PDF uncertainty,
the variations between the nominal NNPDF 2.3 and CT10 or MSTW2008 PDF sets, the
variation of the value of the strong coupling constant by ±0.002 around the nominal
value of 0.118 and the variation of the renormalisation, factorisation and fragmentation
scales between half and twice the photon transverse momentum; secondly the corrections
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Figure 5.8: Distribution of the invariant mass of the γ + jet system as measured in the γ + jet data
(dots), compared with the Jetphox (green histogram) γ + jet predictions. The Jetphox distribution is
obtained after correcting the parton-level spectrum for showering, hadronisation and detector resolution
effects as described in the text. The Jetphox spectrum is normalised to the data in the mγj range above
500 GeV. The ratio of the data to Jetphox prediction as a function of mγj is shown in the middle panel
(green histogram): the theoretical uncertainty is shown as a shaded band. The statistical uncertainty
from the data sample and the sum of the statistical uncertainty plus the systematic uncertainty from the
background subtraction are shown as inner and outer bars respectively. The measured γ + jet purity as
a function of mγj is presented in the bottom panel (black histogram): the statistical uncertainty of the
purity measurement is reported as the inner error bar while the total uncertainty is shown as the outer
error bar.
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for the hadronisation, underlying event and detector effects are removed; and finally
the corrections for the photon purity are changed within their estimated uncertainty.
The largest absolute fitted signal from all variations of the nominal background sample
discussed above is taken to be the spurious signal.

The spurious signal is evaluated at a number of hypothetical masses over a large
search range. It is required to be less than 40% of the background statistical uncertainty,
as quantified by the statistical uncertainty of the fitted spurious signal, anywhere in the
investigated search range. In this way the impact of the systematic uncertainties due
to background modelling on the analysis sensitivity is expected to be subdominant with
respect to the statistical uncertainty. Functional forms that cannot meet this requirement
are rejected. For different signal models, the functional form and fit range are determined
separately. All considered functions with k up to two (four parameters) are found to
fulfill the spurious-signal requirement when fitting in the range 1.1 < mγj < 6.0 TeV for
the q∗ signal and 1.5 (2.5) < mγj < 6.0 (8.0) TeV for the RS1 (ADD) QBH signal. To
further consolidate the choice of nominal background functional form, an F -test [232] is
performed to determine if the change in the χ2 value obtained by fitting the Jetphox
sample with an additional parameter is significant. The test indicates that the k = 0
(1) functional form with two (three) parameters can describe the present data sufficiently
well over the entire fit range for the QBH (q∗) signal search, and there is no improvement
by adding more parameters to the background fit function.

Given the fit range determined by the spurious signal test, the search is performed
for the q∗ (RS1 and ADD QBH) signal within the mγj range above 1.5 (2.0 and 3.0) TeV,
to account for the width of the expected signal. The estimated spurious signal for the
selected functional form is converted into a spurious-signal cross-section (σspur), which
is included as the uncertainty due to background modelling in the statistical analysis.
The spurious-signal cross-section, and the ratio of the spurious-signal cross-section to its
uncertainty (δσspur) and to the signal cross-section (σS) for the three benchmark models
under investigation are given in Table 5.4 in the different search ranges. While both σspur

and σspur/δσspur decrease with the hypothesised signal mass, the ratio σspur/σS increases
with mq∗ or Mth, becoming as large as 15% in the case of excited quarks with mq∗ =
6 TeV.

Table 5.4: Spurious-signal cross-sections (σspur), and the ratio of the spurious-signal cross-sections to
their uncertainties (δσspur) and to the signal cross-sections (σS) for the three benchmark models. The
values of these quantities are given at the boundaries of the search range reported in the first row.

q∗ RS1 QBH ADD QBH

Search boundaries [TeV] 1.5 6.0 2.0 6.0 3.0 8.0
σspur [fb] 3.9 1.1× 10−2 4.0 6.6× 10−4 8.7× 10−2 5.0× 10−5

σspur/δσspur [%] 37 14 39 8 20 3
σspur/σS [%] 0.16 15 1.0 7.5 0.0017 0.037

A similar test is performed to determine the functional form and fit ranges for the
Gaussian-shaped signal with a 15% width. The test indicates that the same functional
form and fit range as those used for the q∗ signal are optimal for a wide-width Gaussian
signal. The same functional form and mass range is used for all the Gaussian signals.
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5.5.3 Statistical test

In this section, the procedure used to search for a new phenomenon in the context of a
frequentist statistical test is presented. For purposes of discovering a new signal process,
the null hypothesis (H0) is defined as describing only known processes, here designated
as background. This is to be tested against the alternative hypothesis (H1), which in-
cludes both background and the sought after signal. When setting limits, the model with
signal plus background plays the role of H0, which is tested against the background-only
hypothesis H1.

To summarise the outcome of such a search the level of agreement of the observed data
with a given hypothesis H is quantified by computing an observed p-value (pobs), i.e. the
probability, under assumption of H, of finding data of equal or greater incompatibility
with the predictions of H. One can regard the hypothesis as excluded if its pobs value is
observed below a specific threshold. In this search, a profile-likelihood-ratio test statistic is
used to quantify the level of compatibility between the data and either the SM background
or the signal prediction, and to set limits on the presence of possible signal contributions
in the mγj distribution. The likelihood function L is built from a Poisson probability for
the number of observed events (n) and expected events (N) in the selected sample:

L(M,σS ·B,θ|{mγj}ni=1) = Pois(n|N(σS ·B,θ))×

(
n∏
i=1

f(mi
γj,θ)

)
×G(θ),

where M is the parameter to specify the MC signal channels (representing Mth, mq∗ or
mG), σS ·B is the signal cross-section multiplied by the branching ratio to a photon and a
quark or a gluon, {mγj}ni=1 are the γ+ jet system invariant masses in all observed events,
f(mi

γj,θ) is the value of the probability density function of the invariant mass distribution
evaluated for each candidate event i, and θ are “nuisance parameters”, whose values are
known within systematic uncertainties. The G(θ) term collects the set of constraints on
the nuisance parameters associated with the systematic uncertainties in the signal yield, in
the spurious signal and in the resolution (only for Gaussian signals) and it is represented
by normal distributions centred at zero and with unit variance.

The pdf of the mγj distribution is given as the normalised sum of the signal and
background pdfs:

f(mi
γj,θ) =

1

N
[Nsig(θyield)fsig(mi

γj) +Nbgfbg(mi
γj,θbkg)],

where fsig and fbg are the normalised signal and background mγj distributions described
in the previous sections. The θyield are nuisance parameters associated with the signal
yield uncertainties while θbkg are the nuisance parameters of the background shape. The
expected number of events N is given by the sum of the expected numbers of signal events
(Nsig) and background events (Nbg). The number of background events is extracted from
a background-only fit to data. The Nsig term can be expressed as

Nsig(θyield) = Nmodel
sig +N spur

sig = (σS ·B · A · ε · F (δε,θε) + σspur · θspur)× Lint × F (δL, θL),

where σspur and θspur are the spurious-signal cross-section described in Section 5.5.2 and
its nuisance parameter while Lint and F (δL, θL) are the integrated luminosity and its
uncertainty. Apart from the spurious signal, which has a Gaussian uncertainty, all other
systematic uncertainties are treated as log-normal. These uncertainties are incorporated
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into the likelihood (as described in Appendix A) by multiplying the relevant parameter
of the statistical model by a factor F (δX , θX) = eδXθX , where δX is the size of the relative
uncertainty. The parameter of interest in the fit to Gaussian-shaped resonances is the
visible cross-section σS ·B ·A · ε while that in the fit to q∗ and QBH signals is σS ·B. For
the latter case, the additional nuisance parameters for the signal efficiency uncertainties
F (δε,θε) are included.

Table 5.5 summarises all the quantities entering in the likelihood. Table 5.6 summar-
ises how the systematic uncertainties are implemented.

Table 5.5: List of all the parameters entering in the likelihood.

Parameter Description

σS ·B parameter of interest
Mth, mq∗ or mG parameter of the model
A× ε total efficiency and acceptance
δID uncertainty on the photon-ID
δtrigger uncertainty on the trigger efficiency
δpileup uncertainty due to pile-up reweighting effect on signals efficiency
δisolation uncertainty on the isolation cut efficiency
δMC uncertainty due to the statistical error on the efficiency from MC
σspur spurious cross-section
Lint luminosity after GRL
δL uncertainty on L
p1 background shape parameter
p2 background shape parameter
p3 background shape parameter
θi pull variation of the auxiliary measurement

Table 5.6: List of the implementation of all the systematic uncertainties.

Quantity Effective term

Lint Lint × e(δLθL)

ε ε× eδtriggerθtrigger+δIDθID+δisolationθisolation+δpileupθpileup+δMCθMC

NS Nmodel
S +N spur

S = (σS ·B × A× ε+ σspur · θspur)× Lint

The profile likelihood ratio is built as follows:

λ(σ) =
L(σ,

ˆ̂
θ)

L(σ, θ̂)
(5.2)

where σ̂ and θ̂ are respectively the values of σ = σS ·B (or σ = σS ·B ·A · ε) and nuisance

parameters that unconditionally maximise the likelihood, while
ˆ̂
θ(σ) are the values of the

nuisance parameters that maximise the likelihood on the condition that σ is held fixed to
a given value. From Equation 5.2, one can see that 0 ≤ λ ≥ 1, with λ near 1 implying
good agreement between the data and the hypothesised value of σ.

The significance of a possible deviation from the SM prediction is estimated by com-
puting the pobs value, defined as the probability to observe, under the background model
hypothesis, an excess at least as large as the one observed in data.
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If the observed σ is consistent with zero for a particular signal hypothesis, a limit
setting is performed with the following procedure. Upper limits on the visible cross-
section (σS · B · A · ε) for the Gaussian-shaped resonances or on the signal cross-section
times branching ratio to a photon and a quark or a gluon (σS · B) for the q∗ and QBH
signals are set at 95% confidence level (CL) using a modified frequentist method (CLs)
with a test statistic q constructed from the profile likelihood ratio λ and defined as follows:

q(σ) =


−2 log L(σ,

ˆ̂
θ(σ))

L(0,
ˆ̂
θ(0))

if σ̂ < 0

−2 log L(σ,
ˆ̂
θ(σ))

L(σ̂,θ̂)
if 0 ≤ σ̂ ≤ σ,

0 if σ̂ > σ

(5.3)

The reason for setting q = 0 for σ̂ > σ is that when setting an upper limit, one would not
regard data with σ̂ > σ as representing less compatibility with σ than the data obtained,
and therefore this is not taken as part of the rejection region of the test. Since σ ≥ 0,
if data is found such that σ̂ < 0, then the best level of agreement between the data and

any physical value of σ occurs for σ = 0. This is the reason for using L(0,
ˆ̂
θ(0)) instead

of L(σ̂, θ̂) in the denominator when σ̂ < 0.
In order to test a hypothesis of signal strength σ, the confidence level on the signal,

CLs(σ), is determined as

CLs(σ) =
CLs+b
CLb

=
ps+b(σ)

1− pb(σ)
,

where ps+b(σ) (1 − pb(σ)) is the probability to obtain a value of q(σ) larger than the
observed value, qobs(σ), when the data contains the tested signal (no signal). The value
of qobs(σ) is calculated from data using Equation 5.3.

The observed 95% CL upper limit on the signal strength, σobs, is then found by
requiring

CLs(σobs) = 0.05.

5.6 Results

The photon–jet invariant mass distributions obtained from the selected data are shown
in Figure 5.9, together with the background-only fits using the model described in Sec-
tion 5.5.2 and examples of the expected distributions from the background plus signal
models under test. No significant deviation from the background-only prediction is ob-
served in any of the distributions. The most significant excess is observed at 1.8 TeV
for the assumption of a 2%-width Gaussian model for a local significance of 2.1 standard
deviations.

Limits are placed at 95% CL on the visible cross-section in the case of generic Gaussian-
shaped resonances and on the production cross-section times branching ratio to a photon
and a quark or gluon for the excited-quark and QBH signals. More detail on the procedure
to set the limits, with respect to the previous section, is given next.

For each model, hypothetical mass, and assumed signal strength σ, pseudo-experiments
are generated to obtain the pdf of q. Each pseudo-experiment consists in generating
pseudo-data following the S+B or B-only models and calculating the ensuing values qSB

and qB of the statistic q, taking into account not only the statistical but also the systematic
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Figure 5.9: Distributions of the invariant mass of the γ + jet system of the observed events (dots) in
36.7 fb−1 of data at

√
s = 13 TeV and fits to the data (solid lines) under the background-only hypothesis

for searches in the (a) excited quarks, (b) QBH (RS1) with n = 1 and (c) QBH (ADD) with n = 6
models. The ±1σ uncertainty in the background prediction originating from the uncertainties in the fit
function parameter values is shown as a shaded band around the fit. The predicted signal distributions
(dashed lines) for the q∗ model with mq∗ = 5.5 TeV and the QBH model with Mth = 4.5 (7.0) TeV based
on RS1 (ADD) are shown on top of the background predictions. The bottom panels show the bin-by-bin
significances of the data–fit differences, considering only statistical uncertainties.
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Figure 5.10: Sampling distribution of q under the background-only hypothesis (blue) and under the
signal+background hypothesis (red) for (a) σS ·B = 0.003 pb and (b) σS ·B = 0.0065 pb. The pdfs were
generated by pseudo-experiments for the QBH RS1 model with Mth = 2.4 TeV.
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fluctuations described by the distribution function of the respective nuisance parameters.
Samples of 12500 and 25000 events are generated to construct respectively the qB and
qSB distributions. More pseudo-experiments are needed for the S+B case because the
analysis is sensitive to the tail of its pdf. As an example, the result obtained for the
QBH RS1 model with Mth = 2.4 TeV for two values of σ, 0.003 pb and 0.0065 pb, is
shown in Figure 5.10. It can be observed that q serves to disentangle data compatible
with the background-only hypothesis from data compatible with new physics, and that
the distinction between hypotheses is improved with increasing signal strength.

The observed signal confidence level, CLs(σ), is obtained by calculating qobs(σ) from
the data and evaluating pobs

s+b and pobs
b :

pobs
s+b(σ) =

∫ ∞
qobs

f (qSB|σ) dqSB

pobs
b (σ) =

∫ qobs

−∞
f (qB|σ) dqB

(5.4)

This is illustrated in Figure 5.11, which plots in red circles the results for the observed
CLs as a function of the signal strength for the QBH RS1 model with Mth = 2.4 TeV.

The observed 95% CL upper limit for a given model and mass, σobs, is defined as the
value of the signal strength for which CLs(σobs) = 0.05. This result is obtained numerically
by interpolating CLs(σ), as shown by the solid line in Figure 5.11. The results of σobs

as a function of the signal mass for the three models and the generic Gaussian-shaped
resonances considered in this analysis are shown in Figures 5.13 and 5.14, respectively.

In addition to the observed values, it is important to determine the sensitivity of
the experiment. This is quantified by σexp, the expected 95% CL upper limit on the
signal cross-section under the assumption that data does not contain signal. It is also
relevant to establish by how much σexp can fluctuate due to the statistical and systematic
uncertainties, in particular in what range it should lie with 68.3% and 95.5% probabilities,
the so-called ±1σ and ±2σ ranges.

In order to summarise quantitatively the background-only distribution of q one evalu-
ates the sample quantiles, q -2, q -1, q0, q1, q2, corresponding respectively to the probabilities
P-2 = 0.023, P-1 = 0.159, P0 = 0.5, P1 = 0.841, P2 = 0.977, rounded to a precision of three
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Figure 5.11: Observed and expected (median, ±1σ, and ±2σ) CLs values as a function of σS ·B for QBH
RS1 model with Mth = 2.4 TeV. The crossings of the horizontal line with the curves representing the
different cases indicate the respective cross-section bounds at 95% CL.
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decimal digits.2 With this definition, q0 corresponds to the median (denoted also as qexp)
and q -1−q1 (q -2−q2) to the 1σ (2σ) range around the median. The respective p-values
are calculated with Equation 5.4 replacing qobs by qi with i = -2, -1, 0, 1, 2. Figure 5.12
illustrates the determination of ps+b for qexp and q1.

Figure 5.11 illustrates the CLs values calculated for q0, q -1, q1, q -2, q2 for 6 assumed
signal strengths for the QBH RS1 model with Mth = 2.4 TeV. These values are logar-
ithmically interpolated and respectively indicated with a dotted line, the borders of the
green band and the outer borders of the yellow band. The expected 95% CL upper limit
σexp = σ0, as well as σ1, σ -1 (σ2, σ -2), the ±1σ (±2σ) confidence interval for σexp, are nu-
merically found from the intersections of the respective CLs(σ) curves and the horizontal
CLs = 0.05 line. Similar plots are obtained for each model and each assumed signal mass.
The results for the three theoretical models and the generic Gaussian-shaped resonances
are summarised on Figures 5.13 and 5.14, respectively, where the results of σobs, σexp and
the ±1σ and ±2σ ranges of σexp are plotted as a function of the signal mass.

The observed and expected lower limits on the signal mass are obtained from the
intersection of the signal strength predicted by the respective model (red solid lines) and
the σobs and σexp curves, as shown in Figure 5.14.

The Gaussian signals are excluded for visible cross-sections above 0.25–1.1 fb (0.08–
0.2 fb), depending on the width, at a mass mG of 3 TeV (5 TeV). In the case of the
benchmark signal models considered in this analysis, the presence of a signal with a mass
below 5.3, 4.4 and 7.1 TeV for the excited quarks, RS1 and ADD QBHs, respectively, can
be excluded at 95% CL. The limits improve on those in Ref. [213] by about 0.9, 0.6 and
0.9 TeV for the excited quarks, RS1 and ADD QBHs, respectively.

2Pi =
∫ qi
−∞f(qB|σ) dqB.
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Figure 5.12: Sampling distribution of q under the background-only hypothesis (blue) and under the
signal+background hypothesis (red) for the QBH RS1 model with Mth = 2.4 TeV and σS ·B = 0.003 pb.
The pdfs were generated by pseudo-experiments. The shaded area illustrates the ps+b values using (a)
qexp and (b) qexp + 1σ (q1). The two q values are shown by vertical blue lines.
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Figure 5.13: Observed (solid lines) and expected (dotted lines) 95% CL upper limits on the visible cross-
sections σS ·B ·A · ε in 36.7 fb−1 of data at

√
s = 13 TeV as a function of the mass mG of the Gaussian

resonances with three different Gaussian widths between 2% and 15%. The calculation is performed using
ensemble tests at mass points separated by 100 GeV over the search range.
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Figure 5.14: Observed 95% CL upper limits (solid line with dots) on the production cross-section times
branching ratio σS · B to a photon and a quark or gluon in 36.7 fb−1 of data at

√
s = 13 TeV for the

(a) excited-quarks, (b) QBH (RS1) with n = 1 and (c) QBH (ADD) with n = 6 models. The limits
are placed as a function of mq∗ for the excited quarks and Mth for the QBH signals. The calculation is
performed using ensemble tests at mass points separated by 200 (500) GeV for the RS1 (ADD) model
over the search range. For the q∗ model the step size is 250 GeV up to 5 TeV and then 200 GeV up to
6 TeV. The limits expected if a signal is absent (dashed lines) are shown together with the ±1σ and ±2σ
intervals represented by the green and yellow bands, respectively. The theoretical predictions of σS · B
for the respective benchmark signals are shown by the red solid lines. The intersection of the theoretical
prediction line and the observed (expected) upper limit yields the observed (expected) lower limit on the
mass of the excited quark or Mth for QBH signals.
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Conclusions

The GS corrections are part of the jet calibrations used in ATLAS called jet energy scale.
The GS corrections are derived in MC for jets reconstructed with the anti-kt algorithm
with a jet radius parameter value of R = 0.4 using different type of inputs to the jet
algorithm, and use information about how the jet deposits energy in the calorimeter as
well as jet fragmentation properties that are characterised based on tracking variables to
improve the performance. The jet resolution improves as more corrections are applied.
The improvement observed for AntiKt4LCTopo jets, for which only the tracking and
Nsegments-based corrections are applied, was found to be smaller. The GS calibration
achieves a reduction of the flavour dependence on the jet response. The average jet
response remains almost unchanged, except for few bins at low ptruth

T where differences of
1–2% are observed.

Inclusive jet cross-sections in proton-proton collisions at
√
s = 13 TeV are measured for

jets reconstructed with the anti-kt algorithm with a jet radius parameter value of R = 0.4.
The measurement uses data collected at the LHC with the ATLAS detector during 2015
corresponding to an integrated luminosity of 3.2 fb−1. The inclusive jet cross-sections
are measured double-differentially in the jet transverse momentum and jet rapidity in a
kinematic region between 100 GeV and 3.5 TeV with |y| < 3. The dominant system-
atic uncertainty arises from the jet energy calibration. A quantitative comparison of the
measurement to fixed-order NLO QCD calculations, corrected for non-perturbative and
electroweak effects, shows overall fair agreement (with p-values in the percent range) when
considering jet cross-sections in individual jet rapidity bins independently. A significant
tension (with p-values � 10−3) between data and theory is observed when considering
data points from all jet transverse momentum and rapidity regions. No significant differ-
ences between the inclusive jet cross-sections and the fixed-order NNLO QCD calculations
corrected for non-perturbative and electroweak effects are observed when using pjet

T as the
QCD scale. The NNLO pQCD predictions using pmax

T as the scale overestimate the meas-
ured inclusive jet cross-sections.

A search is performed for new phenomena in events having a photon with high trans-
verse momentum and a jet collected in 36.7 fb−1 of pp collision data at a centre-of-mass
energy of

√
s = 13 TeV recorded with the ATLAS detector at the LHC. The invariant

mass distribution of the γ + jet system above 1.1 TeV is used in the search for local-
ised excesses of events. No significant deviation is found. Limits are set on the visible
cross-section for generic Gaussian-shaped resonances and on the production cross-section
times branching ratio for signals predicted in models of excited quarks or quantum black
holes. The data exclude, at 95% CL, the mass range below 5.3 TeV for the excited
quarks and 7.1 (4.4) TeV for the quantum black holes with six (one) extra dimensions in
the Arkani-Hamed–Dimopoulos–Dvali (Randall–Sundrum) model. These limits supersede
the previous ATLAS exclusion limits for excited quarks and quantum black holes in the
γ + jet final state.

138





Appendices

139





Appendix A

How to incorporate systematic
uncertainties in statistical models

In order to incorporate a systematic uncertainty of relative size δ to a parameter p, which
the likelihood depends on, the parameter p is replaced by:

p · F (δ, θ) ·G(θ),

where F (δ, θ) depends on the probability density function of the parameter p and θ is a
nuisance parameter, a random variable, whose probability density function G(θ) is the
standard normal distribution N(0, 1):

G(θ) =
1√
2π

exp

(
−θ2

2

)
In this analysis there only appear Gaussian and log-normal uncertainties. In this

appendix, it is shown that the corresponding F (δ, θ) functions are:

FG (δ, θ) = 1 + δ · θ

FLN (δ, θ) = exp
(√

log(1 + δ2) θ
)

A.1 Gaussian case

If θ has a standard normal distribution then it is easily shown that the random variable
x, defined as x ≡ p (1 + δ · θ), has a Gaussian distribution with mean p and width δ · p:

θ ∼ N(0, 1)

δ · θ ∼ N(0, δ)

1 + δ · θ ∼ N(1, δ)

p (1 + δ · θ) ∼ N(p, δ · p)

A.2 Log-normal case

To describe the systematic uncertainty on a parameter that is positive by definition, it is
common to use a log-normal distribution LN(µ, σ2):

LN(µ, σ2) =
1

xσ
√

2π
exp

(
−(lnx− µ)2

2σ2

)
,
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whose median and variance are:

Median(x) = exp(µ)

Variance(x) = [exp
(
σ2
)
− 1] exp

(
2µ+ σ2

)
It is shown next that if θ has a standard normal distribution, then the random variable

x, defined as x ≡ p exp (S · θ), has a log-normal distribution LN(ln p, S2) with:

Median(x) = exp (ln p) = p

Variance(x) = [exp
(
S2
)
− 1] exp

(
2 ln p+ S2

)
= [exp

(
S2
)
− 1]p2 exp

(
S2
)

The probability density function of x (fx(t)) satisfies fx(t) = dFx

dt
, where Fx is the cumu-

lative distribution function, defined as Fx(t) = P(x ≤ t). Therefore:

Fx = P (x ≤ t)

= P (p exp (S · θ) ≤ t)

= P

(
exp (S · θ) ≤ t

p

)
= P

(
S · θ ≤ ln

t

p

)
= P

(
θ ≤ 1

S
ln
t

p

)
= Fθ

(
1

S
ln
t

p

)
Then:

fx(t) =
dFx
dt

= fθ

(
1

S
ln
t

p

)
d

dt

[
1

S
ln
t

p

]
=

1√
2π

exp

(
−1

2

[
1

S
ln
t

p

]2
)
· 1

S · t

=
1√

2π · S · t
exp

(
−1

2

(
ln t− ln p

S

)2
)

= LN(ln p, S2)

For the case S =
√

ln(1 + δ2):

Variance(x) = σ2(x) = [(1 + δ2)− 1]p2(1 + δ2)

= δ2p2(1 + δ2)

Since the size of the relative uncertainties appearing in this thesis are small (δ � 1),
two approximations are frequently done in ATLAS:

x = p exp
(√

log(1 + δ2) θ
)
∼= p exp (δ · θ) +O(δ3)

Variance(x) = δ2p2(1 + δ2) ∼= (δ · p)2 ⇒ σ(x) = δ · p

In summary, x = p exp (δ · θ) with θ ∼ N(0, 1) is a good approximation of, as long as
the errors are small, a log-normal distributed random variable with:

Median(x) = p

σ(x) = δ · p
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