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Abstract

For more than four decades, the Higgs boson has been the most sought-
after particle in Particle Physics. Its observation, by the ATLAS and CMS
collaborations in 2012, has confirmed the existence of the Higgs field, which
is responsible for the spontaneous symmetry breaking mechanism in the
electroweak sector and the mass generation of fermions through the Yukawa
interaction. Since then, many measurements have been performed, with
increasing accuracy, to check whether its properties matched the Standard
Model predictions.

The measurement of the Higgs boson decay to beauty quarks is the first test
of the Yukawa coupling to bottom-type quarks. Although this decay chan-
nel has the largest branching ratio, it has been difficult to observe it at the
LHC due to the presence of the large multi-jet background. In this regard,
the associated production of a Higgs boson with a leptonically decaying
vector boson offers an excellent leverage to reject this background. Further-
more, this production mode is particularly sensitive to Beyond Standard
Model physics in the form of Effective Field Theories operators.

This thesis presents inclusive and differential measurements of the associ-
ated production of a Higgs boson decaying into two beauty quarks with
a weak vector boson using the full Run 2 ATLAS dataset. The inclusive
measured signal strength is ‘ul"}’H = 1.021'8:%? = 1.02:’8:5(stat.)fgz%g(syst.),
which corresponds to a rejection of the background-only hypothesis with
a significance of 6.7 standard deviations, when 6.7 standard deviations are
also expected. The differential measurements are reported in five bins of
Simplified Template Cross Sections, defined with respect to the transverse
momentum of the vector boson. The total uncertainties on each bin range
from 85% to 30%. These analyses represent some of the first steps towards
the era of precision measurements in Higgs physics, which will characterize
the future physics programme of the LHC and the high-luminosity LHC.
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Preface

The work presented in this thesis has been produced in collaboration with other mem-
bers of the ATLAS Collaboration. In a large collaboration, almost no work can be
described as completely individual: this thesis is no exception. Through my DPhil, I

have worked on different projects and below I will highlight my main contributions.

* Flavour-tagging. I completed my ATLAS Qualification Task in the Flavour-tagging
group for the in-data calibration of the flavour-tagging efficiencies for high-transverse-
momentum jets using multi-jet events. I have developed and maintained the
analysis software framework, implementing systematics prescriptions, produc-
ing fit inputs and conducting general studies. I have presented the results of this
effort at the ATLAS Joint Flavour Tagging and H — bb Workshop 2017 at Stony
Brook University, New York, USA.

* Development of novel silicon detectors. I have characterized monolithic pixel detec-
tors fabricated by LFoundry. I have contributed to Edge-TCT (Transient Current
Technique) measurements on the CCPD_LF sensor and Front-TCT measurements
on the LF-CPIX sensor. I was also involved with the irradiation campaign that
took place at the Birmingham MC40 Cyclotron. The results have also contributed
to Study of prototypes of LFoundry active CMOS pixels sensors for the ATLAS detector

[1].

¢ Detector operations. I monitored the ATLAS Inner Detector operations for about

~ 100 hours at the Inner Detector Desk during data-taking periods.
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* Higgs physics. I have been an active member of the Hbb group since October 2017.
During this period, I have contributed to three publications [2, 3, 4]. The data de-
livered by the LHC between 2015 and 2017 was used for the first two publications
while the third one also included the data collected in 2018. For the first publica-
tion, Observation of H — bb decays and V H production with the ATLAS detector [2],
I have developed a dedicated analysis framework, VHBBTRUTHFRAMEWORK,
for the 0-Lepton channel and conducted the truth-level studies. I have also con-
tributed implemented and validated ET® tf samples that helped to reach the
observation milestone. Additionally, I was responsible for the 0-Lepton multi-
variate VH and VZ fits. For the second publication, Measurement of VH, H — bb
production as a function of the vector-boson transverse momentum in 13 TeV pp col-
lisions with the ATLAS detector [3], I have evaluated the effects of the residual
Simplified Template Cross Sections acceptance for electroweak corrections, scale
variations and alternative parton distribution functions. Moreover, I performed
fit studies on different STXS configurations. I have presented the results of the
two previous publications at the IOP Joint Astroparticle Physics and High Energy
Particle Physics Annual Conference at Imperial College London and the XXIX In-
ternational Symposium on Lepton Photon Interactions at High Energies hosted by the
University of Toronto, Canada [5]. The third publication, Measurements of WH
and ZH production in the H — bb decay channel in pp collisions at 13 TeV with the
ATLAS detector [4], will be the main focus of this thesis. For this result, I was the
main 0-Lepton analyser and I co-authored the internal documentation. Further-
more, I presented the analysis strategy at its first Higgs approval meeting, one
of the most important steps necessary to bring a result to publication in ATLAS.
I have contributed to multiple studies of the signal and backgrounds composi-
tion. In addition, I proposed the introduction of the track-based soft ET® term
in the 0-Lepton channel. Lastly, I initiated novel studies of Final-State Radiation

recovery and Multivariate classification of the main physics processes.

* Supervision. I have co-supervised a four-months project of an MPhys student.
The project aim was to investigate new selections for the multi-jet background in

the VH, H — bb analysis using dedicated simulated samples and then validating
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the findings with a data-driven method. His evaluation of the current multi-jet

selection with the full Run-2 dataset is reported in Appendix C.

During my studies, I was also awarded three academic prizes. I received one of three
Graduate Symposium Prizes for the “most effective presentation” in 2017 from the
Oxford Sub-Department of Particle Physics. From the same institution, I have also
received the Donald H. Perkins Prize for “outstanding performance in the first year
of postgraduate study for the year 2016/2017”. Lastly, I received the 2018 Gilberto

Bernardini Young Scientist Award from the Italian Physical Society.

The thesis is structured as follows. Chapter 1 provides an introduction to some funda-
mental concepts in Particle Physics. Chapter 2 describes the LHC accelerator com-
plex and the ATLAS detector. Chapter 3 presents the physics objects used in the
VH, H — bb analysis. Chapter 4 and Chapter 5 contain my original work. The former
chapter describes the VH, H — bb analysis with the full Run 2 dataset with particular
focus on the 0-Lepton channel. The latter contains studies detailing possible analysis
improvements for the next iterations of the analysis. I have produced all the plots in
these last two chapters, except the ones marked with the ATLAS label, which have

been produced in collaboration with the Hbb group and have been published in [4].



Chapter 1

Theoretical framework

The Standard Model of Particle Physics is the current best theoretical framework that
describes the interactions of the elementary constituents of the universe. A fundamen-
tal ingredient of this theory, the Higgs boson, has been discovered only recently. The
nature of this particle has to be yet fully understood through experimental measure-
ments. The Higgs boson is a quantum excitation of the Higgs field, which is respon-
sible for a mechanism that generates the mass of elementary particles. In this chapter,
an introduction to the Standard Model, with a particular focus on Higgs physics, will

be presented.

1.1 Particles of the Standard Model

The Standard Model is a comprehensive theory, which describes the electromagnetic,
weak and strong interactions between elementary particles through the formalism
of relativistic quantum fields and local gauge symmetries of the groups SU(3)c x
SU(2)L x U(1)y [6, 7]. The gravitational force, for which a quantum-mechanical de-
scription is not available, is not included in the Standard Model. In this framework,
fermions are the fundamental blocks of matter and bosons are the force-carrying parti-
cles. A summary of the main properties of the particles in the Standard Model can be

found in Figure 1.1.
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Figure 1.1: Summary of the Standard Model particles plus the graviton, an elementary
particle predicted by many quantum gravity field theories and not yet observed [8].

The Standard Model has been extensively and successfully tested at many experiments
and colliders [9, 10]. Nonetheless, many questions remain to be answered, such as the
inclusion of a theory of gravity, the nature of neutrinos’ masses, the hierarchy problem

and the asymmetry between matter and anti-matter [6].

Fermions are half-integer spin particles that can be divided into leptons and quarks,
based on whether they can interact via the strong force or not. Furthermore, each
fermion is grouped into generations according to their flavour quantum number and

mass.

Leptons can be further divided into electrically charged leptons (e~, #~, 77) and the
flavour-associated neutrinos (ve, vy, vz), which do not carry the electric charge and
can only interact weakly. Conversely, quarks are characterised by a fractional electric
charge and by the strong colour charge. Every fermion in the Standard Model is as-
sociated with an anti-particle characterised by the same mass and opposite quantum

numbers.
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Gluons (g) are the massless mediators of the strong force [11]. They confine quarks
in hadrons, which are composite states of quarks [12]. A meson is a composite state
of a quark and anti-quark, while a baryon is a composite state of three quarks or anti-
quarks; these states are predicted according to the theory proposed by Gell-Mann and
Zweig [13, 14]. Gluons and quarks carry colour charge, the strong-interaction quantum
number, which comes in three colours: red, green and blue. The W* and Z° (often
simply referred to W and Z) are the mediators of the weak force [15], and the photon
(7) is the mediator of the electromagnetic interaction. The Higgs mechanism (Section

1.3) generates masses for the former particles but leaves the latter massless.

1.2 The fundamental interactions

Interactions in the Standard Model arise as invariances of the Lagrangian under a local
gauge transformation of a symmetry group [16]. For a given Dirac spinor i, the free

Lagrangian is defined as

Efree = lp(i’)’yau —m)yP (1.1)

where ¢ = '10. Given a global gauge transformation  — ' = "1y characterised by a

charge g, the Lagrangian transforms as
g g=ety (12)

£free — E}r@g = £free (13)

This implies through Noether’s theorem that the charge Q is conserved

= apry duj =0 (1.4)
0= / dPx dd% —0 (1.5)

For a local interaction «(x) in the Abelian group U(1), Equation 1.3 does not hold since

Opp — Oy’ = 9y (¢ p(x)) = et [0u1p(x) + iq(ua(x)) P (x)] # eiq“(x)ayqj (1.6)
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The problem originates from the fact that d,,¢ does not transform in the same way as
under the gauge transformation. To address this issue the covariant derivative is defined
as

where A, is the electromagnetic four-potential. The covariant derivative under gauge

transformation becomes
Dytp — (Dyp)' = 1D, = &) (0,9 — ig A, ) (1.8)

(Duy)' = 9y’ — ig Ay’ = €7 [0, p(x) +iq(@u(x))p(x) —igAyy(x)]  (L9)

By comparing Equation 1.8 and Equation 1.9, it is possible to see that the transforma-

tion of the electromagnetic four-potential is
Ay — A, = Ay +9ua(x) (1.10)

In conclusion, the local gauge transformation of the free Lagrangian is

d,—D _ . - .

'Cfree RN lp(l’)fyDy — m)l,b = Efrgg + qllJ’)’HAylP = Efrge +]HA]4 = Efree + Lint (1.11)
It is important to notice that Equation 1.11 does not contain derivatives of A, and thus
does not describes its temporal evolution. Therefore, the kinetic term £ = —%FMVFVV
of Ay, where F,, = d,A, — 9, A, can be added to Equation 1.11 to obtain the complete

Quantum Electrodynamics (QED) Lagrangian.

In analogy with the reasoning detailed for QED, the symmetry group SU(2) has been
introduced to describe the weak interaction and the group SU(3)¢ for the strong in-
teraction, as part of Quantum Chromodynamics (QCD). The electromagnetic and weak
forces can be unified under a single electroweak group SU(2);, x U(1)y. The local

gauge SU(2), transformation with generators ¢ (Pauli matrices) is defined as

Yy = et 5y (1.12)

To preserve the symmetry of the Lagrangian, it is necessary to add three additional
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gauge fields: W{l , WQV , W;’ . Therefore, the covariant derivative for the electroweak
group is

/
Dy = (3 +i50W, +iYS By) (1.13)

where [ is the weak hypercharge, ¢ is the SU(2) gauge coupling constant, ¢’ is the U(1)

gauge coupling constant and B, is the massless mediator of the group U(1).

1.3 The Higgs mechanism

With the description of SU(2); x U(1)y presented in the previous section, the elec-
troweak bosons arising from the theory are massless. To introduce the mass terms
for the boson W* and Z° while keeping the photon massless, Brout, Englert, Higgs,
Kibble, Hagen, and Guralnik [17, 18, 19] introduced in the Lagrangian a new complex
scalar doublet:
¢ = P [ (1.14)
¢’ ¢3 + iy

The Higgs Lagrangian is defined as

Liiiges = |Du@|* — V() = [Dugp> — u*|¢p|> — Algp]* (1.15)

and by computing the derivative of the potential, it is possible to obtain its maxima
and minima

av(¢) 2 3 _
dp lgog, 2P0 T AP =0 (1.16)

The solutions depend on the sign of u and A; if they are both real and positive there is

the trivial solution ¢y = 0. Conversely, if > < 0 and A > 0 then

L 0 _ |° (1.17)
Po= V2 -2 0 .
x
where we have arbitrarily set 7 = 0. However, since the potential V(¢) is invariant

under rotations in the (¢, ¢°) plane, other choices of values satisfying Equation 1.16

would have been allowed. In conclusion, the favoured shape of the Higgs potential
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can be seen in Figure 1.2.
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Figure 1.2: A visual representation of the Standard Model Higgs boson potential.

The Higgs Lagrangian in Equation 1.15 can be expanded around its minimum ¢ by a
small quantity H along the ¢° axis, where the covariant derivative is defined in Equa-

tion 1.13. The final result can be written as

1

2
Lhiges = ~(0H)? + gz(v + H)2 (W, W)

N |

+ (8> +§%)Z,Z" (v + H) (1.18)

@+HY—&@+HV

* 4

NF:NOO‘ =

From Equation 1.18, it follows that the W= and Z° are massive and a new boson of
mass my = +/—2u? has appeared. The procedure described above, known as elec-
troweak symmetry breaking, generates only the masses of the bosons in the electroweak
sectors. In order to generate the mass terms of the fermions, it is necessary to include

the Yukawa coupling terms in the Lagrangian

Lyukawa = _Gf(¢L¢¢R + ¢R¢¢L> (1.19)

where ¢} (g is the left (right) handed fermion isospin doublet (singlet) and Gy is the

coupling constant for each fermion, which can be experimentally measured.
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1.4 Higgs phenomenology

In 2012, the ATLAS and CMS experiments claimed the observation of a new particle
compatible with the production and decay of the Standard Model Higgs boson [20,
21]. The decays channels primarily used for this discovery were H — 7y, H — ZZ*
and, H — WW* in ATLAS; a fit to the signals extracted from the first two channels
allowed a first mass measurement, mp, near 125 GeV. In the next sections, the Higgs

boson production and decay modes will be described.

1.4.1 Higgs production mechanisms at the LHC

At the LHC collider (Section 2.1), the main Higgs production mechanisms are the
gluon-gluon fusion (ggF), vector boson fusion (VBF), associated production with a
vector boson (VH) and associated production with a pair of heavy quarks (ttH and
bbH). The Feynman diagrams for these processes are shown in Figure 1.3. The Higgs
production cross-sections as a function of the centre-of-mass energy, /s, for proton-
proton collisions can be seen in Figure 1.4(a); these processes are initiated by either the
valence quarks in the nucleus or by the sea quarks (and anti-quarks) or by the gluons

[22].

At the centre-of-mass energy of 13 TeV, the dominant production mode is the gluon-
gluon fusion (0ger = 48.6 pb [22]) due to the contribution from the gluon parton dis-
tributions [23]. The top quark, given its large mass, contributes the most in the ggF

loop.

The VBF production (cypr = 3.78 pb [22]) is characterised by the merging of two off-
shell vector bosons that have been radiated from the incoming quarks in the protons.
In a VBF event, forward jets from the incoming protons allow such events to be distin-

guished from QCD events [24].

In the VH production mechanism, the Higgs is produced in association with a vector-

boson W or Z. The vector boson leptonic decays offer excellent signatures for trigger-
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Figure 1.3: Dominant production modes for the Higgs boson in proton-proton colli-
sions. The quark loop in (a) is dominated by the top quark.

ing and rejecting the QCD background. This production mode is the most sensitive for

searching the H — bb decays, as it will be discussed in Chapter 4.

Lastly, the ttH production mode (o = 0.51 pb [22]) allows the direct coupling of the
top quark to the Higgs boson from a tree-level diagram to be probed. Similar to the
ttH production, the bbH production is characterised by a slightly smaller cross-section

at 13 TeV (01 = 0.49 pb [22]).

1.4.2 Higgs decay modes

The lifetime of the SM Higgs boson with a mass of 125 GeV is O(1072?)s for a Total
Width (T'y) predicted from the Standard Model of 4.03 MeV [25]. Therefore, the Higgs
boson can only be detected through its decay products. At tree level, the Higgs boson
can decay into pairs of quarks, leptons and electroweak gauge bosons. Furthermore,
loop diagrams allow the Higgs boson to decay to massless particles such as photons

and gluons. The main contributors of these loops are (f) quarks and W* bosons. The
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Figure 1.4: On the left plot, the Higgs boson production cross-sections at LHC as a
function of the centre-of-mass energy [22]. The gluon-gluon-fusion production mode
is referred as pp — H and the vector-boson-fusion production mode is referred as
pp — qqH. On the right plot, the Higgs boson branching ratios as a function of its
mass [22].

Branching Ratio (BR) is defined as the fraction of an individual decay mode with respect
to the total Higgs boson width:

I'(H — X;)

BR(H — X;) = £ TS X)

(1.20)

The BR predictions for the Higgs boson change according to its mass, as can be seen
in Figure 1.4(b). The largest BR, for my = 125 GeV, is the decay into a bb pair, which
will be the main focus of this thesis; this decay is enhanced by the relatively large mass
of the b-quarks and the coupling constant for fermions. However, a Higgs boson of
mpy = 125 GeV cannot decay in a tf pair because it is not allowed by kinematics. The
decays into WTW™ and ZZ have the second and fourth-largest BRs; this type of decay
is suppressed by the presence of an off-shell vector boson. The decay of the Higgs into
a gg is experimentally challenging at the LHC and has not been directly probed yet due
to the large multi-jet background. The decay to T~ " was the first measurement of the
Higgs boson coupling to fermions. The decay to the second generation of fermions (cc
and u"u~) and Z are very challenging due to the small signal-to-background ratios.
Lastly, the decay into two photons is one of the most sensitive decay modes because

of the excellent resolution of the electromagnetic calorimeter [26] and the possibility of
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reconstructing the complete Higgs-boson kinematics.

All the current measurements of production cross-sections and the Higgs coupling val-

ues are compatible with the Standard Model as can be seen in Figure 1.5 [27].
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Figure 1.5: (a) Measured cross-sections for Higgs production mechanisms at the LHC
with the assumption of Standard Model BRs. (b) Standard Model reduced coupling-
strength modifiers (Kr) for particles coupling to the Higgs boson [27].

1.5 Standard Model Effective Field Theories

Effective Field Theories (EFTs) are general models that describe the physics at an energy
scale E by approximating the underlying complete physical theory, which is charac-

terised by energy scale A > E [28].

The Fermi theory of beta decay is an example of effective field theory. In this theory,
the neutron decay n — p + e~ + v, is interpreted as a point-like interaction among the
four fermions characterised by an E ~ O(MeV), which is significantly smaller than
the mass of the W boson myy ~ 80 GeV that defines the energy scale of the electroweak

interaction.

At particle colliders, EFTs could shed light on physics processes whose energy scale A

is much higher than energies currently available, E ~ O(TeV). Furthermore, EFTs are
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built based on few very general assumptions that can probe a great variety of underly-

ing physical theories.

EFTs can be postulated as an expansion of the Standard Model (SMEFT), in particular
of the Higgs sector given the central role that the Higgs boson plays in many Beyond
Standard Model (BSM) theories. The Standard Model Lagrangian has a mass dimen-
sion d = 4. Therefore, new terms in the Lagrangian will have to keep d = 4 and the

SMEFT Lagrangian can be written as

(D)

c;
Lsmverr = Lsm + Z N (D) (1.21)

(D)

where O;

(D)

are dimension-D operators, and ¢; "’ are the Wilson coefficients, which

(D)

parametrise the strength of the new interactions. The operators O, are defined ac-
cording to the symmetries that they respect, to their power D and to the fields to which
they couple. In most of the SMEFTs only operators with D = 6 are considered given
that operators with D = 5 or D = 7 violate either the conservation of lepton or baryon
number, while operators with D > 7 are further suppressed by the energy scale A.
(D=6)

Given the previous requirements, a complete basis for O, operators is made of 59

independent operators [29].

From an experimental point of view, one of the effects of the OED)

operators is the
change in the Higgs production cross-sections at high transverse momentum. There-
fore, the advent of differential measurements in pr in the Higgs sector can put stringent

constraints on SMEFT Wilson coefficients.



Chapter 2

The LHC and the ATLAS detector

The ATLAS experiment is one of the two multi-purpose detectors operating at the
LHC. These detectors, combined with the accelerator complex, provide unique data
capable of expanding our knowledge of Particle Physics. In this chapter, Section 2.1
gives a brief description of the LHC. Then, in Section 2.2, the ATLAS detector and its

main sub-detectors are outlined.

2.1 The Large Hadron Collider

The Large Hadron Collider [30] is a proton and heavy-ion collider. It is located at
the European Organization for Nuclear Research (CERN), beneath the Franco-Swiss

border near Geneva.

Protons at the LHC are accelerated in five stages to reach their designed final energy
(see Figure 2.1). The first step of the acceleration chain is the ionization of hydrogen
atoms to produce protons. Then, the protons are injected into LINAC?2, a linear accel-
erator, which will increase their energy up to 50 MeV. The next accelerator stage after
the LINAC2 is the Booster, the first circular accelerator in the chain, where the protons’
energy reaches 1.4 GeV. From the Booster, protons enter the Proton Synchrotron (PS)

gaining energy of 25 GeV. The penultimate stage of the accelerator process is the Super

15
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Figure 2.1: CERN’s acceleration complex [32].

Proton Synchrotron (SPS), an accelerator ring with a circumference of 7 km that pushes
the protons to 450 GeV. Lastly, the particles are injected into the LHC, where they reach
their final energy. The LHC has two pipes in which particles travel in opposite direc-
tions, allowing for collisions at four Interaction Points (IPs) where the ALICE, ATLAS,
CMS and LHCDb detectors are located.

The LHC is designed to operate at a proton-proton centre-of-mass energy of /s = 14
TeV. However, this designed centre-of-mass energy has not yet been reached: in 2010
and 2011 the energy was /s = 7 TeV, in 2012 /s = 8 TeV and between 2015 and 2018
Vs =13 TeV [31].

At the LHC, protons circulate in 2808 bunches per beam each containing a maximum
of ~ 1.2 x 10! particles. Two consecutive bunches are separated by 25 ns. Radiofre-
quency cavities (RF), operating at a temperature of 4.5 K, in a superconducting state
to remove electrical resistance, and a potential of 2 MV, accelerate particles through

oscillating electromagnetic fields. Superconducting dipole (NbTi) magnets, operating
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at a temperature of 1.9 K and a maximum current of 11700 A, bend the trajectories
of the particles to keep them in the ring. Quadrupole and higher-order magnets are
displaced throughout the collider to stabilise and focus the beams. A vacuum system
removes the majority of air molecules in the beam pipes that would interfere with the

protons, keeping the pressure of ~ 107! mbar.

2.1.1 Luminosity

At a particle collider, the number of expected events N for a given process of cross-
section ¢ over a fixed time is [33]

N=c-L (2.1)

where L is the integrated luminosity, a parameter that is entirely defined by the acceler-
ator characteristics. Since the accelerator performance varies over time, the integrated

luminosity is computed as the integral over time of the instantaneous luminosity L:

L:/EWMH 2.2)

r— frev”bNbZ')’r

47te, B 23)

in which f,., is the revolution frequency, 1, is the number of bunches per beam, Ny, is
the number of particles in each colliding beam, -, is a relativistic factor, €, is the nor-
malized transverse beam emittance, * is the beta function at the collision point and F
the geometric luminosity reduction factor that takes into account the angle between the
colliding beams [33]. €, and f* measure the transverse-spatial and momentum-space
spreads of the beams, respectively. The integrated luminosity is commonly measured

in powers of inverse barns [L] = b~!, where 1 barn = 10-2 m?,

At the LHC, the luminosity decays exponentially after the start of collisions due to the
degradation of intensities and emittances of the circulating beams. For this reason,
once the protons are accelerated to their final energy they only circulate and collide
for about half a day. The peak luminosity recorded by ATLAS was 2 x 10** cm 257!,

which is a factor of two higher than the LHC design luminosity. The total integrated
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luminosity delivered to the ATLAS detector between 2011 and 2018 is displayed in Fig-
ure 2.2(a). The luminosity is measured with multiple sub-detectors and algorithms in
ATLAS; in particular, the measurement used in physics analyses was performed by the
LUCID2 Cherenkov detector [34]. Data is required to pass good quality requirements

in order to guarantee the correct operation of the detector during data-taking [35].

The data-taking period between 2011 and 2012 is called Run 1, whereas the period
between 2015 and 2018 is called Run 2. The total Run 2 integrated luminosity is L =
139.0 + 2.4 fb~! [36]. The LHC programme is also scheduled to run a third period of

data-taking, Run 3, between 2021 and 2024 with similar beam conditions to Run 2 [37].

2.1.2 Pile-up

The majority of the events of interest for the detectors at the LHC come from the high-
energy hard-scattering collisions. However, with the increase of instantaneous lumi-
nosity, other lower-transverse-momentum collisions might happen at the same time.
Thus, in-time pile-up (often simply referred as pile-up) is caused by multiple soft col-
lisions within the same bunch crossing. There is also a second type of pile-up, out-of-
time pile-up, which originates from collisions from interactions in neighbouring bunch
crossings. Those pile-up collisions overlay with the hard-scattering one, effectively
degrading its reconstruction quality. The number of interactions per bunch crossing u
(see Figure 2.2(b)) can be calculated using the inelastic proton-proton cross-section and

some accelerator parameters defined in Section 2.1.1:

_ La'inel
Ny f rev

(2.4)

2.2 The ATLAS detector

The ATLAS experiment [38] is a general-purpose detector designed to test the current

understanding of Particle Physics and probe new theories beyond the scope of the
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Figure 2.2: (a) Delivered luminosity to the ATLAS detector [31]. (b) Luminosity-
weighted distribution of the mean number of interactions per crossing for the Run
2 (2015-2018) proton-proton collision data at /s = 13 TeV [31].

Standard Model. The detector has a cylindrical shape, centred around the beam axis,
that provides a near-complete 47 coverage. In Figure 2.3, a cutaway scheme of the
ATLAS detector and its main sub-detectors is shown. The detector measures 45 m in

length and 25 m in diameter, weighing more than 7000 tons.

25m

LAr hadronic end-cap and
\, forward calorimeters

Toroid magnets LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 2.3: Cutaway scheme of ATLAS detector [38].

In ATLAS, a right-handed coordinate system with reference to the LHC ring is used.

The origin of the coordinate system is the nominal interaction point, at the centre of
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the detector. The beam-line defines the z-axis, where the positive direction is anti-
clockwise. The positive x-axis points towards the centre of the LHC ring, and the
positive y-axis points upwards. A cylindrical coordinate system is defined in ATLAS
based on the azimuthal angle ¢ around the z-axis in the xy-plane, and the polar an-
gle 6 is defined as the angular separation from the zy-plane. For a particle of four-
momentum vector (E, p), its transverse momentum is defined as pr = |p|sin(f) and
rapidity is defined as y = 1In[(E + p.)/(E — p)]. For an ultra-relativistic particle,
E > m, the pseudo-rapidity 1 = Incot(6/2) approximates the rapidity. Differences in
pseudo-rapidity Ay are invariant under Lorentz boosts along the z-axis. Moreover, an-
gular distances are measured in terms of AR = /(Ay)? + (A¢$)?, also referred to as

dR.

Lastly, the ATLAS detector is divided into three main regions according to 7: the cen-

tral barrel (7| < 2.5) and the two forward end-caps (2.5 < || < 5).

2.2.1 Magnet system

The ATLAS magnet system [39] is composed of four sets of superconducting mag-
nets: a Central Solenoid, a Barrel Toroid, and two End-Cap Toroids. This configuration
restricts the magnetic field to the Inner Detector and thus minimizes its presence in the

calorimeters, which would degrade their performances.

The central solenoid surrounds the Inner Detector (see Section 2.2.2). It generates a
magnetic field of 2 T parallel to the z-axis, which deflects charged particles’ trajectories
along the ¢ coordinate. The strength of the magnetic field is almost constant along the
radial direction, whereas it decreases along the z-axis due to the finite length of the

solenoid.

The Barrel Toroid and End-Cap Toroids each consist of eight coils arranged in the radial
direction with respect to the z-axis. The former produces a magnetic field up to 3.9 T,
whereas the latter a magnetic field up to 4.1 T. The toroids” design aims at bending the

muons’ trajectories in the 7 direction to allow precise measurement of their momenta.
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2.2.2 Inner Detector

The ATLAS Inner Detector (ID) [40, 41] is designed to reconstruct and measure the
tracks of charged particles. The solenoid bends the trajectories of the charged particles,
thus allowing their transverse momenta to be measured. The ID is the innermost sub-
detector system and consists of four sub-detectors: the Insertable B-Layer (IBL), the
Pixel detector, the Semiconductor Tracker (SCT) and the Transition Radiation Tracker
(TRT). A schematic of the ID is shown in Figure 2.4. The ID is characterised by a
penetration depth that ranges between 0.4 X in the barrel and 1.5 Xj at about |77|=2
[40] where X is the radiation length. The radiation length is the average distance over
which an electron reduces its energy to Efing = Einitia /€ by emitting bremsstrahlung

radiation, where e is Napier’s constant.

r R =1082mm \

L— R = 554mm
( R=514mm

iR <

R = 443mm
SCTX
R =371mm

. R =299mm

R =50.5mm
R =33.25mm

R =0mm

R =122.5mm
Pixels R = 88.5mm

Figure 2.4: Schematic of the ATLAS Inner Detector [42].

The IBL is the innermost layer of the ID. It was installed at the beginning of Run 2, to
improve tracking performances, in particular the ones related to b-tagging (see Section
3.2.4.3) [41]. It consists of a layer of silicon pixels placed at r = 33.25 mm and |z| < 332

mm. The Pixel detector makes up the second part of the ID from r = 50.5 mm to
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r = 122.5 mm [43]. It consists of a central barrel, made of three layers of pixels, and
two end-caps, each composed of three disks of pixels. The SCT surrounds the Pixel
detector with over 6 million silicon strips organised in four concentric barrel layers
and nine disks on each end-cap to cover up to || < 2.5 [44]. Lastly, the TRT is the
outermost component of the ID [45]. It consists of drift straws arranged parallel to the
z-axis in the barrel, and radially in the end-caps. Each straw tube has a radius of 2 mm,
it contains a tungsten anode wire and it is filled with a gas mixture of Xe, and a mixture
of quenching gases. Polythylene, a plastic material, is used to fill the space between
the straw tubes to induce transition radiation for charged particles, whose intensity
is proportional to the Lorenz boost 7y (x E/m). In particular, the transition radiation
provides good discrimination between electron and pions. Xenon is an excellent gas
to detect X-ray photons produced in the transition radiation due to its high atomic

number.

2.2.3 Calorimetry

Located outside the solenoid magnet, the ATLAS calorimeters are designed to accu-
rately measure particle energies. The calorimeters are hermetic along the ¢ coordinate
and they cover in pseudo-rapidity up to |1| < 4.9. They are of two types: an inner elec-
tromagnetic calorimeter and an outer hadronic calorimeter, as shown in Figure 2.6. Both
calorimeters are sampling calorimeters consisting of multiple layers of passive and active
materials. In the passive layers, dense materials with a high atomic number are used
to generate a cascade of particles, called shower, from an incoming particle. The ac-
tive layers measure, through ionisation and scintillation, the energy deposited by the
shower. This measure allows the energy of the incoming particle to be assessed. For

this reason, calorimeters require large volumes to contain the whole particle shower.

2.2.3.1 Electromagnetic calorimeter

The ATLAS electromagnetic calorimeter (ECAL) is built with lead as the passive mate-

rial and liquid argon as the active material [26]. High-energy photons (E, > 1 MeV)
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Figure 2.5: A representation of the electromagnetic and hadronic calorimeters in the
ATLAS detector [38].

interact with matter mainly through pair production and high-energy electrons through
bremsstrahlung [46]. The mean length to reduce the energy of an electron by 1/e is
the radiation length Xy, while the mean length for a photon to produce an electron-
positron pair is A ;. In general, since Ay ~ 2Xo, the electromagnetic shower can
be approximated by assuming that every Xy in depth, either an electron emits a pho-
ton through bremsstrahlung or a photon creates a positron-electron pair. Since the
radiation length can be approximated as Xy ~ 180A/Z? [g/cm?], ATLAS chose lead
(X{? = 6.37 g/cm? [46]) as a passive material for developing the shower in a compact
space. Liquid argon is used to drift the ionization produced by the shower on copper
electrodes arranged in a honeycomb structure. Liquid argon is characterised by chem-
ical stability, radiation hardness, and good energy resolution (< 10%-/E[GeV]) for the
calorimeter [47]. The ECAL has a central barrel covering || < 1.475, and two end-caps
covering 1.375 < || < 3.2. A single layer of liquid argon, called the pre-sampler, is
placed before the ECAL barrel to correct for the energy loss in the ID and the magnet.
The overall ECAL depth ranges from 22 Xj in the barrel to more than 24 X, in the

end-caps.
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2.2.3.2 Hadronic calorimeter

The ATLAS hadronic calorimeter (HCAL) is designed to reconstruct hadronic activity
[48]. Hadrons deposit their energies through collisions mediated by the strong inter-
action, creating a hadronic shower. The charged hadrons produced in the pp collisions
deposit their energies through excitations and ionisation. The strong interaction cre-

+. Neutral 7°

ates a lot of mesons, among which the most abundant are 0 and 7T
mesons decay almost immediately into a pair of photons, which deposit their energies
in a limited space through an electromagnetic shower. The charged 77* mesons decay
most of the time into a muon and a neutrino: the muon deposits a minimum ionising
signal in the calorimeter, whereas the neutrino leaves the calorimeter without interact-
ing. Overall, a hadronic shower can be described in terms of nuclear interaction length
Aint, which is the average distance that a hadron travels before undergoing a strong
reaction. For a given material A;,;; > Xp, thus hadronic calorimeters are generally
larger than electromagnetic calorimeters. The HCAL consists of a central tile barrel
calorimeter, two hadronic end-cap calorimeters (HEC) and two forward calorimeters
(FCAL). The tile calorimeter is constructed from alternating tiles of steel absorber and
plastic scintillator; it is composed of a central barrel that extends to || < 1.0 and two
additional barrels between 0.8 < || < 1.7 on each side. The scintillators are read out
by wavelength-shifting fibre optics that are connected to photo-multiplier tubes. The
tile calorimeter is segmented in modules of 77, ¢ and r segments. These cells are ar-
ranged in three layers: the first two layers 0.1 x 0.1 (A x A¢) while the most external
one 0.2 x 0.1 (A x A¢). The HEC covers between 1.5 < || < 3.2, while the FCAL
between 3.1 < |y7| < 4.9. Both sub-systems use liquid argon as an active medium; how-
ever, the HEC uses copper as passive material, whereas the FCAL is made of tungsten.
The overall HCAL depth ranges from ~ 7 A;,; in the central part of the tile barrel

calorimeter to ~ 10 A;;;; in the FCAL.
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2.24 Muon Spectrometer

The Muon Spectrometer is the outermost sub-system of the ATLAS detector [49]. It
is designed to trigger upon and measure the trajectories of the muons. Muons, while
travelling through the inner detector and the calorimeters, lose only a small amount
of energy; this is due to their large mass compared to that of electrons (11, ~ 200 - 1)
that suppresses the probability of bremsstrahlung (0jy,,, « 1/m?). A muon, travel-
ling through the detector, typically leaves a single track, which is bent in the magnetic
field. The muon spectrometer, covering up to || < 2.7, consists of four types of sub-
systems: the Monitored Drift Tubes (MDT), the Cathode Strip Chambers (CSC), the
Resistive Plate Chambers (RPC) and Thin Gap Chambers (TGC). The MDT and CSC
provide precision tracking of the muons. They are gaseous sub-detectors operating
with a mixture of Ar and CO,. Instead, RPC and TGC are used for fast triggering on
the muons. They are characterised by high efficiency and low dead time.

Thin-gap chambers (T&C)
' § | Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift fubes (MDT)

Figure 2.6: An overview of the ATLAS muon spectrometer [38].
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2.2.5 Trigger and data acquisition

The ATLAS detector cannot record all the collisions that occur every 25 ns (40 MHz).
For this reason, it uses a Trigger and Data Acquisition System (TDAQ) to record only
the collisions that are the most interesting for physics analyses. The TDAQ is a multi-
level system designed to reject non-interesting physics collisions as soon as it is possi-
ble to make a decision. The two main levels of the TDAQ are: the Level 1 Trigger (L1)
and the High Level Trigger (HLT); the former reduces the rate of recorded events to

< 100 kHz, while the latter allows the rate to be reduced to ~ 1.2 kHz [50].

The L1 Trigger is a hardware-based trigger that combines inputs from the calorimeter
(L1Calo) and the muon triggers (L1Muon). The L1 selects events that contain potential
leptons, photons, high-transverse-momentum jets or that are characterised by a large
imbalance in the transverse momentum. For the L1Calo, the decision is based upon the
reconstruction of Regions of Interest (Rol) defined as clusters of deposited transverse
energy. The Rol are then transferred to the HLT to speed up the reconstruction. For
the L1IMuon to trigger a muon, the RPC or the TGC require two or three hits according
to the muon transverse momentum. For Run 2, the L1Topo, a new L1 Trigger, was
included in the ATLAS TDAQ. L1Topo combines information from the L1Calo and the

L1Muon and performs kinematic selections to identify interesting events [51].

The HLT is a software-based trigger that combines the Rol with information from all
the sub-detectors to perform a first reconstruction of the events. At this level, more
complex signatures can be determined, such as events that contain b-jets, hadronic taus
and many other combinations of physics objects. The ensemble of triggers in ATLAS
is called the Trigger Menu. Lastly, if an event is selected, it is saved in the Tier-0 CERN

data centre for full off-line reconstruction, calibration and analysis.
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2.3 Simulations

In ATLAS, simulations are used to describe physical processes as well as the particles’
interactions with the detector. Simulating a process in most of the cases require calcu-
lating multi-dimensional integrals. The most efficient way to compute these integrals
is through a family of random sampling techniques known as Monte Carlo methods
(MC) [52]. These techniques are so pervasive that often MC simulations are simply

referred to as MC.

At LHC, the production cross-section for a proton-proton collision producing a final-

state X is

1
Oppox = 3 | dxrdxafa(xa, pr) fo(Xp, fF)0ap—sx (S, Hr, HF) (2.5)
a,b 0

where a, b are the partons extracted from proton, x; and x, are the proton momentum
fractions carried by partons, f;(x;, jir) are the parton density functions (PDFs), s is the
square of the centre-of-mass-energy, yr is the factorisation scale, yg is the renormalisa-
tion scale and 0, )_,x is the partonic cross-section between the two partons involved in
the hard-scattering interaction, which contains the matrix element (ME) [53]. PDFs pro-
vide the probability to find partons (quarks and gluons) in a proton as a function of the
fraction of its momentum carried by the parton [54]. PDF values depend on the energy
scale of the collisions, which are parametrised by the factorisation scale yur and renormali-
sation scale pg [55]. The factorisation scale can be interpreted as the scale that separates
the long- and short-distance physics, while the renormalisation scale is used to treat
ultraviolet divergences. Furthermore, factorisation theorems allow the non-perturbative
QCD effects to be decoupled from the partonic cross-section. Then, when quarks and
gluons are created after the hard-scattering collision, they are too energetic to form
bound states and they produce a cascade of particles through the radiation of a gluon
from a quark and via gluon splitting; this process is modelled with parton shower (PS)
generators. Once the evolution of the system reaches an energy in which the perturba-
tive QCD regime can no longer be applied, phenomenological hadronisation models are
used to simulate the formation of hadrons [56]. The underlying event, which is the ad-

ditional soft activity originating from the primary vertex, is added to the hadronistion
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models. Then, the simulation of pile-up collisions is added on top of the event using
soft QCD processes. Lastly, the interactions of the final-state particles with the ATLAS
detector are simulated using the GEANT4 software package [57] and then the standard

ATLAS object-reconstruction software is run.



Chapter 3

Object reconstruction

To perform physics analyses, the electronic signals produced by the detector need to
be reconstructed as physics objects. Physics objects are the final-state particles and
observables measured by ATLAS. The reconstruction procedure is divided into several
subsequent steps. The first one is the reconstruction of low-level objects in each sub-
detector, known as detector objects, such as primary vertices, particle tracks and energy
clusters deposited in the calorimeters. Then, the detector objects are combined to create

high-level physics objects, such as electrons, photons and muons.

3.1 Detector objects

In this section, the key ingredients for building high-level physics objects will be dis-

cussed.

3.1.1 Tracks and primary vertex
Charged particles deposit energy through excitation and ionization when they interact

with matter. In the Inner Detector, the energy deposits are reconstructed in 3D points

called hits. Then, an algorithm combines hits into tracks using a three-dimensional

29
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X fit [58]. Tracks are created starting from seven hits in the silicon layer of the ID,
the track seed, and then developing outwards by adding additional hits compatible
with the seed. With this method, it is possible to assign single hits to multiple tracks,
thus ambiguities might arise. To solve these ambiguities, tracks are ranked by quality
according to multiple factors such as number of associated hits, number of shared hits,

number of missing hits in the silicon layers (holes) and value of the x? of the fit.

A charged particle immersed in a solenoid magnetic field moves along a helix trajec-
tory. The trajectory is fully specified by five parameters, as shown in Figure 3.1(a):
(do,z0,9/p1,0,¢). The transverse and longitudinal impact parameters are respectively
do and zg; they represent the minimum distance to the centre of the coordinate system
in the x — y plane and along the longitudinal direction. The quantity q/pt, where gq
is the charge of the particle, is related to the radius of curvature of a charged particle
since pr[GeV] = 0.3¢[Z]|B[T]R[m]. The 6 and ¢ angles indicate the direction of the
track. Once tracks have been computed, vertices are calculated as the intersection of
two or more tracks plus the beam spot as an additional constraint. Due to the high
pile-up conditions during the Run 2 data taking, see Figure 2.2(b), multiple vertices
are reconstructed for a single bunch crossing. The primary vertex is defined as the ver-
tex with the largest Y p? associated with its tracks. The primary vertex is the vertex in
which most likely the hard-scattering interaction has occurred. Thus, tracks not asso-
ciated with the primary vertex are regarded as potential sources of pile-up. A collision

with 66 reconstructed vertices is displayed in Figure 3.1(b) as an example.

The track reconstruction efficiency depends on the pr and 7 of the track, reaching a

maximum efficiency of ~ 90%, for pt > 5 GeV and Run 2 data-taking conditions [59].

3.1.2 Topological clusters

The topological clustering algorithm allows the three-dimensional particle showers to be
reconstructed in the calorimeters [61]. This method has been used as the key ingredient
to reconstruct jets since Run 1 [62] and lately has also been used to reconstruct electrons

and photons due to its ability to better measure bremsstrahlung photons and electrons
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(a) Track parameters. (b) Reconstructed vertices.

Figure 3.1: (a) Schematic of the track parameters for a charged particle moving inside
the Inner Detector. (b) An event display of a Z — u*u~ candidate plus 65 additional
reconstructed vertices from pile-up interactions with different selections on the mini-
mum pr of the tracks, from top to bottom: 100 MeV, 1 GeV, and 5 GeV [60].

from photon conversions [63].

The topological clustering algorithm consists of three main steps. The first step is ded-
icated to finding a proto-cluster; these cells are characterised by measured energy ex-
ceeding by a factor of four the expected noise. The expected noise is calculated as
a quadrature sum of electronic noise and a pile-up contribution, which depends on
the instantaneous luminosity of the LHC. At this point, proto-clusters are ordered in
descending order according to their signal-to-noise ratio. The second step consists in
looking for neighbouring cells near each seed with energy larger than twice the noise.
If such a neighbour is found, it is added to the proto-cluster. If two proto-clusters
are adjacent they are merged. Once there are no more cells or proto-clusters to merge
according to previous criteria, all the remaining neighbouring cells with signal above
noise are added to their respective proto-clusters. Then, a splitting step is applied to
separate local energy maxima in each single proto-cluster. Lastly, the remaining proto-

clusters are renamed topo-clusters.
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3.2 High-level physics objects

In the next sections, the high-level physics objects relevant for the VH, H — bb will be
described.

3.2.1 Electrons

Electrons are reconstructed by matching candidate tracks to topological clusters from
the ECAL [63, 64]. If multiple tracks are associated with the same topological cluster,
they are ranked according to their respective quality and angular separation from the
topological cluster. The highest-ranking track, known as primary track, is also required
to satisfy do/04, < 5 and |Azgsinf| < 0.5 mm, where dy and Az are calculated with
respect to the primary vertex and oy, is the resolution of dy. Once a candidate electron
has been reconstructed, it is important to distinguish whether an electron has been pro-
duced during the hard-scattering collision (prompt) or not. Non-prompt leptons arise,
for example, from semi-leptonic decays of heavy-flavour jets or photon conversion.
To reject non-prompt electrons and fake electrons (such as mis-reconstructed pions or

photons), two criteria have been developed: identification and isolation.

A likelihood-based method (LH) is used to identify electrons in ATLAS during Run 2
[63]. The combination of shower profiles and tracking variables allows a discriminant
for identifying electron candidates to be created. Three working points are defined
based on increasingly tighter cuts on the discriminant: LH-Loose, LH-Medium, and
LH-Tight [65]. A working point is a selection criterion that corresponds to a fixed
performance on a given representative reference sample. The working points have
been optimised in bins of electron transverse energy Et and pseudo-rapidity. For ex-
ample, for Er > 25 GeV, the LH-Loose working point provides an identification ef-
ficiency greater than 90% for real electrons, with an efficiency of objects mistakenly

reconstructed as electrons smaller than 0.8%.

Isolation criteria are defined to reject electrons that have a significant amount of hadronic

activity close-by and are therefore likely to be non-prompt. Two variables are defined
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for this purpose [65]: ES”"02 to quantify calorimeter isolation and p3°°"0-2 to quan-
tify track isolation. The former is defined as the sum of transverse energies of the
topological clusters within AR < 0.2 from the candidate electron. The latter is de-
fined as the sum of transverse momenta of all the tracks (Zf””ks pr,i) within AR =
min(0.2,10 GeV/pr) from the candidate electron track. For the VH, H — bb analy-
sis, two working points are used for the event selection: FixedCutHighPtCaloOnly
and FCLoose: the first one is defined by E$"02 < 3.5 GeV, whereas the second one is

characterised by an approximate constant efficiency of 99% for real electrons.

The efficiencies to reconstruct prompt electrons are measured in data using the | /¢ and
Z resonances [65]. From these measurements, correction scale factors are calculated to

adjust the simulations to the values found in data.

3.2.2 Muons

In ATLAS, muons are firstly reconstructed independently in the Inner Detector and the
Muon Spectrometer [66]. In a second step, the information of various sub-detectors is
combined to obtain the best performance in different regions of the detector. In this
way, four types of muons are reconstructed: combined muons, segment-tagged muons,
calorimeter-tagged muons and extrapolated muons. A combined muon is built from a
global fit of the hits in the Inner Detector and the Muon Spectrometer. To recover low-
pr muons, a track in the Inner Detector can be classified as a segment-tagged muon if
there are few hits in the muon chambers consistent with the track. In the central region
of the detector (|| < 0.1) the muon chambers offer limited coverage due to the pres-
ence of cabling and supporting structures; in this region, a track in the Inner Detector
matched to an energy deposit in the calorimeter system consistent with a minimum-
ionizing particle can be reconstructed as a calorimeter-tagged muon. In the forward
regions (2.5 < |57| < 2.7), where the Inner Detector does not provide coverage, extrap-
olated muons are reconstructed using only the Muon Spectrometer. More than 97% of
the muons in the VH, H — bb analysis are combined muons. Moreover, the track asso-
ciated with the muon needs to satisfy quality criteria: dy/0y, < 3 and |Azpsinf| < 0.5

mm. The identification and isolation criteria are applied to muons as described below.
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For muon identification, four working points are defined: ID-Loose, ID-Medium, ID-
Tight and ID-High-pt. The first three are designed to be increasingly tighter, while the
fourth one is optimized for high transverse momentum muons. The working points are
defined based on several discriminating variables, among which being the normalised
X* of the combined track fit. For the VH, H — bb analysis, two working points are
used: the ID-Loose in the 2-Lepton channel and the ID-Medium in the 1-Lepton channel
(Section 4.1).

To reject non-prompt muons, three isolation variables are defined: E02, puarconed3
and p"2. The first two have similar definitions to the ones described for electron
in Section 3.2.1, whereas the third one is defined as the sum of the transverse mo-
menta of all tracks (X" pr,) within AR < 0.2 around the candidate muon. For
the VH,H — bb analysis, two working points, based on the previous variables, are
considered: FixedCutLoose, which keeps an efficiency for real muons ~ 99%, and

FixedCutHighPtTrackOnly defined by p{"?? < 1.25 GeV.

Similarly to electrons, muon-efficiency scale factors are measured in data using the J /¢

and Z resonances [66].

3.2.3 Hadronic taus

The tau lepton has an average decay length of 87 um so it typically decays before
reaching the Inner Detector [46]. It can decay into hadrons, 7,4, or leptons (T — ev,v,
and T — uv,v;). Taus decaying leptonically are considered as electrons and muons,
plus EXss, in the VH, H — bb analysis. The branching ratio for the combined hadronic
channels is ~ 65%. A tau decaying hadronically is characterised by the presence of a
single charged pion in 75% (1-prong) of the cases and three charged pions in about 22%
(3-prong) of the decays. The charged pions are classified as a jet of particles. Neutral
pions are additional decay products in 78% of all tau hadronic decays. A Boosted
Decision Tree algorithm [67] has been developed to identify jets as originating from
hadronic tau decays and calibrated identification working points have been provided:

Loose, Medium and Tight [68]. In the VH,H — bb analysis, hadronic taus are selected
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using the Medium ID working point, which has a tau identification efficiency of 75%
for 1-prong events and 60% for 3-prong events and corresponding mis-identifications

rates for hadronic jets as hadronic taus of 20 and 150, respectively.

3.24 Jets

Immediately after quarks and gluons have been produced in a hard-scattering colli-
sion, they fragment and hadronise, forming a spray of collimated particles, known as
jet [69]. Multiple algorithms can be used to cluster particles or calorimeter deposits
into jets. Jets can be assembled with two types of procedure: top-down and bottom-up.
The former one is based on the principle that energy, in QCD, flows into a cone. The
latter approach tends to combine particles around a high-transverse-momentum seed
according to a given metric. Many criteria define a good jet reconstruction algorithm,
among which there is infrared and collinear (IRC) safety [69]. If the number of jets in
an event is not modified by a collinear splitting of a high-momentum parton or the
addition of a soft emission, the jet algorithm is said to be IRC safe. The anti-k; jet clus-
tering algorithm is IRC safe and provides jets with circular shapes in the # — ¢ plane

[70].

The anti-k; algorithm is the main method for reconstructing jets in ATLAS [62]. For
EMTopo jets, topological clusters are used as inputs of the anti-k; algorithm. EM,
in EMTopo, refers to the measured energy calibrated at the electromagnetic energy
scale, which does not take into account corrections for the signal loss originating from

hadrons for the non-compensating nature of the ATLAS calorimeters [62].

In the anti-k; algorithm, each pair of topological clusters ij is associated with the fol-

lowing metric:

1 1) 4]
d;; = min ( ) — (3.1)
ki ki ) R?

dip = — (3.2)
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where k; ; is the transverse momentum of the cluster i, AI-ZJ- = (yi— yj)z + (¢i — cp]')2 mea-
sures the distance between the two clusters and R is a fixed parameter that determines
approximately the jet radius. For the VH, H — bb analysis and the majority of the
ATLAS analyses that use calorimeter jets, R is set to 0.4. Lastly, d;p can be interpreted
as the distance between the particle i and the beam. The clustering procedure consists

of the following steps:

1. Calculate d;; and d;p for all clusters.
2. Find the minimum distance among d;; and d;3.

(a) If the minimum distance is d;j, the momenta of the clusters i and j are com-

bined.

(b) If the minimum distance is d;g, the cluster i is classified as jet and removed

from the list of the clusters.

3. Repeat from step 1. until all clusters are combined into jets.

An alternative approach to reconstruct jets combing information from the tracker and
the calorimeters is the particle-flow reconstruction [71]. In this procedure, at first, the en-
ergy deposits in the calorimeters associated with charged particles are removed. Then,
jets are reconstructed using tracks matched to the primary vertex and the remaining en-
ergy deposits in the calorimeters from the neutral particles. These particle-flow objects
are subsequently reconstructed using the anti-k; algorithm. There are many benefits

associated with using particle-flow jets:

¢ Tracks’ transverse momentum from charged particles can be reconstructed down

to pifk > 400 MeV with good precision.

¢ Tracks” angular resolution is significantly better than the resolution provided by

the calorimeters.

¢ Particle-flow jets are more resilient to pile-up jets compared to EMTopo jets since

it is possible to match the calorimeters’ energy deposits with the primary vertex.
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EMTopo jets will be used in the VH, H — bb analysis described in Chapter 4, while

particle-flow jets will be tested in Section 5.1.

3.2.4.1 Jet Energy-Scale calibration

The Jet Energy-Scale calibration (JES) aims at correcting the measured jet energy de-
posits to that of truth jets reconstructed at the particle-level energy scale [72]. Truth
jets are jets reconstructed from simulations using stable final-state particles as inputs,
before they go through the detector simulation and reconstruction. Therefore, truth
jets do not suffer from resolution and efficiency degradations. Muons, neutrinos and
particles from pile-up are excluded from the reconstruction of truth jets. Reconstructed
calorimeter jets, from simulations, are matched to truth jets by requiring ARy, trutn <

0.3. The JES calibration procedure is applied in the following order:

¢ Origin correction. When jets are reconstructed for the first time, they point to the
centre of the detector. This first correction recomputes the jets” four-momentum
to point to the hard-scatter primary vertex, improving the jet 77 resolution up to a

factor 20 for jets with pr > 200 GeV (#,es ~ 0.03 — 17,05 ~ 0.006) [72].

* Jet area-based pile-up correction. This correction is an area-based method that re-
moves the per-event pile-up contribution to the transverse momentum of each

jet according to its area [73].

* Residual pile-up correction. A second pile-up correction is applied which depends

on the number of reconstructed vertices in the event.

® Absolute MC-based calibration. The four momenta of the reconstructed jets are

corrected to the particle-level energy scale.

* Global Sequential calibration (GSC): The GSC is a calibration that aims at correcting

for the different calorimeter responses to quark-initiated and gluon-initiated jets.

* Residual in situ calibration (only to data). This is the last step in the JES calibra-

tion procedure and does not affect simulated events. To further improve Data /
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MC agreement, jets in data are calibrated using well understood and precisely
measured physics processes. The Z — 71~ +jets and 7y+jets balance methods rely
on the excellent resolution for photons and leptons to tightly constrain the jet pt

using the conservation of energy.

The total uncertainty associated with the complete Jet Energy-Scale calibration is ~

4.5% at 20 GeV, ~ 1% at 200 GeV and ~ 2% at 2 TeV for an inclusive di-jet sample [72].

3.2.4.2 Suppression of pile-up jets

Suppression of jets originating from pile-up vertices is critical in Run 2 due to the aver-
age number of pile-up verteces being larger than 30. The jet-vertex-tagger (JVT) is de-
signed to discriminate hard-scattering jets from pile-up [74]. It is constructed by com-
bining two variables using a k-nearest-neighbour algorithm, Rpr and corrJVF, which
are independent of the number of reconstructed primary vertices; Ryt is defined as the
scalar pr sum of the tracks that are associated with the jet and the hard-scattering ver-
tex divided by the calibrated jet pr; corrJVF is defined as the scalar pr sum of the tracks
that are associated with the jet and the hard-scattering vertex divided by a weighted
average of all the tracks associated to the jet. Rpr and corrJVF offer complementary
discrimination as can be seen in Figure 3.2(a) and 3.2(b), which is further enhanced in

the JVT shown in Figure 3.2(c).

Three working points for the hard-scatter efficiency have been defined in the kinematic
range 20 GeV < pr < 120 GeV and || < 2.5; the working points for EMTopo jets are

shown in Table 3.1.

Working points  JVT  Efficiency EMTopo Pileup fake rates

Loose > 0.11 97% 3%
Medium > 0.59 92% 1.0%
Tight > 091 85% 0.4%

Table 3.1: Working points and selection thresholds for the JVT hard-scatter jet efficien-
cies and pileup fake rates in EMTopo jets.
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Figure 3.2: Correlations of corrJVF and Ry for hard-scatter (a) and pile-up jets (b) [74].
JVT output score for hard-scatter (a) and pile-up jets (c) [74].

3.24.3 b-tagging

The identification of jets originating from beauty quark production, b-tagging, is of
great importance for many physics programs in ATLAS, such as H — bb measure-
ments. Particles containing at least one b-quark, b-hadrons, are characterized by many
properties that allow their identification. They have a relatively long lifetime of about
1.5 ps. Therefore, a b-hadron with pr = 50 GeV will travel on average 3 mm in the
transverse plane before decaying (L, = B-ycT, see Figure 3.3). The Inner Detector al-

lows the identification of primary vertices, where the proton-proton collision occurs,
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and secondary vertices, which are vertices displaced from the z-axis where long-lived
hadrons decay into lighter particles. A second property that characterizes b-hadrons is
the high mass of their decay products compared to light-flavour hadrons. This feature
results in a large number of decay products, a phenomenon called higher multiplicity.
Moreover, b-hadron decay products are characterized by higher transverse momenta
compared to the decay products of light and charm quarks. A third property which
is typical of b-hadrons is their large branching ratio for semileptonic decays. The pro-
cesses B -+ X.+I1+vand B — X, +1+ v, where [ could be either an electron or
a muon and X, and X, are decay products containing charm and up quarks, have a

branching ratio of ~ 10% and ~ 9%, respectively [46].

A jet containing at least one b-hadron is conventionally called a b-jet. A c-jet is defined
to contain at least one c-hadron but no b-hadrons. Lastly, a light-jet (or I-jet) does not

contain any b/c-hadrons.

PV

Figure 3.3: Pictorial representation of a b-jet, in which the b-hadron decays into a c-
hadron. Primary (PV), secondary (SV) and tertiary (TV) vertices are highlighted.

B-tagging algorithms are designed to discriminate b-jets from c-jets and I-jets using the
properties mentioned above. In ATLAS, there are two types of b-tagging algorithms
[75, 76]: low-level algorithms, which directly use features of b-jets, and high-level al-
gorithms, which combines the outputs of the low-level algorithms in a single discrimi-
nant. For the VH, H — bb analysis, the b-tagging high-level algorithm of interest is the
MV2c10, whose inputs originate from three low-level taggers: IP3D, SV1 and JetFit-
ter. The IP3D combines the transverse and longitudinal impact parameter significance
(do/ 04, and zg sin 8/ 0 sing) of the tracks in the jet into a single log-likelihood-ratio dis-

criminant. The secondary vertex finding algorithm, SV1, attempts the reconstruction
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of the displaced secondary vertex; this algorithm aims at rejecting secondary vertices
in jets originating from non-b-hadrons, such as from Ks and A, by calculating the in-
variant mass of the tracks associated with the secondary vertex. The JetFitter algorithm
searches for the full b — c decay chain inside a jet by looking for the secondary and
tertiary vertices. The MV2c10 algorithm is a BDT [67] trained on simulated top-quark
pair production (tf) events; where b-jets are considered as the signal, and a mixture of
c-jets (10%) and light-jets (90%) are considered background for the training [75]. The
output score of the MV2c10 can be seen in Figure 3.4(a) and the b-tagging efficiency as

a function of the c/I-rejection rates is shown in Figure 3.4(b).
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Figure 3.4: MV2c10 output scores from the tf simulated sample (a). B-tagging efficiency
as a function of the c/I-rejection rates (b) [75].

For the VH, H — bb analysis, central jets (|17| < 2.5) are tagged as b-jets by requiring
the MV2c10 to be above a given threshold; the chosen threshold corresponds to a 70%

efficiency for identifying a b-jet and a rejection rate of 12 for c-jet and 381 for -jet.

The Data/Simulations scale factors (shown in Figure 3.5 for b-jets) for the MV2c10 are
measured in data by using tagged jets to correct for the different tagger performance on
simulated events compared to data events. The scale factors and their respective uncer-
tainties for b-jets, c-jets and I-jets are calculated in five MV2c10 bins and are measured
in samples enriched with tf events for jet pt between 20 GeV and 600 GeV [76]. For

jet pr greater than 600 GeV the uncertainties are extrapolated from simulations. The
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c-tagging scale factors are measured in samples enriched with semi-leptonic {f events
[77], while the scale factors for the mistagging rates of /-jets are measured in multi-jet
events [78]. Lastly, MC-MC scale factors are included to account for the discrepancies

in the efficiency between different MC generators.
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Figure 3.5: B-tagging efficiency scale factors for the MV2c10 70% working point [76].

3.2.5 Missing Transverse Energy

Particles not interacting electromagnetically or strongly do not leave any energy de-
posit in the ATLAS detector. However, it is possible to infer their production thanks to
the laws of conservation of energy and momentum. At the LHC, the initial momenta
along the z-axis of the colliding partons are unknown; however, their initial momenta
in the transverse plain is approximately zero. Therefore, any missing transverse mo-
mentum, measured after a collision, can be attributed to non-interacting particles such
as neutrinos leaving the event undetected. The missing transverse energy is calculated
by the negative vectorial sum of two components: a hard term and a soft term. The hard
missing transverse energy corresponds to the sum of the momenta in the transverse
plane of the reconstructed and calibrated physics objects. The soft missing transverse
energy, also known as the track-based soft term (TST), is calculated from the vectorial

sum of transverse momenta of tracks associated with the primary vertex but not to
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any physics objects [79].

E?iss — _ Z PT—EPT

hard soft

:_;PT_;PT_;PT_;I)T_ZPT_ L pr

jets unused
tracks

(3.3)

Since EisS is a vector in the transverse xy-plane, it is possible to calculate its magnitude

and direction in the ¢ coordinate:

E%ﬁss —_ ’E%1iss‘ — \/(Egcniss)2 + (E]ryniss)Z (3'4)

miss E}I/niSS
¢ = arctan Fiss | - (3.5)
X

The track-based soft term brings advantages and disadvantages. On one hand, it is
quite resilient to pile-up, since tracks are associated with the primary vertex. On the
other hand, it does not include neutral particles and particles outside the acceptance of

the Inner Detector (|| > 2.5) [80].

The performance of E‘TniSS reconstruction is evaluated for scale (linearity), resolution,
and sensitivity to the data-taking conditions. It is measured in events with no expected
EXisS suchas Z — ete™ and Z — pTp~, and events where the ET* is expected from
the presence of at least a neutrino, such as W decays and top-quark pair production
[79]. The EMsS resolution depends on the detector acceptance, reconstruction efficiency
and resolutions of all physics objects; in particular, the dominating contribution origi-

nates from jet resolution.

3.2.6 Overlap Removal procedure

After leptons and jets have been reconstructed, some physics objects may share tracks
or calorimeter clusters. The Ouverlap Removal Procedure is designed to remove ambigu-
ities and double-counting between reconstructed electrons, muons, jets and hadroni-
cally decaying tau leptons [81]. For example, hadronic taus are almost always recon-

structed also as jets. Two physics objects are considered to be the same based on criteria
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such as shared tracks or proximity in space. To resolve the ambiguity, the Physics Ob-
jectis only kept in one of the reconstructed object categories and is thus unambiguously

defined. The overlap removal affects the following pairs of physics objects:

® T - e if AR(Tyag,e) < 0.2, the T,y is removed.

® Tyag - o if AR(Tyeq, 1) < 0.2, the T,y is removed.

® ¢ -y if a combined y shares a track with an e, the e is removed.
e ¢-jet: if AR(e, jet) < 0.2, the jet is removed.

o - jet: if AR(, jet) < 0.2 and N’

traks < 3, the jet is removed.

® Tyaq - jet: if AR(Ty,4, jet) < 0.2, the jet is removed



Chapter 4

Measurements of H — bb decays in
the VH production mode

The Higgs boson was introduced in 1964 [18] to explain electroweak symmetry break-
ing. The first phenomenological studies of its production and decay rates dated back
to the early 70s [82]. Since then, this boson has been searched for in many experi-
ments, before being finally discovered at the LHC by ATLAS and CMS [20, 21]. The
search for this particle has been particularly challenging because the theoretical pre-
dictions did not provide any clear indication of what mp should have been [83]. First
experimental evidence in the mid-70s from nuclear physics allowed to set a lower limit
my 2, O(10) MeV [84]. Conversely, theoretical calculations suggested an upper mass
limit of my < O(1) TeV [85]. In this mass region, the H — bb decays played an im-
portant role in the search. As soon as the Higgs decay into two beauty quarks becomes
kinematically allowed at my ~ O(10) GeV, the H — bb decays become the leading
branching ratio up until myg ~ O(150) GeV, where the WW decay mode becomes
dominant. For this reason, the H — bb decay mode was the primary search channel
at LEP [86] and the Tevatron [82]. In 2012, at the Tevatron pp collider, the CDF and D0
experiments observed an excess of events in the data compared with the background
predictions in the mass range [120, 135] GeV [87]. In general, at hadron colliders, tar-
geting the VH (V = W, Z) production mode provides the highest sensitivity in the
H — bb decay channel because the leptonic signatures from V decays allow the vast

multi-jet background to be rejected and provide effective triggers [83].

45
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At the LHC, H — bb decays were observed in 2018 by ATLAS and CMS [2, 89]. For
ATLAS, the observation of this decay channel has been possible thanks to the combi-
nation of the available production channels and its Run 1 measurements. However,
the leading contributor to the observation of H — bb decays was the VH, H — bb Run

2 analysis, with a dataset of L = 79.8 b L.

The VH,H — bb analysis was further improved using the full Run 2 data sample of
L = 139 fb~! as described in the next sections with particular focus on the 0-Lepton

channel (see Section 4.1) [4].

4.1 Analysis overview

In the VH, H — bb analysis , three lepton channels are defined according to the num-
ber of charged leptons (electrons, muons or taus decaying leptonically) present in each
event: 0-Lepton, 1-Lepton and 2-Lepton to target the ZH — vvbb, WH — lvbb and
ZH — 11bb signatures. For each channel, events are required to have exactly two jets
identified as b-jets using the b-tagging requirement detailed in Section 3.2.4.3 and ad-
ditional non-b-tagged jets are allowed. The signal and background signatures will be
discussed in Section 4.2 and Section 4.3. In Section 4.4, the simulated samples for the
signal and background processes are detailed. Based on the kinematic properties of
signal and backgrounds, the complete event selection, described in Section 4.5, will be
applied to the events. The definition of signal and control regions will be discussed
in Section 4.6. In Section 4.7, the Simplified Template Cross-Section framework will
be introduced. Strategies to reduce the statistical errors associated with the simulated
samples will be discussed in Section 4.9. Three techniques to improve the resolution
of the invariant mass of the two b-jets system, my;,, will be presented in Section 4.8.
To better separate the signal from the background processes, multivariate techniques
will be introduced in Section 4.10. The statistical analysis procedure will be discussed
in Section 4.11. The main multivariate analysis will be accompanied with two sup-
porting results: a multivariate analysis aimed at measuring the VZ,Z — bb diboson
signal strength and a non-multivariate analysis aimed at measuring the VH, H — bb

processes using the invariant mass of the two b-jets system. The latter will be referred
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to as di-jet analysis. The full description of the analysis systematic uncertainties and the

fit's result will be shown in Section 4.12 and Section 4.13.

4.2 Signal

At the LHC, the V H production mode can occur in two ways: through the annihilation
of a quark-antiquark pair or a loop initiated by two gluons; the leading-order Feynman

diagrams for these two processes are shown in Figure 4.1 and 4.2.
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Figure 4.1: Leading-order Feynman diagrams for quark initiated VH,H — bb pro-
cesses for the 0-Lepton (a), 1-Lepton (b) and 2-Lepton (c) channels.

The signal-over-background ratio of VH, H — bb is more than one order of magnitude
smaller than for H — ZZ*. Particularly, the VH cross-section for transverse momenta

of the vector boson greater than 120 GeV is only ~ 5% of the total VH cross-section
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Figure 4.2: Leading-order Feynman diagrams for gluon initiated VH,H — bb pro-
cesses for the 0-Lepton and 2-Lepton channels.

[88]. However, at these high values of pY, the VH production becomes the most sen-
sitive mode to search for H — bb decays. In this regime, the Higgs boson and the
vector boson are mostly produced back-to-back and in the central region of the detec-
tor, where leptons from the vector-boson decay can be easily used for triggering. In
Figure 4.3, the ETS shapes of the signal and main backgrounds for the 0-Lepton chan-
nel show that the VH, H — bb signal is harder. To enhance the analysis sensitivity,
signal and control regions will also be divided according to pY¥, as described in Section

4.6.
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Figure 4.3: EMsS normalised distributions for the VH 0-Lepton signal and main back-
grounds for events with 2 jets.
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As the transverse momentum of the vector boson increases, the b-jets originating from
the Higgs tend to get closer to one another. Under the assumption of my, , m),, < my
(myp, and my, are ordered according to their pr), the angular separation of the two b-jets

can be approximated as [90]:

my

Pr

Figure 4.4 shows the distribution of AR(b;,b) against Higgs transverse momentum
for the signal g7 — ZH — vibb; this behaviour will be exploited in Section 4.6 to

define signal and control regions.
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Figure 4.4: The signal gqj — ZH — vibb AR(by,by) distribution as a function of the
Higgs traverse momentum for events with two jets and EF'® > 150 GeV.

The most powerful variable to discriminate the VH, H — bb signal against all the
backgrounds is the invariant mass of the two b-jets, my;,, which peaks at 125 GeV for
the signal and is non-resonant for the most important backgrounds except for diboson
production (see Section 4.3.3). This variable is the most highly ranked in the main
multivariate analysis (see Section 4.10) and it is fitted directly in the di-jet analysis.
The resolution on my;, is mainly limited by the Jet Energy Resolution; however, there
are some techniques specific to the VH, H — bb analysis that further improve upon

the GSC jet energy calibration (see Section 3.2.4.1), as it will be shown in Section 4.8.

It is quite common for a b-jet to emit a hard gluon, which gets reconstructed as an ad-
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ditional jet. This process is known as Final-State Radiation (FSR). Similarly, partons
inside the protons can emit Initial-State Radiation (ISR) before the hard-scattering col-
lision. Therefore, in the VH, H — bb analysis, events are categorised according to the
total number of jets in the event, requiring always exactly two b-jets and allowing one
more additional non-b-tagged jet for the 0-Lepton channel. Events with four or more
jets are not considered in the 0-Lepton channel because in that category too many tf
background events would enter. A study of the Final-State Radiation will be presented

in Section 4.2.1.

Although the 0-Lepton channel is dominated by the ZH — vibb processes, it has also
a sizeable component from WH — Ilvbb. In fact, the WH component entering in 0-
Lepton can be divided into two parts: W decaying into charged leptons lost outside
the acceptance of the detector and W decaying into 7 that decays hadronically. The

latter case will be discussed in Section 5.4.

4.2.1 Final-state radiation

The 3-jet category in the VH, H — bb analysis contains several events originating from
Final-State Radiation. These events are characterised by peculiar kinematics that is
interesting to study particularly to improve the jet energy resolution. In the available
signal MC simulations, it is possible to classify the third jet, which is non-b-tagged,
into four groups. The first three groups have distinct physical origins, while the last
one has been introduced due to the impossibility of labelling jets as ISR or FSR for
pr < 25 GeV:

Pile-up (PU): the third jet does not originate from the hard-scatter vertex.

ISR: the third jet has a pt > 25 GeV and originates from ISR.

FSR: the third jet has a pr > 25 GeV and originates from FSR.

Low pr: the third jet has a pt < 25 GeV and comes either from ISR or FSR.

FSR events are 14.8% of the total 0-Lepton 3-jet signal events, while PU contributes
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16.3%, ISR 48.5% and Low pt 20.4%. Figure 4.5 shows my,;, distributions for various
categories of 3-jet events. FSR events are characterised by an my;, distribution that
peaks at values lower than 100 GeV, whereas the m;,;, distribution for PU and ISR events

peaks around the the Higgs boson mass of 125 GeV.

0-Lepton selection, 3-jet

Yield

o 50 100 150 200 250
mMpp [GeV]

Figure 4.5: Simulated m;,;, distributions for the 0-Lepton 3-jet category in signal events.
The colour scheme encodes the origin of the third jet. The event yield on the y-axis
represents the number of simulated weighted events in each bin.

In Figure 4.6, the invariant mass of the three-jet system, my;, for FSR events peaks near
125 GeV while PU and ISR peak at higher values. It can also be seen that for low pr

events, the m;;; resembles a mixture of the FSR and ISR distributions.

It is possible to visualize graphically the position of the FSR jet with respect to the two
b-jets using a simplified model and few assumptions. For every event, the leading b-
jet is translated to the origin of the # — ¢ plane. This transformation can then also be

applied to the sub-leading b-jet and the third jet

My = Moy = by My =iy = Moy

4);72 = 4)bz - (Pbl (P]/3 = (P]S - q>b1

(4.2)

Then, the sub-leading b-jet can be rotated on the diagonal on the first quadrant of the

n — ¢ plane
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Figure 4.6: Simulated my,; distributions for the 0-Lepton 3-jet category in signal events.
The colour scheme encodes the origin of the third jet. The event yield on the y-axis
represents the number of simulated weighted events in each bin.

My = ¢y >0

17{]/2 = 17{]2 - COS Kypt — (pgz - sin &y
(4.3)

[/ / : /
b, = Mp, - SN &ror + 4>b2 - COS Kyot

7, ~Ph
Ko = arctan | —2—2
1752+¢b2

If 172’2 < 0 (rotation in the third quadrant), then a factor of 7 is added to «,,;. Analo-

gously, the third jet can be rotated using the same transformation

"o / :
17].3 = 17].3 © COS Kyot — 47]-3 - SIN Kyot

. (4.4)
47]’; = ;7]’.3 - 8N o + 4)]’.3 - COS Uyot

At this point, rather than showing the position of each sub-leading b-jet along the diag-

onal, it is possible to show an “average” position using the relation in Equation 4.1 and

assuming pt = pY. After considering the previous assumptions and the coordinates

transformation, the result is shown in Figure 4.7.
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Figure 4.7: 1 — ¢ distribution of the third jet in the 0-Lepton 3-jet category for events
with p € [195,205] GeV. A simplified model is used to assume the position of the
second b-jets in the event. The size of the marker is proportional to the respective
event weight. Analogous plots, with different values of pX, can be found in Appendix
B. The colour scheme encodes the origin of the third jet.

Figure 4.7 indicates that FSR jets tend to form mostly between the two b-jets. Thus, it

is possible to construct the following variable:

AR(b1/]3) +AR(b2/]3) (45)

which defines an ellipse in which the b-jets are the two foci. The variable defined in
Equation 4.5 offers excellent discrimination for FSR jets using only topological prop-

erties, as can be seen in Figure 4.8. This property will be used to define a Final-State
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Radiation Recovery strategy in Section 5.2 to improve the energy resolution of b-jets.

1.4

0-Lepton selection, 3-jet — PU

1.2

1.0f

0.8f

Yield
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0'OO é 21 6 8 10
AR(b1,j3)+aR(b2,3)

Figure 4.8: AR(by,j3) + AR(by, j3) distribution for the third jet in the 0-Lepton 3-jet
category in signal events. The colour scheme encodes the origin of the third jet. The

event yield on the y-axis represents the number of simulated weighted events in each
bin.

4.3 Backgrounds

Many backgrounds enter the phase space of VH, H — bb analysis. In the next sections,
the main characteristics of each background will be presented in order of decreasing

importance.

4.3.1 V+jets production

The leading-order Feynman diagrams for the W+jets and Z+jets productions are shown
in Figure 4.9. When the gluon in Figure 4.9(b) splits into two b-quarks, it creates the
same final-state objects as the signal sought in all the 2-jet categories. For this reason,

the V+jets background is one of the most challenging of the VH, H — bb analysis.

The Z+jets is the largest background entering the 0-Lepton phase space due to its large
cross-section, compared to the signal, and its branching ratio to two neutrinos BR(Z —
vv) = 20% [46]. Other decays of the Z boson are negligible in this lepton channel. The

normalisation of the Z+jets background is extrapolated from the 2-Lepton channel as
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Figure 4.9: Leading-order Feynman diagrams for W+jets and Z+jets production.

will be discussed in Section 4.12. The Z+jets, with the Z boson decaying into charged

leptons, is the largest background entering the 2-Lepton channel.

In Table 4.1, the simulated W+jets decays entering in the 0-Lepton phase space are
reported. About half of the events originate from tau hadronic decays. For the others
W leptonic decays, the e or i could be outside the detector acceptance: because they
have large |7'?| or low plf P. Lastly, in a very limited number of events, the lepton is
reconstructed as the third jet in the 3-jet category, as can be seen in the last column of

Table 4.1(b).

Kinematically, the W+jets and Z+jets in the 0-Lepton channel are very similar to each
other. One key difference between the two is the distribution of AR(by,b>) (also re-

ferred as dR (b1, b)), shown in Figure 4.10.

14 [ W+jets
1 W+jets n Had Taus > 0
1.2 [ Z+jets

Vs=13TeV,L =139 fb?!

1.0 0-Lepton selection, 2-jet

0.8

a.u.

0.6

0.4

0.2

0.0

0 1 2 3 4 5
dR(b1,b2)

Figure 4.10: dR(b1, b2) normalised shapes for V+jets processes.
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W decay Events Events in acceptance
W — ev, 85(7.5%) 16(18.3%)
W — uvy, 259(23.0%) 30(11.8%

)
W — tv, T —eve  96(8.6%) 14(14.2%)
W = Tvr, T — v, 134(11.9%)  53(39.5%)

W — Tve, T — had  551(49.0%) 314(57.0%)

W — had - -
(a) 2-jet inclusive category.
W decay Events Events in acceptance Events AR(/,j3) < 0.3
W — ev, 251(10.1%)  69(27.4%) 61(23.9%)
W — uvy 568(22.7%)  61(10.8%) 13(2.2%)
W — tvr, T —ev, 199(8.0%) 26(13.1%) 7(3.3%)
W — tve, T — pv, 312(12.5%)  107(34.2%) 3(0.1%)
W — tvr, T — had  1168(46.7%) 662(56.7%) 92(7.8%)
W — had - - -

(b) 3-jet inclusive category.

Table 4.1: Simulated W+jets decays in the 0-Lepton channel. The decays are cate-
gorised according to the truth lepton in the event, which is missed by the reconstruc-
tion procedure. Table (a) and (b) show respectively the inclusive 2-jet and 3-jet cate-
gories. The Events column contains the total number of weighted events passing the
0-Lepton selection. The percentages in the Event column are calculated with respect of
the total W+jets events, i.e. column-wise. The Events in acceptance column shows the
numbers of events in which the truth lepton is within the detector acceptance. The ac-
ceptance region considered is: |57/®"/%wd| < 2.5 and plTe 7> 10 GeV or pf™ > 20 GeV. The
Events AR(l, j3) < 0.3 column contains the numbers of events in which the truth lepton
is within an angular distance of 0.3 from the reconstructed third jet; events passing this
criterion indicate that the lepton as been reconstructed as a jet. The percentages in the
last columns are calculated with respect to the W decay, i.e. row-wise.
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For WH+jets, dR(by,by) is particularly peaked at low values. This result can be inter-
preted with the help of Table 4.1: since in W — T — had decays there is only one
neutrino and part of the energy of the W-system gets absorbed by the 7, the W-system
has also to be highly boosted to reach the threshold EXss > 150 GeV. Therefore, the
recoiling gluon has to be also highly boosted and thus the resulting jets are very close
to each other. For what concerns the invariant mass of the b-jet system, the V+jets

processes peak at lower my;, than the signal, as can be seen in Figure 4.11.

0030 1 q§—VH-vibb

[ W+jets
0.025 [ Z+jets

Vs=13TeV,L=139fp~!
0.020

0-Lepton selection, 2-jet

]
© 0.015
0.010
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0.000 v T T T T
0 50 100 150 200 250 300
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Figure 4.11: Normalised my,, distributions for the signal and the V+jets backgrounds.

4.3.2 Top pair and single top productions

The production of top-quark pairs (tf) constitutes an important background for the
VH, H — bb analysis. This background is the largest that enters the 1-Lepton channel.
A simplified schematic of the tf decay is reported in Figure 4.12. The production of
ttf gives rise to many leptons and b-jets, which reduces the number of events entering
the 0-Lepton channel. Nonetheless, many events still enter the 0-Lepton phase space,

mostly due to lepton and b-jet misidentification.

Fully hadronic tf decays on average produce six jets, from the b-quarks and the W
hadronic decays, with no additional neutrinos produced from the W bosons. Due to
the small EM* and large jet multiplicity, fully hadronic #f decays are negligible in the

0-Lepton channel.
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ol
o

Figure 4.12: Simplified Feynmann diagram tf production.

Semi-leptonic and di-leptonic tf decays entering the 0-Lepton channel are, in most of
the cases, characterised by the presence of T leptons, as it can be seen in Figure 4.13
and Figure 4.14. Naturally, for 3-jet events, the fraction of semi-leptonic decays is much
higher. Furthermore, the event selection threshold can be reached by additional Ess

from the neutrinos originating from semi-leptonic b-jet decays.
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Figure 4.13: Decay and flavour composition for tf events entering the 2-jet 0-Lepton
channel as a function of the EUss,
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It is interesting to notice that at low EMis%, there is a good fraction of di-leptonic tf events
and the two b-jets reconstructed mainly come from the bottom quarks originating from

the top quarks.

For high values of EX*, the two reconstructed b-jets tend to originate more often from
a b and a ¢ quark. This is because, at high ETsS, a W decaying into cs quarks can be
reconstructed as a b-jet. This process is more common at high ET*® since the W and the
b-quark tend to be more close to each other. In this scenario, the second b-quark from

the top decay is not identified.
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Figure 4.14: Decay and flavour composition for tf events entering the 3-jet 0-Lepton
channel as a function of the EJss,

Leading-order diagrams for the three single-top production channels are illustrated
in Figure 4.15: t—channel, Wt—channel and s—channel. The Wt production has been
generated with a diagram-removal procedure to account for the interference with tf

since many beyond-leading-order diagrams for Wt production can also be interpreted
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as the production of tf at leading order [91]. The single top production plays a minor
role in the 0-Lepton channel because of its relatively low cross-section and the fact that
is not often characterised by high values of ETUsS.

!

q q
g W b
b q W
w Q.Y
b + b t d t
(a) t—channel. (b) Wt—channel. (c) s—channel.

Figure 4.15: Leading-order Feynman diagrams for single-top production in the
t—channel (a), Wt—channel (b) and the s—channel (c).

4.3.3 Diboson production

The diboson processes entering the VH, H — bb phase space are shown in Figure 4.16.
The ZZ process gives the highest contribution to the 0-Lepton and 2-Lepton channels,
while the WZ is largest in the 1-Lepton channel. The ZZ is also further enhanced due
to combinatorics since both Z bosons can decay to b—quark pairs and leptons pairs,
while in the WZ case, only the Z can decay to b—quark pairs. The WW process gives

the smallest contribution, mostly in the 1-Lepton channel in the high py regime.

m /17 v /1 v /1

z 1t /o

o

(@) WIW. (b) WZ. () ZZ.

Figure 4.16: Examples of diboson Feynman diagrams entering the VH, H — bb phase
space.



Measurements of H — bb decays in the VH production mode 61

The signal strength of the WZ,Z — bb and ZZ,Z — bb processes, where the second
vector boson decays leptonically, is measured as a cross-check of the main VH, H — bb

result.

4.3.4 Multi-jet production

Multi-jet production is one of the most abundant processes at the LHC. A schematic
for this process is shown in Figure 4.17. Multi-jet enter the VH, H — bb analysis phase

space due to ETsS mis-measurements and jets mis-identified as prompt leptons.

b

S

D jets
Figure 4.17: Simplified diagram for multi-jet production.

For the 0-Lepton channel, the multi-jet background is negligible thanks to four topo-

logical selections, also referred to as anti-QCD cuts:

1. Ap(br, by) < 140°
2. Ap(E™sS, bb) > 120°
3. Ap(ERss, piiiss) < 90°

4. min [A¢(ETSS, jets)] > 20° for 2-jet events and > 30° for 3-jet events

The first selection is motivated by Equation 4.1, since at high p4 the two b-jets tend
to be closer to each other. On the contrary, the multi-jet A¢(by, b) distribution tends
to peak at 180°, especially for 2-jet events. For the second cut, at high p¥ the vector

boson tends to be produced back-to-back with respect to the Higgs boson. The third
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selection assures that the ETsS vector measured in the calorimeters is compatible with
the ps* vector measured in the tracker within 90°. The fourth selection removes the
remaining multi-jet contribution. Details on the estimation of the remaining multi-jet

contribution in the 0-Lepton channel are provided in Appendix C.

In the 1-Lepton channel, the multi-jet contribution cannot be reduced to a negligible
level without unacceptably reducing the signal sensitivity. The multi-jet contribution
is estimated separately for the 2-jet and 3-jet categories, and in the electron and muon
sub-channels. The transverse mass of the W-boson candidate, mIW , offers good dis-
crimination between the multi-jet and the electroweak backgrounds, such as tf and
W+jets; in fact, leptonic decays of the W boson exhibits a characteristic Jacobian peak
in the mY distribution. For this reason, m¥ is fitted in multi-jet-enriched regions or-
thogonal to the signal and control regions in order to determine the contribution of
this background. The multi-jet-enriched regions are defined by applying the 1-Lepton
event selection (see Section 4.5), requiring exactly one b-jet rather than two, considering
inclusively signal and control regions and inverting (logical not) the lepton isolation
requirement. The normalisations of the multi-jet-enriched regions are calculated as a
difference between the measured data and the simulated electroweak backgrounds af-
ter fitting the m}" distribution. Then, the shapes of all the variables can be extrapolated
from the multi-jet enriched regions to the signal and control regions; this is achieved

by extrapolating dR (b, b,) and pY.

For the 2-Lepton channel, the multijet background is reduced to a negligible level
after applying the event selection (Section 4.5). This reduction stems from the require-
ment of two isolated leptons with invariant mass consistent with the Z boson. The re-
maining multi-jet contribution is evaluated using the side-bands of the dilepton mass
distribution, m;, in a background-enriched region assuming an exponentially falling
distribution for the multi-jet contribution [92]. The background-enriched region is de-
fined by requiring same-sign leptons and removing the Z-boson mass window (81 GeV

< my < 101 GeV).
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4.4 Simulated samples

Simulated MC events are used to model the signal and all the backgrounds for the
VH,H — bb analysis, except for the multi-jet production. All events are simulated at
least to Next-to-Leading-Order (NLO) accuracy for QCD calculations, except for the
gluon induced ZH and ZZ productions which are calculated at Leading-Order (LO)
accuracy. An additional electroweak NLO correction is applied to the g9 — VH pro-
cesses as a function of the transverse momentum of the vector boson using the HAWK
package [93, 94]. The default matrix element generators used for this analysis are:
POWHEG-BOX V2 [95], for signal interfaced with GOSAM [96] + MINLO [97, 98], and
SHERPA [99]. The list of the generated samples is reported in Table 4.2. Moreover, al-
ternative generators are used to derive systematic uncertainties as described in Section
4.12.2. Signal and background events have been simulated using the PDF set provided
by the NNPDEF3.0NLO collaboration [100]. For the relevant generators, the Higgs mass
and H — bb BR have been set to 125 GeV and 58%, respectively, while the top-quark
mass to 172.5 GeV. Pile-up has been simulated using PYTHIA 8.186 [101] with the A2
set of tuned parameters and MSTW2008LO PDFs [102].

Filtered samples are used to enhance the available amount of simulated events in the cor-
ners of phase space where most of the events are removed by the event selection. These
samples are designed to reduce the statistical error of the simulated data set. Filtered
samples are generated in bins of truth-level variables using stable final-state particles as
inputs, instead of the reconstructed physics objects. In the 0-Lepton channel ¢f filtered
samples have been generated in order to populate regions with high values of ETs;
details on these samples will be provided in Section 4.9.1. The main V' + jets samples
have been generated in bins of max(Hr, pY) where Hr is the scalar pr sum of all the
jets in the event and pY is the transverse momentum of the vector boson. The V + jets
max(Hr, pY) samples are then combined with samples filtered by pY and m;j, simply
referred to as P¥ -mj; samples (details in Section 4.9.2). Lastly, the inclusive diboson

VZ,Z — q7 sample has been combined with a flavour-filtered VZ, Z — bb sample.
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Process Matrix Element generator Parton Shower  Cross-section order

Signal

qq9 — ZH — 11bb

qq9 — WH — ITvbb
q9 — W~H — [-7bb
qq — ZH — vibb
¢ — ZH — vibb
g9 — ZH — 1Ibb

PYTHIA 8.212
PYTHIA 8.212
PYTHIA 8.212
PYTHIA 8.212
PYTHIA 8.212
PYTHIA 8.212

NNLO(QCD)+NLO(EW)  8.91-10-2
NNLO(QCD)+NLO(EW)  1.64-10"!
NNLO(QCD)+NLO(EW)  1.04-10°!
NNLO(QCD)+NLO(EW)  2.99-10-2
NLO+NLL [103] 1431072
NLO+NLL 4.80-1073

POWHEG-BOX V2 + GOSAM + MINLO
POWHEG-BOX V2 + GOSAM + MINLO
POWHEG-BOX V2 + GOSAM + MINLO
POWHEG-BOX V2 + GOSAM + MINLO
POWHEG-BOX V2 + GOSAM + MINLO
POWHEG-BOX V2 + GOSAM + MINLO

Top pair and single top productions

tt POWHEG-BOX v2 PYTHIA 8.230 NNLO+NNLL [104] 832

s-channel s-top POWHEG-BOX v2 PYTHIA 8.230 NLO [105] 3.35

t-channel s-top POWHEG-BOX v2 PYTHIA 8.230 NLO [106] 70.4

Wt-channel s-top POWHEG-BOX v2 PYTHIA 8.230  Approximate NNLO [107] ~ 71.7
Vector boson + jets

W — v SHERPA 2.2.1 SHERPA 2.2.1 NNLO [108] 6.02-10*

Z/v*— SHERPA 2.2.1 SHERPA 2.2.1 NNLO 6.30-10°

Z = vy SHERPA 2.2.1 SHERPA 2.2.1 NNLO 1.07-10*
Diboson

qq9 - WW SHERPA 2.2.1 SHERPA 2.2.1 NLO 45.7

qq — WZ SHERPA 2.2.1 SHERPA 2.2.1 NLO 21.7

qq — ZZ SHERPA 2.2.1 SHERPA 2.2.1 NLO 6.53

8g— Vv SHERPA 2.2.2 SHERPA 2.2.2 NLO 3.09

Table 4.2: Nominal simulated samples used in VH, H — bb analysis and correspond-
ing cross-sections at /s = 13 TeV [4].

4,5 Event selection

The complete event selection for the three lepton channels in the VH, H — bb analysis
is reported in Table 4.3. All the events are required to have exactly two b-jets, forming
the Higgs-boson candidate. One or more additional non-b-tagged jets are allowed,
depending on the lepton channel. Central jets must have pp > 20 GeV while forward
jets pr > 30 GeV. The highest pr b-jet, also referred to as leading b-jet, must have a
transverse momentum greater than p? > 45 GeV, given the high pY{ of the vector
boson against which it recoils. In the next sections, the specific event selection for each
channel is described. The signal acceptances for the three channels after the complete

event selection are reported in Table 4.4.

4.5.1 0-Lepton selection

Events with no loose leptons (definition in Section 3.2.1 and Section 3.2.2) are accepted
in the 0-Lepton channel. The multi-jet background is rejected using four selections
described in Section 4.3.4. The EXss trigger is used to select events during on-line data

acquisition. Different trigger thresholds are deployed for the various years of data-
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taking to account for different beam conditions. EXsS trigger thresholds range between
70 GeV and 110 GeV. An off-line selection on the fully-calibrated ETS is placed at 150
GeV. The ETss trigger efficiency is measured in the 1-Lepton channel using single-
muon triggered data in V+jets and ff events. The trigger efficiency reaches a plateau
at EITniSS ~ 180 GeV, and before that correction scale factors, with values greater than
0.9, are applied to the simulations to correct for residual turn-on effects for differences
in data and simulations. Lastly, the EX* trigger shows a small dependence on the jet
multiplicity in the event, which is removed by applying a selection on the scalar sum
of the transverse momenta of the jets: Hy > 120 GeV and Hr > 150 GeV for 2-jet and

3-jet events, respectively

4.5.2 1-Lepton selection

In the 1-Lepton channel, events with exactly one tight lepton (definition in Section 3.2.1
and Section 3.2.2) are accepted (see Sections 3.2.1 and 3.2.2). Single-electron triggers are
used in the electron sub-channel and EM* triggers are used in the muon sub-channel
since these triggers perform better at high p¥ than muon triggers. An off-line pr re-
quirement is applied to leptons: p¢. > 27 GeV and p} > 25 GeV. An additional selection
EMiss > 30 GeV is applied to improve the rejection of the multi-jet background in the

1-Lepton channel.

4.5.3 2-Lepton selection

Events with exactly two same-flavour loose leptons are accepted in the 2-Lepton chan-
nel. Single-lepton triggers are used both for the electron and muon sub-channels. The
leading lepton p1 has to be greater than 27 GeV. Lastly, the invariant mass of the two
lepton system, m;;, has to be compatible with the Z boson mass (81 GeV < mj; < 101
GeV).
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Number of jets
b-jets

by
Pt
Central jets pt
Forward jets pt
p¥ regions
Signal regions
Control regions

2 or 3 jets (3 or more for 2-Lepton).
Exactly 2 b-jets
> 45 GeV
> 20 GeV
> 30 GeV
[75,150] GeV (only 2-Lepton), [150,250] GeV, [250, co] GeV
AR(by, by) signal selection
High and low AR(by, bp) side-bands

(a) Common selections and categorisation

Trigger Emmiss
Leptons 0 loose leptons
Emiss > 150 GeV
Hry > 120 GeV (2 jets), >150 GeV (3 jets)
min[Ap(EF™,jets)] > 20° (2jets), > 30° (3jets)
A(p(EmlSS bb) > 120°

A (b1, b2) < 140°

(EmlSS mlSS) < 900

(b) 0-Lepton

Sub-channels electron sub-channel and muon sub-channel

Trigger single lepton (e sub-channel)
EITniss (4 sub-channel)
Leptons 1 tight electron, p$ > 27 GeV (e sub-channel)
1 tight muon, p# > 25 GeV (u sub-channel)
0 additional loose leptons
ETmiss > 30 GeV (e sub-channel)
(c) 1-Lepton
Trigger single lepton
Leptons 2 loose lepton, plT > 27 GeV
Lepton flavours same

Lepton sign charges  opposite only for muons

m

81 < my; < 101 GeV

(d) 2-Lepton

Table 4.3: Event selection and categorisation for the VH, H — bb analysis [4].
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Process Acceptance [%]

0-Lepton 1-Lepton 2-Lepton

qq — ZH — vvbb 1.9 - -
g¢ — ZH — vvbb 3.5 - -

qq — WH — lvbb 0.2 1.1 -
g7 — ZH — 1Ibb < 0.1 0.2 6.4
9¢ = ZH —» 1Ibb < 0.1 0.3 14.5

Table 4.4: Signal acceptances obtained from simulated signal samples for the three
lepton channels. The acceptances are computed as the fraction of events remaining in
the inclusive signal and control regions after the event selection has been applied [4].

4.6 Event Categorisation

Events are categorised according to multiple criteria in signal and control regions. The
categorisation criteria are the number of charged leptons, the transverse momentum
of the reconstructed vector boson (or ETT’“iss for the 0-Lepton channel) and a continuous
selection based on two p¥ dependent AR(by, by) criteria. The continuous selection is
reported in Equation 4.6 and Equation 4.7. The criteria have been designed for the
1-Lepton channel and extended to the two other lepton channels. The selections in
Equation 4.6 define a control region for high values of AR(by, by), referred to as High-
AR-CR, which is enriched in tf events in the 0-Lepton and 1-Lepton channels. The
specific values of the continuous selections have been designed to keep 95% and 85%
of the signal events in the signal region (SR). Conversely, the selections in Equation
4.7 define the Low-AR-CR, which retains 90% of the diboson events in the SR, which
is sufficient to perform the diboson validation analysis (see Section 4.13.3). In Figure

4.18, the SRs and CRs selections for the 1-Lepton channel are shown.
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ARZ-jet category(blr bz) > 0.87 + 61‘38_0'00795'p¥
(4.6)

AR3ijet category (b1, b2) > 0.76 + ¢1:33-000730-py

v
ARZ—jet category(blr bZ) < 040+ 30'78870'01023.%

4.7)
AR3 et category (b1, b2) < 0.42 + £0:268—0.00809-pY

In Figure 4.19, the pre-fit simulated background composition is reported for the 0-

Lepton analysis regions.

In addition to the CRs and SRs previously described, in the 2-Lepton channel, six very
pure control regions (ey-CRs) are defined. In the eu-CRs, the same-flavour lepton re-
quired by the 2-Lepton event section is replaced by requiring exactly one electron and
one muon. The ey-CRs are defined for each of the 2 jet categories and 3 p¥. categories
in the 2-Lepton channel. These control regions are more than 99% pure in tf and single-
top Wt events. The ratio between the simulated and the measured data yield agrees
within 1% in all the ey-CRs. Therefore, shapes and normalisations are extrapolated
from data in the ep-CRs to the analysis SRs and CRs. The advantage of this method
is that the only modelling uncertainty associated with the extrapolation is the data

statistics in the ep-CRs.
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Figure 4.18: Bi-dimensional AR (b, b,) distribution as a function of p¥ for 2-jet (a) and

3-jet (b) categories in the 1-Lepton channel. The black lines separate the signal and
control regions defined in Equation 4.6 and Equation 4.7 [4].
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Figure 4.19: Pre-fit 0-Lepton background composition in signal and control regions.
From left to right: Low-AR-CR, SR and High-AR-CR. From top to bottom: 2-jet 150
GeV < ERiss < 250 GeV category, 2-jet 250 GeV < EMsS category, 3-jet 150 GeV <
Emiss < 250 GeV category and 3-jet 250 GeV < EXsS category. Values below 5% are not

reported on the pie charts.



Measurements of H — bb decays in the VH production mode 71

4.7 Simplified Template Cross Sections

One of the main goals of the analysis is to perform cross-sections measurements in five

Simplified Template Cross Sections (STXS) bins.

STXSs are fiducial cross-sections defined in simplified fiducial regions [109]. A fiducial
region is a portion of the truth-level phase-space, which is populated by particles with
arelatively long lifetime > O(1078) s. At the detector-level, particles are reconstructed
in physics objects with a certain efficiency within the detector acceptance. The aim of a
fiducial measurement is to define a selection as close as possible between the truth-level
and the detector-level in order to minimize the extrapolation between the two. The
simple cuts that are applied in fiducial measurements cannot be integrated easily with
a MVA technique. In fact, MVAs, which increase most of the current analysis sensitivi-
ties, are not easily reproducible at the truth level. A compromise between performing
a fiducial measurement and using advanced multivariate techniques can be reached
by introducing the STXS framework [110, 111]. Rather than considering fully differ-
ential distributions, such as p¥ , in the STXS framework the cross-sections are divided
into sub-cross sections, known as bins. Moreover, the Branching Ratio is factorised
out of the measurement to reduce further theory dependent factors originating from

combining measurements.

For the VH, H — bb analysis, the chosen STXS bins are shown in Table 4.5. The signal
distributions for each STXS bins have been estimated using generator truth informa-
tion, denoted with a superscript t. With this notation pY is the traverse momentum
of the vector boson reconstructed from the physics objects measured by ATLAS, while
p¥ 'tis the truth-level boson transverse momentum. As illustrated in Table 4.5, for each
category at truth-level there is a corresponding category at the reconstructed level.
This specular definition of truth-level and reconstructed categories allows the corre-
lation among the STXS bins to be reduced, as it can be seen from Figure 4.20(a) and
Figure 4.20(b). Lastly, since the VH, H — bb analysis has very low sensitivity below
pY < 150 GeV for WH production and py. < 75 GeV for ZH production, there are no

corresponding STXS bins for those regions.
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Figure 4.20: Signal event yields (a) and signal acceptances (b) for STXS and recon-
structed categories [4]. Only yield contributions above 0.1 and acceptance contribu-

tions above 0.1% are reported.
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STXS region Corresponding reconstructed analysis regions

Process p¥’t interval Number of charged leptons  pY interval ~ Number of jets

WH  150-250 GeV 1 150-250 GeV 23

WH > 250 GeV 1 > 250 GeV 23
ZH  75-150 GeV 2 75-150 GeV 2 >3

JH 150950 Gev 0 150-250 GeV 23
150-250 GeV 2 >3

ZH > 250 GeV > 250 GeV 2,3
> 250 GeV 2 >3

Table 4.5: The simplified template cross-section regions and the corresponding recon-
structed analysis regions [4].

4.8 Improvements on invariant mass resolution

The invariant mass of the two b-jets is the most important variable to discriminate
between the VH, H — bb signal and the background processes. Several corrections
can be applied to the m;;,, which exploit either the particular nature of b-jets or unique

features of the VH, H — bb topology. The my,, corrections are:

* Muon-in-jet correction. B-hadrons during their decay chain can produce a muon.
In fact, 12% of the b-jets passing the event selection contain at least one muon in-
side their jet cone. In the calorimeters, a muon deposits only a few GeV of energy
loss. To recover the correct jet energy response, the muon deposited energy in the
calorimeters is removed and the muon reconstructed four-momentum is added
to the b-jet. This correction is applied only to muons with p} > 4 GeV and |#| <
2.7. Moreover, the muon has to be within AR(y, b —jet) < min(0.4,0.04 +10/pk)
from the b-jet to better reject prompt muons. If more than one muon is found
in the jet cone, the closest one in AR to the jet is chosen. Systematic uncertain-
ties on the momentum correction and efficiency scale factors were found to be

negligible. This correction is applied to all the three lepton channels.
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® PtReco correction. After the muon-in-jet correction, the PtReco correction is ap-
plied. This correction aims at recovering the energy loss associated with possible
neutrinos inside the b-jet and particles escaping the reconstruction cone of the b-
jet. Correction scale factors were calculated in simulated ZH — I7]~bb events by
taking the ratio of the pt distributions of truth jets and the corresponding recon-
structed ones. The correction scale factors were computed separately for events
in which the b-jet decays semi-leptonically or hadronically. The correction factors
are derived in the nominal analysis and propagated to all systematic variations.
For this reason, no additional uncertainty is applied on top of the standard jet
uncertainties. This correction is applied only to the 0-Lepton and 1-Lepton chan-

nels.

Kinematic Fit. In the 2-Lepton channel, after the muon-in-jet correction, a Kine-
matic Fit is performed. In this channel, Efrniss originates only from the inherent
transverse momentum of the incoming partons and from the neutrinos in the
semi-leptonic decays of the two b-jets. Except for these two effects, the ZH —
I"17bb events should be perfectly balanced. Moreover, the energy resolution of
leptons is significantly better than that of b-jets. These properties allow a fit to
be performed in which the energies of the particles are left floating within the re-
spective resolutions, calibrating the energy of the b-jets using the precisely mea-

sured leptons.

The b-jet energy corrections for the 0-Lepton channel can be seen in Figure 4.21.
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Figure 4.21: Comparison of the my, distributions for the b-jet energy corrections in
the 0-Lepton channel for 2-jet and 3-jet categories. The jet reconstruction used in the
analysis is EMTopo (see Section 3.2.4). The distributions have been fitted with a Bukin
function to account for the asymmetric shape of the peak [112].
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4.9 Improvements on the available number of simulated events

Having a large number of simulated events in the analysis phase space is of primary
importance for every physics analysis. In this section, two techniques are discussed
to increase the number of available events: simulated filtered samples (introduced in

Section 4.4) and statistical b-tagging.

4.9.1 Filtered t truth EXisS samples

The tf production is one of the largest backgrounds for the VH,H — bb analysis.
To properly describe this background, it is necessary to have a sufficient number of
generated Monte Carlo events. In the 0-Lepton channel, the Eis* > 150 GeV selection
(Section 4.5) removes a large number of events. Therefore, generating events with high
values of ET® will greatly increase the probability of events passing the final analysis

selection.

Filtered tf truth EIT’niss samples have first been introduced in the VH, H — bb analysis
with the 2015 - 2017 dataset [2]. Therefore, the plots and tables in this section have been
done with L = 79.8 fb™!, improving the global expected sensitivity of the analysis by
2% and contributing to reach the observation of H — bb decays. For the Full Run 2
analysis with L = 139 fb~!, the number of generated events of each sample has been

increased by a factor ~ 2.

Table 4.6 summarises the additional samples (also referred as slices) generated and
the filters applied. For the filtered samples, truth E?S is defined at truth-level as the
vectorial sum of all neutrinos originating from the hard-scatter process. The events
have been generated with POWHEG-BOX V2 with the same cross-section but different
filter efficiencies. All the events generated are either di-leptonic or semi-leptonic given

that fully hadronic tf events do not enter in the 0-Lepton phase space (see Section 4.3.2).

Figure 4.22 shows the truth EXss distribution for the four EI** filtered samples, com-

pared to the inclusive tf sample in the 0-Lepton 2-jet and 3-jet categories. The top panel
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Process Truth selection Efilter Simulated events
tt - 0.54386 235M

tt 100 < truth ETiss < 200 GeV  0.0952 22M

tt 200 < truth Ess < 300 GeV  0.0080 25.1M

tt 300 < truth EMs < 400 GeV  0.0011 6.6 M

tt truth ETss > 400 GeV 0.0003 5M

Table 4.6: tf EI*S filtered samples used in the 0-Lepton channel during the 2015 - 2017
analysis [2]. For the full Run 2 analysis, the statistics of each sample has been increased
by almost a factor ~ 2.

presents the comparison of the MC statistical uncertainty in each bin, while the second

panel shows the ratio of the inclusive sample to the filtered ones.
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Figure 4.22: The truth EIs¢ distribution for the four EXS filtered samples, compared
to the inclusive tf sample in the 0-Lepton 2-jet (left) and 3-jet (right) categories. The
middle panel presents the comparison of the MC statistical uncertainty in each bin
while the bottom panel shows the ratio of the inclusive to the filtered MC samples.

Due to the method by which the samples were generated, events from slices with truth
EMiss > 200 GeV can in principle overlap with the inclusive sample, while for the
100 GeV < truth EMiss < 200 GeV slice, there is no overlap of events. Therefore only
events in the filtered samples were included for truth EFS > 200 GeV. The complete

prescription to combine these samples is as follows:
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* Select events only from the EX* filtered samples if truth EX > 200 GeV.

* Select events from both the nominal and E™** filtered samples but multiplying

their respective MC weight by a factor 0.5 if 100 GeV < truth ERss < 200 GeV

* Select events from only the inclusive tf sample if truth EFss < 100 GeV

The factor of 0.5 for the 100 GeV < truth EMsS < 200 GeV slice was chosen because the
inclusive sample and the corresponding filtered sample have comparable statistics in

that region; more details are available in Appendix A.

Figure 4.23 presents the E?ss distribution for the combination of the four EXs filtered
samples and the inclusive sample, compared to the stand-alone tf sample by itself. As
can be seen for EMs* > 200 GeV, the MC statistical uncertainty is reduced by a factor

of 5. In addition, for the 100 < E%‘iss < 200 GeV slice, the MC statistical uncertainty is
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Figure 4.23: The truth EMsS distribution of the combination of the four EXS filtered
samples and the inclusive sample, compared to the inclusive tf sample in the 0-Lepton
2-jet (left) and 3-jet (right) categories. The second panel from the top presents the
comparison of the MC statistical uncertainty in each bin, the third panel from the top
presents the relative reduction in the MC statistical uncertainty and the bottom panel
shows the ratio of the inclusive to the filtered MC samples.
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The BDTyy discriminant is the fitted variable in the MVA measurement; details on
the MVA analysis strategy will be provided in Section 4.10. Figure 4.24 presents the
comparison of the 0-Lepton BDTyp discriminant distribution in the 2-jet and 3-jet sig-
nal regions, with and without the combination of the filtered tf truth EXsS samples.
Good agreement between the inclusive tf sample and the combination of the filtered
samples is observed. The method achieves a 40% reduction in the MC statistical un-
certainty across the entire BDTy y distribution. This increases to a 75% reduction in the

statistical uncertainty in the most sensitive bin.
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Figure 4.24: The 0-Lepton BDTyp discriminant distribution of the combination of the
four EMsS filtered samples and the inclusive sample, compared to the inclusive tf sam-
ple by itself in the 0-Lepton (left) 2-jet and (right) 3-jet categories. The second panel
from the top presents the comparison of the MC statistical uncertainty in each bin, the
third panel from the top presents the relative reduction in the MC statistical uncertainty
and the bottom panel shows the ratio of the inclusive to the filtered MC samples.

4.9.2 Filtered samples for Z+jets

A new filter being developed by a team studying H — invisible decays [113] for the
Z — v background has been tested during the observation analysis [2]. This filter

was charactered by being sliced in two quantities: py and mjj. The former quantity
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would populate events with high E™® while the latter, defined as the invariant mass
of the two largest pr jets in the event, would populate events with high m;;, which is

characteristic of the VBF topology. In Table 4.7, the Z — v7 filtered samples are shown.

In Figure 4.25, the BDTyy discriminant distribution for the max(Hr, p¥ ) combined
samples and the p{-m;; samples are reported for the O-Lepton 2-jet (left) and 3-jet
categories (right). Given the similar statistical error of the two types of sample, it
was decided to combine them, each weighted by a factor 0.5, in a similar way as the
100 < truth EMss < 200 GeV slice described in Section 4.9.1. The two slices that con-
tribute most in the 0-Lepton phase space are: 140 < p{ < 280 GeV with 0 < mj; < 500
GeV and 280 < p¥ < 500 GeV. Unfortunately, due to a delay, these py samples were
not included in the observation analysis [2]. However, they have been included in the

full Run 2 analysis.
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Figure 4.25: The 0-Lepton 2-jet (left) and 3-jet (right) BDTyy discriminant distribution
for the max(Hr, p¥) combined samples and the p¥ samples. In the legend, only the
samples contributing the most in the 0-Lepton phase space have been highlighted. The
second panel from the top presents the comparison of the MC statistical uncertainty in
each bin for the two types of sample, the third panel from the top reports the ratio of
the relative errors and lastly the bottom panel shows the ratio of the max(Hr, pY) to
the filtered p¥ samples.
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Truth selection o [pb] Simulated events
70 < p¥ < 100 GeV 323.649 135M
100 < pf < 140 GeV, 0 < mj; < 500 GeV ~ 111.267 IM
100 < pf < 140 GeV, 0.5 < mj; <1TeV ~ 4.39739 585 k
100 < py < 140GeV,1 < mj; <13TeV ~ 1.18657 180 k
140 < p{ <280 GeV, 0 < mj; < 500 GeV  56.4852 6.75M
140 < py <280GeV,05 < mj; < 1TeV  4.32468 720 k
140 < py <280GeV,1 < mjj <13TeV ~ 1.42901 2475k
280 < p¥ < 500 GeV 4.41812 900 k
05 < p¥ <1TeV 0.3044 500 k
1<p¥ <13TeV 5.852-1073 200k

Table 4.7: Z — v¥ + jets additional samples filtered in pY and m;j; relevant for the
VH,H — bb analysis.

4.9.3 Statistical b-tagging

The MV2c10 algorithm described in Section 3.2.4.3 is characterised by a high rejection
rate for c-jets and I-jets. Nevertheless, a sizeable amount of events containing these
flavours of jets enters the VH,H — bb analysis phase space. By removing all the
events in which the non-b-flavour jets do not meet the b-tagging value threshold (direct-
tagging), the statistics of these samples would be highly depleted; this depletion creates
irregular templates for physics processes with non-b-flavour jets, which suffer from

statistical fluctuations.

An alternative approach to direct tagging is truth-tagging (also referred as statistical b-
tagging): to each MC event it is possible to assign a weight based on the probability to
have n b-tagged jets in the event, rather than removing the event completely when the
b-tagging requirement is not met. In this way;, all the events are kept and simply scaled
down by a weight factor. As an example, for events with three jets, in which only
two jets are required to be b-tagged, the probability weight is calculated as wepent =
6{1 €£2 (1— 653 )+e'(1— egz)eé% +(1- 6{1 )6£2€§3, where ¢; is the b-tagging efficiency for
ajet of a given flavour f;. Although the truth-tagging approach increases the available
statistics, it is characterised by a slightly worse agreement between data and simulation
compared to direct-tagging, especially when b-jets are truth tagged. For this reason, a
compromised approach has been chosen, called hybrid-tagging. In hybrid-tagging, b-

jets are direct-tagged while non-b-jets are truth-tagged; the event weight is a product of
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the b-jet flavour tagging scale factors (in Figure 3.5) for the b-jets, and the truth-tagging

weight for the non-b-jets.

4.10 Multivariate analysis strategy

Boosted Decision Trees (BDTs) have been trained to maximize the analysis” sensitivity
[67]. BDTs are a multivariate technique commonly used in High Energy Physics to
discriminate a signal process from its backgrounds [114]. A TMVA implementation
of the Gradient Boosting algorithm has been chosen as training method for the BDTs
[115].

In the main multivariate analysis, a set of BDTs has been trained in order to separate the
VH signal from all the other processes. Similarly, in the diboson cross-check analysis,
a second set of BDTs has been trained to distinguish the VZ processes from all the
others, including the V H production. The trainings have been performed using all the
simulated samples reported in Table 4.2. Moreover, separate BDTs have been trained
for each lepton channel and jet category in the inclusive phase space. For each separate
lepton channel and jet category, the inclusive phase space is defined by merging the
different SRs, CRs and p¥ bins (except for 75 GeV < p{ < 150 GeV in the 2-Lepton
channel). The training dataset has been divided into two subsets (50% — 50%): the first
sub-set has been used for the actual training of the BDTs, while the second sub-set has
been used to test for over-training. Over-training occurs when the machine learning
model has learnt the training dataset in too much detail and is not able to provide
good predictions on a new dataset. To check for over-training, the BDT output scores
evaluated on the two sub-sets have been compared; since very similar distributions
have been found between the training and testing sub-sets, it has been concluded that
no over-training occurred. Similarly, also the Receiver Operating Characteristic (ROC)
[116] curves for the training and testing samples have been compared to provide a
second cross-check. Lastly, the training-testing procedure has been then repeated with

inverted sub-sets to exploit the full available statistics.
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Input variables (also known as features) for the BD Ty and the BDTy 7 are reported in

Table 4.8 for each lepton channel.

Variable 0-Lepton 1-Lepton 2-Lepton

Mpp X X X

=
H<
|
T
=3
E.
12
X X X X X X X
X X X X X

miss,st

Pt

Erli—‘nlSS
min[A¢ (¢, b)]
my’

|Ay(V, bb)|
mtop

Ay (V,bb)]
E?BS/E
nyy
cosO(¢,27)

X
X
X
TMeff X
X
X

X X X X X

X X X X

Only in 3-jet events
jets
Pr X X
Mpbj X X X

X

Table 4.8: Variables used for the training and evaluation of the BDTs in each lepton
channel.

The invariant mass of the di-jet system, the leading and sub-leading jet pr, the angular
separation in AR between the two b-jets, the transverse momentum of vector boson
and the angular separation in A¢ between the di-jet system and the vector boson are
the common variables used in all the three lepton channels. The p of the third jet and
the invariant mass of the three-jet system are used in all the lepton channels only in the
3-jet category. In the 0-Lepton and 1-Lepton channels also the binned b-tagging scores
(quantiles) for the b-jets have been used to discriminate against the tf background. In
0-Lepton channel, also to reject the tf background, the magnitude of the track-based
missing transverse energy, pT***', has been added (details in Section 4.10.1). The other
variables specific to the 0-Lepton channel are the m, ¢, which is the scalar sum of the

pr and E%‘iss in the event, and |A#(by, by)|. In the 1-Lepton channel, 11, aims at recon-
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structing the mass of the leptonically decaying top quark, while m} is the transverse
mass of the W boson candidate; min[A¢(¢,b)] and |Ay(V, bb)| also provide good dis-
crimination against tf. In the 2-Lepton channel, most of the variables are selected to
discriminate against Z + jets, except for EXss//St, which is effective at suppressing
the di-leptonic tf decays, where St is the scalar sum of transverse momenta of the

physic objects in the event.

The BDTs output scores are fitted in histograms, whose binning has been optimised in
order to maximise the expected sensitivity while keeping the statistical error in each
bin below a certain threshold. Details on the procedure can be found in Reference [2].
For the main VH analysis, the SR histograms in regions with pf < 250 GeV have 15
bins, while SR histograms in regions with p{ > 250 GeV have 8 bins due to the smaller

number of events in these regions.

4.10.1 New input features: b-tagging scores and p?iss's’t

Three new variables have been added to the 0-Lepton channel for the full Run2 VH, H —
bb analysis with respect to the observation analysis [2]: the two b-tagging quantile
scores of the leading and sub-leading b-jets (MV2) and the soft ETss p%ﬁs 55, The main
target for both sets of variables is the tf background. In order to assess the potential of

each variable, several metrics have been carefully evaluated:

1. Shapes. The normalised variable shapes for the signal VH have been compared
with the ones of backgrounds to assess the discriminating potential of each vari-

able.

2. Correlations. The linear correlation, p,, = cov(x,y)/(0x0,) between each train-
ing variable has been tested. A new variable highly correlated with one already
present might indicate that the discriminating power of the new variable is al-
ready partially included in the old one. The correlation matrices for the signal
and main background processes for the 2-jet category in the 0-Lepton channel

are reported in Appendix D.
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3. MVA retraining and evaluation of the ROC. An XGBoost [117] based implementation
of the MVA discriminant has been used to test the new variables, in parallel to the
implementation in TMVA. Details on the XGBoost implementation is provided in
Section 5.3. For the retraining, each new candidate variable has been added, one
at a time in the MVA training. Then, the Receiver Operating Characteristic curve

area has been used as metric to assess the effectivness of the new variable [116].

4. Simplified significance. A simplified formula [118] can be used to estimate the

analysis significance without performing the full fit:

S = \/Z[Z(Si +b;)In(1+ %) — Si] (4.8)

where the summations run over the MVA bins for signal and background events.

5. Significance. The analysis significance has also been determined using the full

Asimov fit, described in Section 4.11.

MV2(b;) and MV2(b,) quantiles are very effective at recognizing the tf — bc background
in the high pY regions. Since these variables are assigned only to b-jets that have al-
ready been tagged at the 70% working point, they can assume only two values: one for
a b-tagging score in the range (60% — 70%) and another one for (0% — 60%). The sum
of MV2(b;) and MV2(b,) for the signal and ¢t 2-jets events in the p¥ > 250 GeV region
is shown in Figure 4.26. The comparison clearly indicates that a substantial fraction
of tt events is not as pure in bb content as the signal. The inclusion of MV2(b;) and

MV2(b,) in the MVA improves the significance of Asimov fit by ~ 7%.
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0-Lepton, qg - VH - vibb, 2-jet category, EMiss > 250 GeV

(0%-60%)+(0%-60%)

(0%-60%)+(60%-70%)

MV2(b1)+MV2(b2)

(60%-70%)+(60%-70%)

200 225
mpp [GeV]

(@) g4 — ZH — vibb.

0-Lepton, tt, 2-jet category, EPsS > 250 GeV

(0%-60%)+(0%-60%)

(0%-60%)+(60%-70%)

MV2(b1)+MV2(b2)

(60%-70%)+(60%-70%)

mpp [GeV]

(b) tF.

Figure 4.26: Sum of MV2(b;) and MV2(b;) quantiles for 0-Lepton 2-jets events for
EMiss > 250 GeV. The top plot shows the main 0-Lepton signal, while the bottom plot
shows the tf background.

Another variable that was found to improve the sensitivity is the track-based soft miss-
ing energy p™**, described in Section 3.2.5. This variable evaluates the amount of
non-reconstructed objects in the event, which is particularly useful especially for rec-

ognizing tf events that are characterised by mis-reconstructed leptons and jets. The

miss,st -

shape of p; is displayed in Figure 4.27; as it can be noticed, the shapes of the sig-

nal and #f are different. Moreover, p"** is not particularly correlated with the other
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variables, such as EI®, as it can be seen in Appendix D.

007 1 qg - VH - vibb
tt
0.06 [1 W+jets
[ Z+jets

0.05
004 Vs=13TeV,L=139fp!
© 0-Lepton selection, 2-jet

0031 |

0.02

0.01

0.00

0 10 20 30 40 50 60

p_rrniss, st [GeV]

Figure 4.27: Normalised shapes of p"**" for the main signal and background pro-
cesses in the 0-Lepton channel 2-jet category.

One important concern for adding this variable to the MVA was its modelling in dif-
ferent MC generators due the difficulty of accurately modelling mis-identification of
leptons and jets. The comparison of pI™*>* for the nominal and an alternative MC
(POWHEG+HERWIGY) generator in tf events shows a good agreement as noted in Fig-

ure 4.28. Adding this variable to the MVA improves the Asimov significance by ~ 2%.

Nominal tT (PwPy8)
—— Alternative tf (PH7)

=
P 025

0.2
f5=13TeV,L=139 1™
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0.
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OO0 ——
oom-hmm..m-hmmm =
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p:Iss,st [GBV]

Figure 4.28: Comparison of p"** for the nominal and alternative MC generators in tF
2-jet events with 150 GeV < EXsS < 250 GeV.
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4.11 Statistical analysis

A simultaneous fit procedure is used in the VH, H — bb analysis to measure the pa-
rameters of interest (POI) by maximising a global likelihood function [118]. The POI

are of two types: signal strengths u and cross-section times branching ratio.

411.1 The likelihood function

The likelihood function L assesses the goodness of fit between two datasets: the first one
composed by the measured data and the second one obtained by MC simulations for
a given hypothesis to test. For this analysis, the hypotheses to test are the POI with
respect to the values predicted by the Standard Model. The signal strength is defined

as
o+ BR

) 49
0sm - BRsym “9)

],[:

assuming a Poisson probability distribution in each bin. The likelihood for the signal

strength can be written as

reg bms V Sz]+bz])

Pozsson - H H

o~ (Hsij+bij) (4.10)

where 1;; are the measured number of data events for a given bin i in a region j, while s;;
and b;; are the predicted numbers of signal and backgrounds events for the same bin.
The definition of the likelihood in Equation 4.11 covers only statistical fluctuations
originating from the statistical nature of the measurement. To include uncertainties
originating from the limited resolution of the experimental apparatus or theoretical
prediction, the likelihood can be extended by adding additional degrees of freedom in
the form of nuisance parameters. The description of the systematic uncertainties entering
the analysis will be provided in Section 4.12. The set of nuisance parameters 0 enters

in the likelihood as Gaussian multiplicative terms

N:.ys 1 (9_1(79k)2

E(V/ 6) = £ Potsson H \/ﬁ 20 (4.11)
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where 0y is defined to be equal to 6 = 1 for normalisation uncertainties and to 0y = 0
for the others, and 07 represents the uncertainty associated with the nuisance param-
eter 0. Lastly, one additional factor is included in the likelihood to account for a fi-
nite amount of simulated events, according to the Barlow and Beeston approach [119],
where a new nuisance parameter per bin of the fitted distributions provides an addi-

tional degree of freedom for the total MC prediction within its statistical uncertainty.

For the STXS measurement, the signal strength in Equation 4.9 and the likelihood in
4.11 can be extended to the cross-section times branching ratio POI in the following

way:
01 BR(H — bb) - BR(V — lep)

= _ 4.12
#por OsMm,l * BRSM(H — bb) . BRSM(V — lb’p) ( )
reg bins (ZSTXS UPpOL] - Siil + b..)”ij STXS
E(V)Poisson = HH ! 1’1,"' J J 67(21 yPOI”‘s"jﬁLb"f) (4.13)
joi e

where STXS are the five STXS bins.

4.11.2 The likelihood ratio

From the likelihood function, it is possible to define a statistical test to quantify the

compatibility between two hypotheses:
Ap) = =2 (4.14)

known as likelihood ratio. In Equation 4.14, 0 represents the value of the set of nuisance
parameters @ that maximises the likelihood for a given value of y, whereas fi and
represent the values that maximise the likelihood when both 7 and 8 are allowed to
vary simultaneously. A small value of A(y) indicates a bad agreement between the
measured data and the initial hypothesis for . Discovering a signal can be thought

of as rejecting the background-only hypothesis; with this purpose, the test statistics g
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can be defined

0 (4.15)
The condition in the second line of Equation 4.15 creates a statistical test that considers
a signal process that does not interfere destructively with the background processes
[118]. To quantify the rejection of the hypothesis of only background, it is useful to

define the p-value as

Poobs = f(qolp = 0)dqo (4.16)

q0,0bs
where g ,ps is the measured test statistics in data and f(qo|p = 0) is the probability dis-
tribution function of the test statistics, which can be approximated analytically thanks
to the Wald approximation [118]. In conclusion, the p-value quantifies the probability
of obtaining the measured results assuming only a fluctuation of the backgrounds. A
common way to quote the p-value is in terms of the standard deviations of a standard

Gaussian distribution using its inverse cumulative distribution, @
-1
Z = (poors — 1) (4.17)

In the particle physics community, Z = 3 is considered the threshold for the evidence
of a new phenomenon, Z = 4 is regarded as strong evidence, while Z = 5 is required to

claim the observation.

The uncertainties ¢ associated with the observed fI are the values that satisfy In(L(j1 +
7)) ~ In(Lyax) —1/2, which is obtained by Taylor-expanding the log-likelihood around
its maximum. In order to evaluate the contribution of the nuisance parameters to the

measured y, two methods are used: the breakdown method and the ranking method.

In the breakdown method, one or more systematic variations belonging to a common
group (e.g. jet systematics) are removed from the fit model. Then, the likelihood is
re-maximised and the error on y is recalculated. Lastly, the error contribution of the
given systematic error is calculated by subtracting quadratically the total error esti-
mated without the systematic from the total error with all the systematics. This proce-

dure is repeated for all the groups of systematics.
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In the ranking method, a group of systematics are fixed to the upward and downward
variations corresponding to ¢ = 1. Then, the likelihood is re-maximised and the shift
A],tsiys = U410, — fi calculated. The shifts are calculated for all the systematics and then

ranked from the largest to the smallest.

Before performing the unblinded fit to measure y, at least two other types of fit are
performed: the Asimov fit and the conditional fit to data. In the Asimov fit, an Asimov
dataset is created such that the estimators extracted by the fit correspond by construc-
tion to the true parameters [118]. This type of fit allows correlations between nuisance
parameters to be evaluated and provides an estimate of the expected sensitivity. Con-
versely, in a conditional fit to data, y is fixed to y = 1 and it is possible to evaluate
how the fit model matches the data in bins where few signal events, with respect to

background events, are expected.

412 Systematic uncertainties

The systematic uncertainties impacting the VH, H — bb analysis can be grouped into

two main categories: experimental uncertainties and modelling uncertainties.

4.12.1 Experimental uncertainties

Experimental systematic uncertainties are associated with physics objects and beam
conditions measurements. Standardised prescriptions are provided to physics analy-
ses by dedicated working groups based on independent measurements. The experi-

mental systematic uncertainties affecting the VH, H — bb analysis are reported below.

* Leptons. The leptons experimental systematic uncertainties take into account the
lepton energy / momentum scale and resolution. There are a series of uncertain-
ties covering the efficiencies of lepton trigger, reconstruction, identification, and

isolation [65, 66].
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¢ Jets. The two main sources of uncertainties affecting jets are the Jet Energy Scale
[72] and the Jet Energy Resolution [120]; the former is characterised by 30 inde-
pendent components while the latter by 8 independent components. A specific

uncertainty on the efficiency of the JVT is included.

* B-tagging. B-tagging scale-factor uncertainties (described in Section 3.2.4.3) are
decomposed into uncorrelated components, which are evaluated independently.
Eigenvectors [76] causing variations smaller than 1% on the b-tagging scale fac-
tors in all the b-tagging efficiency bins (0%, 60%), (60%,70%) and (70%, 100%)
are removed. Moreover, eigenvectors causing variations bigger than 1% on the
b-tagging scale factors on some efficiency bins but whose total contribution is
less than 10% of the total uncertainty in the bins are also removed. After apply-
ing this pruning procedure, the number of independent systematic uncertainties

are 29 for b-jets, 18 for c-jets and 10 for I-jets.

o EMisS, The EMs® is recomputed during the evaluation of all the systematics. Fur-
thermore, three additional systematic variations are associated with the trigger
E%ﬁss: the first one is related to the statistical error of the scale factors, the second
systematic accounts for different scale factors measured in different physics pro-
cesses and the last one accounts for a small kinematic dependence of EXsS trigger
efficiency on Hr. Lastly, specific systematics are included to cover resolution and

efficiency uncertainties of the tracks used to build the py' issst

* Luminosity. The total combined uncertainty on the integrated luminosity for the

Run 2 is 1.7% [36].

* Pile-up. Scale-factor variations are introduced in the simulations to cover the data

pile-up profiles across the years of data-taking [121].

4.12.2 Modelling uncertainties

MC simulations are one of the cornerstones on which the VH, H — bb analysis is built.
However, due to the physics assumptions entering the simulations and limited MC

statistics, an accurate estimation of modelling uncertainties is required to provide ac-
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curate measurements. For each physics process, the main MC generator is referred to
as nominal. Alternative settings of the nominal generator, expressed as internal weights
or different generators, are compared to the nominal generator in order to compute
modelling uncertainties. When multiple settings/generators are available for the same
variation, the one producing the largest effect is considered. For signal, diboson and
single-top processes, given the limited number of fully reconstructed simulated events,
the modelling uncertainties are calculated at truth-level, due to the larger available
statistics, with a dedicated analysis framework called VHBBTRUTHFRAMEWORK. In-
stead, for V+jets and tf productions, the modelling uncertainties are calculated on the
fully reconstructed objects since for these processes the number of fully reconstructed
events are sufficient. In the analysis, three types of modelling uncertainties are consid-

ered:

* Normalisation. The total cross-section uncertainty of a given process is parametrised
by its normalisation uncertainty. It is calculated as a ratio between the number
of events in the nominal sample and in the alternative sample, as reported in

Equation 4.18.

(4.18)

This type of uncertainty covers the smallest background entering the VH, H —
bb analysis phase space. Conversely, the normalisation of the main backgrounds

(tt, Z+bb and W+bD) are left floating in the fit.

® Acceptance. Acceptance uncertainties account for the migration of events from a

category A to B and vice-versa [122], as indicated in Equation 4.19.

NA NA
o =1— alt nom (419)
acc (Nﬂ%t/NnBom>

Acceptance effects depend implicitly on the variables used to define the analysis

categories such as pY, AR(by, by) and Niets-

® Shape. Shape uncertainties keep constant the number of events within an anal-

ysis region while varying the distribution of a chosen variable. In principle, the
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uncertainty originating from the comparison of the nominal and alternative gen-
erator in a given distribution for a bin i is reported in Equation 4.20; however,
to smooth the statistical fluctuation between adjacent bins, the alternative-over-
nominal ratio is fitted with a linear or exponential function.

Ni

O—;hape =1- Nialt . (4.20)

nom

Three types of distributions are considered for shape uncertainties ), py and
BDTs. BDTs is the BDT output score of a BDT trained to distinguish the nominal
and alternative generators for the same physics process and event category [123].
The ratio of BDTs of the nominal and alternative samples is used for re-weighting
the nominal sample to match the alternative one (the re-weighting function called
BDTg), providing simultaneous coverage of all input variables entering the BDT.
The input training variables of BDTs are the same as BD Ty, listed in Table 4.8,
except for p{, which is excluded from the training. Before training BDTs, the
pY distribution of the nominal sample is re-weighted to match the alternative
sample, thereby factorising away all dependency of the pY¥. differences between

the two generator predictions during the BDTs training.

4.12.2.1 Signal uncertainties

Table 4.9 shows the signal uncertainties. The normalisation uncertainties affect the total
cross-section and H — bb branching ratio; their prescriptions are provided by the LHC
Higgs Cross Section Working Group [25]. Then, acceptance uncertainties are associated
with the migrations between STXS bins with the procedure detailed in [124]. Variations
of the factorisation and renormalisation scales, parton shower and underlying event
(PS/UE), and PDF sets have been evaluated [124]. For the acceptance uncertainties,
the range in Table 4.9 indicates the maximum and minimum values across the various
regions. Lastly, shape (on my, and p¥) and acceptance uncertainties are also estimated
for the analysis-reconstructed categories for the variations described previously, plus

a specific uncertainty on the electro-weak correction as a function of the p¥.
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Signal
Cross-section Norm 0.7% (q9)
. 25% (g8)
H — bb branching ratio Norm 1.7%
Scale variations in STXS bins Acc 3.0-3.9% (99 —+ WH)
6.7-12% (qq — ZH)
37 -100% (gg — ZH)
PS/UE variations in STXS bins Acc 1-5%(gqg — VH)
5-20% (gg — ZH)
PDF+ag variations in STXS bins Acc 1.8-2.2% (qg — WH)
14-1.7% (gg — ZH)
29-33%(gg — ZH)
myp from scale variations Acc+Shape (99 — VH, gg — ZH)
myy, from PS/UE variations Acc+Shape
myy, from PDF+ag variations Acc+Shape

p¥ from NLO EW correction Acc+Shape

Table 4.9: Summary of the systematic uncertainties in the signal.

4.12.2.2 Backgrounds uncertainties

Table 4.10 and Table 4.11 show summaries of the background modelling systematics.

Details on each background are reported below:

® V + jets. For this background, the flavour contributions bb, bc, bl and cc are re-
ferred to collectively as V + HE. Acceptance uncertainties are calculated for the
parton shower and the underling event variations using alternative generators
(MADGRAPH5_AMC@NLO+PYTHIAS). Furthermore, ratios on the yields of dif-
ferent flavours of the jets produced in association with the vector bosons provide
additional acceptance uncertainties. Extrapolation uncertainties are also intro-
duced in the 0-Lepton channel (as ratio of yields between different regions) for
the W+jets extrapolated from the 1-Lepton channel, and for the Z+jets extrap-
olated from the 2-Lepton channel. Similarly, extrapolation uncertainties from
SR-to-CR are calculated for all the three lepton channels. Lastly, Z+jets shapes
are calculated using my;, side-bands in the 2-Lepton channel after all the other
backgrounds have been removed. For W+jets, the shapes are obtained with the

BDTgr method described in Section 4.12.2.

e tt. For 0-Lepton and 1-Lepton channels, the alternative generators are MAD-

GRAPH5 AMC@NLO + PYTHIAS for the matrix-element variation and POWHEG
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+ HERWIG 7 for the parton shower generator. Uncertainties on the flavour com-
position are calculated by comparing the difference in the ratio of the beyjerq / bbyie14
to the alternative matrix-element and parton-shower generator samples. The
procedure is repeated substituting bc with the “others”, i.e. the sum of all the
non-bb and bc components. Lastly, shapes using the BDTr method are estimated
for both the alternative matrix-element and parton shower generators. For the
2-Lepton channel, the tf background is estimated using the ey CR (see Section

4.6).

¢ Single top. For the Wt and t—channels (see Section 4.3.2), uncertainties are calcu-
lated for the normalisation, relative acceptance and shapes. The uncertainties are
calculated separately for the different truth-flavour of the selected two b-jets. The
alternative generators considered are POWHEG + HERWIG++ for the different
parton-shower model, POWHEG + PYTHIA 8 using the diagram subtraction
scheme as an alternative interference model with tf [91, 125]. For the s—channel,
due to the small contribution of this background, only normalization uncertain-

ties are considered.

* Multi-jet. The multi-jet background is negligible in the 0-Lepton and 2-Lepton
channels. For the 1-Lepton channel, several shapes are considered accounting
for efficiencies of the lepton triggers, the isolation requirements and the fitted
electroweak normalisation factors. The largest shape uncertainty in each analysis
region is chosen as the shape systematic. For the normalisation uncertainty, two
contributions are added in quadrature: the first one originating from relaxing the
EMisS cut in the electron sub-channel and re-performing the fit and the second one

from fitting A®(1, bb) instead of m¥'.

® Diboson. For the WW channel, which yields a small contribution to the analy-
sis phase space, only the normalization uncertainty is considered. For ZZ and
WZ, the alternative generators used for the parton shower and underlying event
simulations are POWHEG + PYTHIA 8 and POWHEG + HERWIG++. Nor-
malisation, acceptance and shape (11, and pY ) uncertainties are used for ZZ and

WZ.
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Z +jets

Z+1 Norm 18%
Z+cl Norm 23%
Z + HF Norm Floating (2-jet, 3-jet) x

(75GeV < p¥ < 150GeV, pY > 150 GeV)
Z + bc-to-Z + bb Acc 30 -40%
Z + cc-to-Z + bb Acc 13 -16%
Z + bl-to-Z + bb Acc 20 -28%
SR-to-low AR CR Acc 3.8-9.9% (75GeV < p¥ < 150GeV, p¥ > 150 GeV)
SR-to-high AR CR Acc 2.7 -4.1% (75GeV < py < 150GeV, pY > 150 GeV)
0-to-2 lepton Acc 7%
24 Acc+Shape (75GeV < p¥Y < 150GeV, p¥ > 150 GeV)
My Shape (75GeV < pf < 150GeV, py > 150 GeV)

W +jets
W+11 Norm 32%
W +cl Norm 37%
W + HF Norm Floating (2-jet, 3-jet)
W + be-to-W + bb Acc 15% (0-Lepton) and 30% (1-Lepton)
W + cc-to-W + bb Acc 10% (0-Lepton) and 30% (1-Lepton)
W + bl-to-W + bb Acc 26% (0-Lepton) and 23% (1-Lepton)
SR-to-CR Acc 3.6-15%
0-to-1 lepton Acc 5%
py Acc+Shape (2-jet, 3+jet)
RBDT Shape
tt (0+1-Lepton channels only)
tt Norm Floating (2-jet, 3-jet)
0-to-1 lepton Acc 8%
tt be-to-bb (ME) Acc 7.6 —8.2% (0-Lepton), 1.3 — 3.8% (1-Lepton)
tt be-to-bb (PS) Acc 2.1-3.2% (0-Lepton), 1.5 -7.1% (1-Lepton)
tt other-to-bb (ME) Acc 2.8 - 6.4% (0-Lepton), 3.3 - 5.7% (1-Lepton)
tt other-to-bb (PS) Acc 5.6 —13% (0-Lepton), 0.3 — 2.1% (1-Lepton)
pY Acc+Shape (24et, 3-jet)
Rppr ME variation = Acc+Shape (2-jet, 3-jet)
Rppr PS variation ~ Acc+Shape (0-Lepton, 1-Lepton)
Single top
Cross-section Norm 4.6% (s-channel), 4.4% (t-channel), 6.2% (Wt)
Acceptance 2-jet Acc 17% (t-channel), 55% (Wt(bb)), 24% (Wt (other))
Acceptance 3-jet Acc 20% (t-channel), 51% (Wt(bb)), 21% (Wt (other))
Mpp Acc+Shape (t-channel, Wt(bb), Wt(other))
pY Acc+Shape (t-channel, Wt(bb), Wt(other))
Multi-jet (1-Lepton)

Cross-section Norm 30 —200% (2-jet), 100% (3-jet)
BDT template Acc+Shape

Table 4.10: Summary of the modelling uncertainties for the V+jets, tf, single top and
multi-jet backgrounds.
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Cross-section Norm 20%
0-to-2 lepton Acc 6%
Scale variations Acc 10 - 18%
PS/UE variations for 2 or more jets Acc 6%
PS/UE variations for 3 jets Acc 7% (0-Lepton), 3% (2-Lepton)
myy, from scale variations Acc+Shape correlated with WZ
p¥ from scale variations Acc+Shape correlated with WZ
myy, from PS/UE variations Acc+Shape correlated with WZ
p¥ from PS/UE variations Acc+Shape correlated with WZ
myp from matrix-element variations  Acc+Shape correlated with WZ
Wz
Cross-section Norm 26%
0-to-1 lepton ratio Acc 11%
Scale variations Acc 13 -21%
PS/UE variations for 2 or more jets Acc 4%
PS/UE variations for 3 jets Acc 11%
myy, from scale variations Acc+Shape correlated with ZZ
p¥ from scale variations Acc+Shape correlated with ZZ
myyp from PS/UE variations Acc+Shape correlated with ZZ
p¥ from PS/UE variations Acc+Shape correlated with ZZ
myy, from matrix-element variations Acc+Shape correlated with ZZ
WW
Cross-section Norm 25%

Table 4.11: Summary of the modelling uncertainties for the diboson background.

4.13 Results

In this section, the fit results of the main MVA analysis, the di-jet analysis and the di-

boson analysis will be presented for the Full Run 2 dataset. An example of a selected

event characterised by a high score of BDTy g is shown in Figure 4.29.

The summary of the fitted variables in the signal and control regions for the main MVA

analysis is provided in Table 4.12. For the di-jet analysis, the fitted variable in the signal

region is my;, instead of BDTyy, while for the di-boson analysis it is BDTy 7.

4.13.1 Multivariate analysis

The results of the MVA analysis will be presented in two steps: first the signal strength

measurements in Section 4.13.1.1, then the differential measurements in Section 4.13.1.2.
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Figure 4.29: Event display of a ZH — vvbb candidate in the 0-Lepton channel interact-
ing with the ATLAS detector [2, 60].

4.13.1.1 Signal strength measurements

For the MVA analysis, after performing the global likelihood fit across the three lepton

channels, the measured signal strength for the VH, H — bb is
iy = 1.027918 = 1.02+012(stat.) T 13 (syst.) (4.21)

This result is compatible with the Standard Model Higgs boson within experimental
errors. The measured signal strength corresponds to a rejection of the background-only
hypothesis with a significance of 6.7 standard deviations, while the expected signifi-
cance from the global Asimov fit was also 6.7 standard deviations. The combined fit
has also been performed separately on the signal strengths for the WH and ZH pro-

ductions where the WH and ZH processes are left floating independently:

bl = 0957927 — 0.95 + 0.18(stat.) " 1a(syst.) (4.22)

uhy = 1.08%9% = 1.08 + 0.17(stat.) "0 15 (syst.) (4.23)
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Categories

Channel Regions 75GeV< p¥ <150 GeV 150 GeV< p¥ <250 GeV  p¥ > 250 GeV
2-jets 3-jets 2-jets 3-jets 2-jets 3-jets

Low-AR-CR — — yields yields yields  yields
O-Lepton SR - — BDTVH BDTVH BDTVH BDTVH
High-AR-CR — — yields yields yields  yields
Low-AR-CR —- —- yields yields yields  yields
1-Lept0n SR — - — - BDTVH BDTVH BDTVH BDTVH
High-AR-CR —- —- yields yields yields  yields
Low-AR-CR  yields yields yields yields yields  yields
Z—Lepton SR BDTVH BDTVH BDTVH BDTVH BDTVH BDTVH
High-AR-CR yields yields yields yields yields  yields

Table 4.12: Analysis regions and fitted variables in the three lepton channels for the
VH,H — bb multivariate analysis [4]. In each control region, the number of events
(yields) is fitted. Instead, in each signal region, the shape of the output discriminant
(BDTVH) is fitted.

The observed and expected significances for the WH production are respectively 4.0
and 4.1, which indicate strong evidence for this process, while the observed and ex-
pected significance for the ZH production are respectively 5.3 and 5.1, which allows
an observation of ZH production mode to be claimed. The likelihood contours for the

Higgs boson signal strengths WH and ZH are shown in Figure 4.30.

The normalisation factors of the floating backgrounds are reported in Table 4.13. The
Z + HF scale factors deviate substantially from unity; the difference has been attributed
to a poor modelling; high values of the Z + HF scale factors have also been observed
by the CMS VH,H — bb [89] and by a dedicated ATLAS Z — bb analysis [126]. In
Table 4.14 and Table 4.15, the post-fit signal, background and data yields for the three

lepton channels are reported.

Figure 4.31 shows the post-fit distributions for the fitted variables in the 0-Lepton 2-
jet category, while Figure 4.32 shows the same variables for the 3-jet category. The
BDTyy output score is shown with the binning used in the global fit. The post-fit event
yields for all the analysis regions and lepton channels grouped in bins of log,,(S/B)

are shown in Figure 4.33.

The ranking and breakdown of the systematic uncertainties, described in Section 4.11.2,



Measurements of H — bb decays in the VH production mode

101

bb

ZH

ATLAS

+ Best Fit

2.5 Vs=13TeV, 139 fo* ---68% CL Obs.

VH. H - bb — 95% CL Obs.

SM

=
a1
LI | T T T | T T T | T T T | T T T | T T T

-O_

OO
N
o
AN
o
(@)
o
oo
[HEN
=
N
=
AN
=
o
=
N

é's:U'oo-
IU

Figure 4.30: The likelihood contours for the WH and ZH production signal strengths.

are shown in Figure 4.34 and Table 4.16, respectively.

In the ranking plot in Figure 4.34, for the experimental systematics, the largest con-
tributions come from the flavour-tagging uncorrelated components and the jet energy
scale. For the modelling systematics, the main contributions arise from the shapes of
the BDTy for the W boson and V H theory systematics. Furthermore, the seventh and
tenth systematics are related to the diboson modelling; these systematics are ranked
so high because they have not been updated with the VHBBTRUTHFRAMEWORK since
the previous publication [2] due to lack of time. Uncertainties on Z 4+ HF appear in the
ranking because of the poor modelling of this background in the MC generators. This
mis-modeling is particularly enhanced in the control regions, yielding large extrapola-

tion uncertainties.

From the breakdown of systematic uncertainties (see Table 4.16), it is interesting to
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Process and Category Normalisation factor
t 2-jet 0.98 & 0.09
tt 3-jet 0.93 £ 0.06
W + HF 2-jet 1.06 £0.11
W + HF 3-jet 1.15 £ 0.09
Z + HF 2+jet, 75 < p¥ < 150 GeV 1.28 4 0.08
Z + HF 34et, 75 < p¥ < 150 GeV 1.17 £0.05
Z + HF 2-jet, 150 GeV < p¥. 1.16 £+ 0.07
Z + HF 3+jet, 150 GeV < p¥ 1.09 +0.04

Table 4.13: Normalisation scale factors for the main backgrounds of the MVA VH, H —
bb analysis after the global likelihood fit [4].

notice that the MC statistical error is outside the five largest sources of uncertainties
thanks to a large number of simulated events, statistical b-tagging and dedicated MC
filters. In the ATLAS publication of the evidence of H — bb decays with L = 36.1 fb™*
with early Run 2 data, the MC statistics was the second-largest uncertainty [127]; the
largest uncertainty was the modelling of the signal, which did not affect the expected
p-value since the expected p-value is calculated on the fluctuation of the background-
only hypothesis. The MC statistics is also the largest systematic in the CMS H — bb

observation analysis [89].

Overall, the VH, H — bb analysis is already systematically limited, as it can be seen
from the top of Table 4.16. Therefore, improving the b-tagging and the jet energy scale,
on one side, and the modelling, on the other side, will be crucial to further improve the
analysis sensitivity. For this reason, simply adding more data during the next period of
data taking (Run 3) would not significantly improve the precision of the measurement.
For this reason, some new analysis strategy improvements will be discussed in Chapter

5.
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Figure 4.31: The top row shows the BDTyy output post-fit distributions in the SRs
while the middle and bottom rows show the post-fit distributions for the CRs. All
plots refer to the 0-Lepton channel 2-jet category. The red continuous line shows the
signal shape, while the dashed histogram indicates the total pre-fit backgrounds. The
displayed errors include both the statistical and systematic errors. The bottom panel
shows the ratio between the measured data and the total MC predictions [4].
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Figure 4.32: The top row shows the BDTyy output post-fit distributions in the SRs
while the middle and bottom rows show the post-fit distributions for the CRs. All
plots refer to the O-Lepton channel 3-jet category. The red continuous line shows the
signal shape, while the dashed histogram indicates the total pre-fit backgrounds. The
displayed errors include both the statistical and systematic errors. The bottom panel
shows the ratio between the measured data and the total MC predictions [4].
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Figure 4.33: Post-fit event yields as a function of log,,(S/B). BDTyp output post-fit
bins in all regions and channels have been combined into bins of log,,(S/B). In the bot-
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with only the statistical uncertainties. The red line represents the pull expected from
the sum of fitted signal and total background relative to the fitted total background.
The dashed line indicates the expected values for the hypothesis of only background

[4].
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Figure 4.34: Ranking of systematic uncertainties for the fitted Higgs-boson signal
strength in the MVA analysis. The top x-axis refers to the blue boxes, which indi-
cate the Ay variation, while the bottom x-axis refers to the black dots, which indi-
cate the pulls originating from the fit. The hatched boxes indicate upwards variations,
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(pull = (6 — 6y)/AB). The pulls are expressed in units of standard deviations. The
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extracted from the fit [4].
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Source of uncertainty VH ‘ WH ZH
Total 0.177 | 0.260 0.240
Statistical 0.115 | 0.182 0.171
Systematic 0.134 | 0.186 0.168
Statistical uncertainties
Data statistical 0.108 | 0.171 0.157
tt eyt control region 0.014 | 0.003 0.026
Floating normalisations 0.034 | 0.061 0.045
Experimental uncertainties
Jets 0.043 | 0.050 0.057
Emiss 0.015 | 0.045 0.013
Leptons 0.004 | 0.015 0.005

b-jets 0.045 | 0.025 0.064
b-tagging | c-jets 0.035 | 0.068 0.010

light-flavour jets  0.009 | 0.004 0.014
Pile-up 0.003 | 0.002 0.007
Luminosity 0.016 | 0.016 0.016
Theoretical and modelling uncertainties
Signal 0.072 | 0.060 0.107
Z +jets 0.032 | 0.013 0.059
W +jets 0.040 | 0.079 0.009
tt 0.021 | 0.046 0.029
Single top quark 0.019 | 0.048 0.015
Diboson 0.033 | 0.033 0.039
Multi-jet 0.005 | 0.017 0.005
MC statistical 0.031 | 0.055 0.038

Table 4.16: Breakdown of the contributions to the uncertainty for the Higgs signal-

strength measurements [4].
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4.13.1.2 STXS measurements

The five measured STXS V H cross-sections, defined in the numerator of Equation 4.12,
and their respective Standard Model predictions are shown in Figure 4.35 [4]. All the
measurements are consistent with the Standard Model hypothesis. The relative uncer-
tainties on the measurements reach ~ 30% in the highest p¥ bins where the statical
uncertainty is an important limiting factor. The theoretical uncertainties on the mod-
elling of the VH signal are relatively small, except for the g¢ — ZH, originating from
the limited precision of the theoretical calculations. Lastly, the background-only hy-
pothesis has been rejected with more than 3¢ in three individual STXS bins: ZH 150
GeV < p¥ < 250 GeV, WH pY¥ > 250 GeV, and ZH py > 250 GeV.

é E ATLAS VH,H - bb,V - leptons cross-sections §
S B ~ {s=13 TeV, 139 fbl ® Observed ==Tot. unc. Stat. unc. _|
mn 10° = — Expected [_|Theo. unc. =
X = -
T 3 - V=W : V=2 N
2 ! |
x 10°E . T =
o - -_ ! _ _
o 1 g 0 1 T =
— - 1 I =
= - ! 1
O Il ! ]
o 1 # i i -*— == _
o C 1 ]
W, 2
B0< e s 2 G Svpf’vz 0sp_ T2 G
ros<2 el 50 r N 2s el
50 Ge|/ el 0 Ge

Figure 4.35: Measured cross-sections for the VH,V — lep, H — bb processes in the
five STXS bins [4].

The measured correlations between the STXS cross-sections are detailed in Figure 4.36.

The correlation matrix is built from the inverse of the Hessian matrix of the likelihood

(H;; = %). The values on the correlation matrix are almost diagonal due to the
[y

reconstructed analysis regions being matched to the STXS bins.
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Figure 4.36: Observed correlations between the measured STXS cross-sections [4].

4.13.2 Di-jet analysis

In the di-jet analysis, the my, is fitted instead of the BDTypy in the SRs in Table 4.12.
This analysis aims to measure ;ul{,l_’H using the most discriminating variable entering in
the BDT to provide a cross-check of the MVA analysis. The measured signal strength

for the combined fit is
uth = 1177925 — 117 + 0.16(stat.) 1 (syst.) (4.24)

the result is in agreement with the Standard Model prediction and with the mea-
surement of the MVA analysis. The observed and expected significances to reject the
background-only hypothesis are respectively 5.5 and 4.9. The weighted background-

subtracted my, distribution is shown in Figure 4.37.

4.13.3 Diboson analysis

Before unblinding the VH measurements, the diboson signal strength is measured.
This measurement provides a valuable validation on the analysis strategy and the fit

model using the Z boson, which was measured with high precision at the LEP collider
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Figure 4.37: The m,; distribution in data after the subtraction of all backgrounds except
for the diboson processes. The contributions from all the analysis regions are summed
and weighted by their respective post-fit S/B. The signal and diboson templates have
been scaled by their respective normalisation factors (for the signal y = 1.17). The size
of the total uncertainty for the fitted background is indicated by the hatched band [4].

[128], as a standard candle. For this analysis, BDTy is fitted instead of the BDTyy
in the SRs in Table 4.12. The BDTy; distributions in the 0-Lepton SRs for the 2-jet

categories are shown in Figure 4.38.

The measured signal strengths, with their respective expected and observed signifi-
cances, for the combined fit are shown in Table 4.17. All the measurements are con-
sistent with the Standard Model predictions. The high significance of ZZ compared
to WZ is due to combinatorics, as explained in Section 4.3.3. The two main limiting
factors of this measurement are the modelling of the diboson processes and the limited

MC statistics of the diboson samples, which limits the training of the BDTy .
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Figure 4.38: The BDTy; output post-fit distributions for the 0-Lepton channel 2-jet
category in the SRs. The grey continuous line shows the diboson shape, while the
dashed histogram indicates the total pre-fit backgrounds. The displayed errors include
both the statistical and systematic errors. The bottom panel shows the ratio between
the measured data and the total MC predictions [4].

Measured signal strength Exp. significance Obs. significance

Hb, = 0.68102% = 0.68101 (stat.) ") 35 (syst.) 3.9 2.7
Y, =1.00018 = 1.007 998 (stat.) "0 15 (syst.) 9.3 9.4
U, = 0931015 = 09370 (stat.) 075 (syst.) 105 10.3

Table 4.17: Signal strengths, expected and observed significances for the diboson mea-
surements [4].



Chapter 5

Future analysis improvements

The VH, H — bb analysis described in Chapter 4 represents an important milestone
towards the understanding of the nature of the Higgs boson. Although all current
Higgs measurements are in agreement with the Standard Model, many puzzles are

still left in Particle Physics.

The EFT formalism (see Section 1.5) provides a way to probe Beyond Standard Model
theories. In particular, EFT Wilson coefficients can be extracted from Simplified Tem-
plate Cross-Sections measurements. Limits on the Wilson coefficients have been placed
using the latest VH, H — bb analysis [4] and there are also efforts to perform global
tits combing multiple electroweak measurements taken at LEP and LHC [129]. In the
STXS framework, the VH, H — bb analysis plays the leading role in the VH produc-
tion mode [2]. To improve the sensitivity to the Wilson coefficients, it will be necessary
to move to a more differential measurement with more bins than the five currently
adopted in Figure 4.35. The LHC Higgs Cross Section Working Group [22] has already
outlined the next step, which requires finer STXS binning, for the VH, H — bb analysis
as described in Figure 5.1. This will require additional divisions in p¥, the number of

additional jets in the event and the production mode (37 and gg).

To achieve the precision necessary to measure many STXS bins, new strategies for the

VH, H — bb analysis are required; a few will be discussed in this chapter.

114
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Figure 5.1: Proposed binning for the next iteration of the VH, H — bb analysis [130].

5.1 Particle-flow jets

As described in Section 3.2.4, particle-flow jets [71] promise better energy resolution
and pile-up rejections than EMTopo jets. The particle-flow jet collection was tested by
ATLAS in January 2019 at the early stages of the Full Run 2 VH, H — bb analysis. The
myy, distribution obtained using particle-flow jets after applying the different energy
corrections specific for the VH, H — bb analysis, which were introduced in Section 4.8,
are displayed in Figure 5.2. Compared to the energy resolutions offered by EMTopo
jets in Figure 4.21, particle-flow jets offer an improvement of between ~ 2% to ~ 4%.
Furthermore, the resolution for the PtReco correction for particle-flow jets could be
slightly better since the scale factors used for this study are not optimized for particle-

flow jets but were derived on EMTopo jets.

Unfortunately, a migration of events towards higher jet multiplicity was noticed across
three types of sample (V H signal, tf and data), mostly outside the analysis phase space.
In particular, the signal 2-jet category decreases by 7.2% while the 3-jet category in-
creases by 1.3%. In the case of the tf samples, the events in the 2-jet and 3-jet categories
decrease by 11.5% and 8.8% respectively. An increase of pile-up jets was the main hy-
pothesis for the jet migration. To validate this idea, the third non-b-tagged jet in the
3-jet category was investigated; this was done to disentangle the effect of the JVT (see

Section 3.2.4.2) and the MV2c10 (see Section 3.2.4.3) since the MV2¢10 has some anti-
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pile-up properties. The ratio between particle-flow and EMTopo jets originating from

pile-up for the third jet is shown in Figure 5.3.

> T T T I T T T I T T T I T T T I T T T I T T T I T
8 - - Vs=13TeV,L=139fb} PF
o L PWPYy8MINLO, qq — ZH — v V bb
; [ O-Lepton, 2-jets, 2 b-tags
= 20‘_ pZ 2150 GeV
(] -
> =GSC peak: 121.7 GeV, width: 13.3 GeV
TR N , SBRR
- *'Muon-in-jet peak: 121.7 GeV, width: 12.0 GeV +A =
— hY
15— ~PtReco peak: 124.9 GeV, width: 11.9 GeV
10—
5 —
0 A [ Mz =8 ¥ ! TN
40 60 80 100 120 140 6
m,, (GeV)
(a) 2-jet
> 25 T T T I T T T I T T T I T T T I T T T I T T T I T
8 L Vs=13TeV,L=139fb, PF
o [ PwPy8MINLO, qg » ZH — v V bb
; 20— O-Lepton, 3-jets, 2 b-tags
e B pZ =150 GeV
2 =GSC peak: 120.5 GeV, width: 15.7 GeV VS -
(IH] T

(b) 3-jet.

Figure 5.2: Comparison of the my,;, distributions for the b-jet energy corrections in the
0-Lepton channel for 2-jet and 3-jet categories for particle-flow jets (see Section 3.2.4).
The distributions have been fitted with a Bukin function to account for the asymmetric
shape of the peak [112].
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Figure 5.3: The ratio of the number of pile-up jets is displayed for the 0-Lepton 3-
jet category between particle-flow and EMTopo jets for the third non-b-tagged jets in
simulated signal events; red colours indicate more pile-up jets for particle-flow jets
than EMTopo jets.

In Figure 5.4, the average number of jets per events is reported as a function of the num-
ber of collisions in the events. These plots corroborated the suspicion that particle-flow
jets, with the JVT prescription of January 2019, are less pile-up resistant than EMTopo
jets. Therefore, EMTopo jets were chosen for the VH, H — bb analysis described in
Chapter 4. For the future, once an updated JVT prescription will be available, particle-

flow jets should be used in the analysis for their better energy resolution.

A 4.8
2 C
9 [ (s=13TeV,L=1391b" 'T"+'
© 46 PwPy8MINLO, qg — ZH — v v bb
% 4.4 [ O-Lepton selection not applied :
[ pZ =150 GeV —4-
4.2 L —a— PR WVT>020 4
C contaljot
C PF, JVT > 0.4 for p; * <60 Gev e _+_
4~ —e— EMTopo, JVT>059
: 4+
38 ae +
- i _.:4—
3.6 —A— -
B —h— ——
L —_ —o—
3.4 —A— g
C . at= .
32F LTS
TI\\Jlll\\\‘III\‘\\!Ill\\\JIII\‘\JII'\\\\'II

ol

10 20 30 40 50 60 70 80

<>

Figure 5.4: Average number of jets as a function of the number of interactions for EM-
Topo jets with JVT > 0.59, for particle-flow jets with JVT > 0.20 (January 2019 prescrip-
tion) and for particle-flow jets with JVT > 0.40 for central jets.



Future analysis improvements 118

5.2 FSR recovery

B-jets originating from the Higgs boson decay can emit Final-State Radiation (see Sec-
tion 4.2.1). Inthe VH, H — bb analysis, most of the events with FSR are categorised in
the 3-jet category. However, as shown in Figure 4.5, the my,;, resolution for FSR events is
substantially degraded. Therefore, a strategy based on topological quantities has been

investigated in order to add back the four-momentum of the FSR jet to its closest b-jet.

From Figure 4.7, it can be concluded that the FSR jet is mostly between the two b-jets,
indicating that it tends to be mostly collinear with the Higgs momentum. The variable
dRyp1,j3 + dRypy j3 offers great discrimination for FSR from ISR and PU jets (see Section

4.2.1) as shown in Figure 4.8. FSR jets in the 3-jet category are selected by requiring:

deng + de2,]‘3 <X (5.1)

The above selection gives rise to an elliptical shape between the two b-jets and thus it is
ideal for recovering FSR jets. The FSR selection can be further refined by exploring its
dependence on the transverse momentum of the Higgs boson. Assuming a balanced
system with pi ~ p¥, by plotting dRy1 j3 + dRyp j3 as a function of pY in Figure 5.5, it is
possible to deduce an exponential dependence, so the value X of the selection can be

parametrised as:

X=a+b e °Pr (5.2)

where the parameters a, b and c can be tuned for the different lepton channels accord-
ing to their respective Standard Model backgrounds. In particular, it has been decided
to adopt a tighter cut in the 0-Lepton and 1-Lepton channels, due to large the tf back-

ground. In conclusion, the chosen coefficients for the FSR recovery selection are:
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¢ For the 0-Lepton and 1-Lepton channels: 2 = 0, b = 1.95 and ¢ = 0.0013;

¢ For the 2-Lepton channel: 2 = 0.03, b = 3.55 and ¢ = 0.004;

FS Ryield
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(a) FSR events as a function of ErTniss for 3-jet events.
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(b) Estimated sensitivity as a function of ET* for 3-jet events.

Figure 5.5: In the top plot, the dRy1 3 + dRy,j3 distribution is shown as a function of
EMisS for events in the 0-Lepton 3-jet category where the third jet originates from FSR.
In the bottom plot, the ratio of the yields between the FSR jets and the non-FSR jets is
used to estimate a region with high purity of FSR jets. The red line represents the cut
for the FSR selection in the 0-Lepton channel.

To summarize, the proposed FSR recovery strategy consists of migrating 3-jet events
satisfying the selection in Equation 5.1 from the 3-jet category to the 2-jet category

while adding back the third jet four-momentum to its closest b-jet.
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The FSR recovery selection for the 0-Lepton channel is shown in Figure 5.5. Given the
third-jet classification described in Section 4.2.1, the FSR recovery mis-classifies PU and
ISR jets in ~ 15% of the cases and in ~ 30% of the cases the third jet is classified as Low
pr (mixture of FSR and ISR). This jet composition is fairly constant as a function of the

EIT’niss in the 0-Lepton channel as shown in Figure 5.6.

Vs =13TeV, L =139 fb*
ET™® > 150 GeV, 3-jet - 2-jet
qq — ZH —~ vV bb

—— FU
ISR
= Lowp,
. SR

Jet composition

400
ET™ [GeV]

Figure 5.6: Third jet composition as a function of ETS for the selected events from FSR
recovery in the 0-Lepton channel.

The FSR recovery is applied after the muon-in-jet and PtReco corrections in the 0-

Lepton and 1-Lepton channels, and before the Kinematic Fitter in the 2-Lepton channel.

The improvement in the my;, resolution for the events migrating from the 2-jet to the
3-jet category is shown in Figure 5.7. When the third jet is added to its closest b-jet, the
standard deviation of the my, distribution reduces from 18.9 GeV to 14.9 GeV in the
150 GeV < EMiss < 250 GeV category and from 22.7 GeV to 13.1 GeV in the 250 GeV

< EMiss, Moreover, migrated events are more peaked toward the Higgs-boson mass.

The FSR recovery moves events from both signal and background processes from the
3-jet category to the 2-jet category. In Table 5.1, the variations of the event yields of
the main processes in the 0-Lepton channel are reported. It is important to notice that
the event migration observed for the two main backgrounds in the 0-Lepton channel,

Z+jets and tf, is smaller than for the signal processes.

The FSR recovery has also a positive impact on the analysis sensitivity since low-

quality my, events from the low-significance 3-jet category are raised to the higher
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Process 2-jet 2-jet FSR recovery 3-jet 3-jet FSR recovery
qq — ZH — vibb 95.69 102.32 (+6.9%) 81.97 75.38 (—8.0%)
g¢g¢ — ZH — virbb 25.18 26.79 (+6.4%) 37.10 35.49 (—4.3%)
qq — WH — lvbb 32.83 35.67 (+8.7%) 32.88 30.06 (—8.6%)
Z +bb 4883.50  5141.41 (+5.3%) 6976.18  6718.27 (—3.7%)
W + bb 1126.55  1230.21 (+9.2%) 237747 227449 (—4.3%)
tt 2482.24  2605.44 (+5.0%) 15122.29 15000.94 (—0.8%)
(a) 150 GeV < EMiss < 250 GeV.
Process 2-jet 2-jet FSR recovery 3-jet 3-jet FSR recovery
q] — ZH — vibb 3232 34.64 (+7.2%) 27.94 25.64 (—8.3%)
g¢ — ZH — vibb 2.94 3.24 (4+10.1%) 6.26 5.97 (—4.7%)
qq — WH — lvbb 7.59 8.13 (+7.2%) 6.84 6.31 (—7.9%)
Z + bb 666.47 697.25 (+4.6%) 1189.57  1158.79 (—2.6%)
W +bb 140.31 154.08 (+9.8%)  357.09 343.33 (—3.9%)
tt 120.27  132.80 (+10.4%)  973.09 960.63 (—1.3%)

(b) 250 GeV < EMiss,

Table 5.1: Weighted event yield variations for the main signal and background pro-
cesses in the 0-Lepton channel before and after applying the FSR recovery in the inclu-
sive SRs+CRs phase space.

significance 2-jet category with an improved my;,. The impact of FSR recovery has been
evaluated using the simplified significance (defined in Equation 4.8) on the my,;, distri-
bution with and without this correction. Improvements of 0.85%, 1.63% and 1.1% are

observed in 0-Lepton, 1-Lepton and 2-Lepton channels respectively.

Furthermore, the FSR recovery plays an important role in the improvement of the
matching of reconstructed and STXS categories when considering a splitting in Njs.
In Figure 5.8, signal events are shown with and without applying the FSR recovery.
The migration matrix, which describes how events are moved across Reco and STXS

categories, becomes more diagonal after the application of the FSR recovery.

In summary, the FSR recovery brings three main advantages: it corrects the my;, toward
the Higgs boson mass, improving the resolution, it also slightly improves the expected
significance and it contributes to the improvement of the matching of the reconstructed

and STXS categories.
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Figure 5.7: Signal events migrated from the 3-jet category to the 2-jet category in the 0-
Lepton channel with the FSR recovery. The dashed line indicates the m,;, distribution
for the uncorrected events while the coloured histogram shows the my,;, distribution
when the third jet is added to its closest b-jet.
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Figure 5.8: FSR recovery event migrations across jet categories for signal g7 (left) and
gg (right) initiated events. In the top plots, the weighted event yields are organised
according to the reconstructed (y-axis) and STXS (x-axis) categories are shown with-
out applying the FSR recovery. In the middle plots, the weighted event yields are
shown after applying the FSR recovery. In the bottom plots, the event migrations are
shown. The event migration for a bin ij is calculated as: (Events;; rsg — Events;j Norsr)
/ TotEventsMigrated.
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5.3 XGBoost

XGBoost is a powerful supervised machine learning open-source package based on
gradient boosted decision trees [117]. This package is widely used by the machine

learning community due to its performance and speed.

XGBoost creates a classification model by iteratively adding new decision trees dur-
ing each training step. The new decision trees are chosen by minimizing an objective

function

obj = L(yi, i) + Q(f) (5.3)

where L is the loss function that quantifies the discrepancy between the predicted values
by the model during training ¥; and the true values y;, while Q) is a reqularization func-
tion that depends on the trees, f, in the model. The goal of the regularization function

is to penalise unnecessarily complex models prone to over training.

In the VH, H — bb analysis XGBoost has been tested as an alternative of the TMVA
implementation of the BDTyy and BDTy7 for all the three lepton channels, and as a

multi-classifier for the 0-Lepton channel.

XGBoost is characterised by a training procedure that automatically avoids over-training
by dividing all the available events of every analysis region in three samples: training,
validation and testing. For these studies, the training and validation datasets contain
40% and 10% of the available events, respectively, while the remaining 50% of the
events are allocated to the testing dataset. The testing dataset is used to build the MC
templates for BDTyy and BDTy 2. In order to exploit the full statistics for building the
MC templates, a second model, “fold”, is trained for every analysis region by inverting
the training and validation samples with the testing samples, as shown in Figure 5.9.
The training procedure described so far is analogous to the one adopted in TMVA in

Section 4.10 with the exception of the presence of the validation sample.

The validation sample plays the key role in avoiding over-training. During each train-

ing round, the loss function is evaluated both for the training and the validation sam-
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Figure 5.9: Training, validation and testing samples for each analysis region. A two-
fold approach is used to exploit the full available statistics.

ples. However, at each stage of training, a new decision tree is added only based on the
objective function. The result is shown in Figure 5.10, where by adding new decision
trees, the loss function decreases, at first, very fast for both samples before plateauing
for the validation sample. At this point, by including additional decision trees, the
loss function would continue to decrease for the training sample because the model is
learning fine details of that sample; however, the loss function of the validation sample
would increase because the model has lost its best ability to predict on a new sample.
Therefore, the best model to chose is the one for which the loss function of the vali-
dation sample reaches a minimum. XGBoost implements a functionality called early
stopping that stops the training after N,,,,,4s in which the loss function of the validation
sample is not decreased; then XGBoost returns the best model in which the last N,

decision trees have been removed. For these studies, N,,,,4s has been set to 30.
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Figure 5.10: XGBoost over-training check for the 2-jet 150 GeV < EMs$ < 250 GeV
category.
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XGBoost also allows sub-sampling of the training dataset. Sub-sampling means that XG-
Boost would randomly sample a portion of the training dataset before growing a new
tree. Once the training round has been completed, the training events are put together
again before a new sub-sampling occurs. The sub-sampling procedure is also useful
to mitigate over-training to avoid that XGBoost would put too much focus on certain
events that might be outliers. In these studies, the training sub-sampling fraction has

been set to 90%.

Sub-sampling can also be performed on the training features. In this context, before
each training round, a fraction of the available input features to build a new tree is
removed. Feature sub-sampling is particularly important when one or few features
have significantly more discriminating power than others, such as the m;,. In fact,
by removing these powerful inputs features, XGBoost can better look into some more
subtle correlations that might have been otherwise overshadowed. In these studies,
the feature sub-sampling fraction has been set to 90% to remove at least one feature

per training round.

XGBoost offers a series of hyper-parameters that can be specifically tuned [131]. In

these studies, the ones that have been considered are

* learning rate. This parameter reduces the influence of the new added trees

during training (default value = 0.3, range: [0, 1]).

* max depth tree. This consists of the maximum number of splits for a single

new tree (default value = 6, range: [1, 0]).

* gamma. This is the minimum loss reduction necessary to make a new split in the

tree and increase its depth. (default value = 0, range: [0, 0]).

* min child weight. This plays a similar role to gamma, with the difference
that it bases its decision on the Hessian of the loss function (default value = 1,

range: [0, ]).
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For the multi-classifier in the 0-Lepton channel, the optimal values for the hyper-
parameters are searched through a grid scan in a region of the parameter phase space

near the default values, as shown in Section 5.5.

5.4 New variables for the MVA

In order to improve the analysis sensitivity in the 0-Lepton channel, new variables
have been tested in the MVA. For these studies, the baseline is an XGBoost signal ver-
sus background configuration, analogous to BDTy g in Section 4.10, with all the input

features described in Table 4.8, except for pITniSS’St, MV2(by) and MV2(b,).

The training settings considered for the four analysis regions in the 0-Lepton channel

are:

1. Baseline input variables.

2. Baseline input variables plus ps5,

3. Baseline input variables plus pseudo-continuous b-tagging quantiles MV2(b;)

and MV2(b,).
4. Baseline input variables plus number of hadronic taus nTaus.
5. Baseline input variables plus dRBB] in the 3-jet category.

6. Baseline input variables minus |A7 (b, by)| and .

The effectiveness of pITniSS’St, MV2(b1) and MV2(by) has already been discussed in Sec-
tion 4.10.1. Events with at least one hadronic taus allow a very interesting phase space
to be investigated, in which the Z+jets background is almost completely absent and the
signal originates mostly from WH — [vbb. The AR(by,by) and my,;, distributions for 0-
Lepton events with at least one hadronic tau are shown in Figure 5.11. It is interesting
to notice that within this corner of phase-space, it is possible to obtain a good separa-

tion for tf and W+jets with AR(by, by). Moreover, the tf background in this phase-space
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is often characterised by a high BDTyp, given that here its 1, peaks near 125 GeV. The
dRBB] = AR(b; + by, j3) variable shown in Figure 5.12 is calculated, in the 3-jet cat-
egory, as the angular separation between the third jet and the bb-system in order to
introduce some angular information about the third jet. Lastly, a configuration with-
out the variables |Ar(by, by)| and mg has been tested to check whether XGBoost would

particularly benefit from these variables, given that they are very correlated with the
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Figure 5.11: AR(by,by) (left) and my,;, (right) for 0-Lepton 2-jet (top) and 3-jet (bottom)
events with at least one hadronic tau for the inclusive SR+CR. The last bin in the plots
contains the overflow.

The area under the ROC curves for the six training settings described above are re-
ported in Table 5.2 for every analysis region. Furthermore, it is also reported a training
configuration that combines all the six training settings. All new variables bring im-
provements to the ROC curves in at least one analysis region. The pseudo-continuous
b-tagging quantiles are the most effective new variables while the ARBB] is the least

effective. Instead, the removal of |Ar(by,by)| and meg does not visibly degrade the
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Figure 5.12: dRBB] shapes for the main signal and background processes in the 0-

Lepton 3-jet category.

sensitivity. In conclusion, for future iterations of the analysis, the combined configu-
Y- y g

ration setting could provide the best improvement in the sensitivity. For the analysis

described in Chapter 4, only p™t MV2(b;) and MV2(b,) have been included due to
P Y Pr

time constraints.

Features 2-jet 2-jet

150 GeV < Eiss < 250 GeV 250 GeV < EMiss
Baseline 0.915 0.930
Baseline plus pfs>* 0.915 0.931
Baseline plus MV2(b;) and MV2(b,) 0.918 0.932
Baseline plus nTaus 0.915 0.931
Baseline minus miq¢ and |An(by, by)] 0.915 0.930
Baseline plus all the above 0.919 0.933
Features 3-jet 3-jet

150 GeV < EMiss < 250 GeV 250 GeV < EMiss
Baseline 0.892 0.919
Baseline plus pi*>* 0.893 0.920
Baseline plus MV2(b;) and MV2(b,) 0.895 0.921
Baseline plus nTaus 0.895 0.920
Baseline plus dRBB] 0.892 0.920
Baseline minus mq¢ and |An(by, by)] 0.892 0.919
Baseline plus all the above 0.898 0.923

Table 5.2: Area under the receiver operating characteristic curves for the training set-
tings in the 0-Lepton channel analysis regions.
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5.5 Multi-classifier

The signal and control regions defined with the continuous cuts in Equation 4.6 and
Equation 4.7 allow three analyses in a single phase space to be performed, as shown in
Section 4.13. However, these control regions in the 0-Lepton channel are not very pure
as can be seen in Figure 4.19. Inspired by the CMS VH, H — bb observation publication
[89], a multi-classifier based on the XGBoost package [117] has been tested with the

goal of creating very pure control regions without sacrificing analysis sensitivity.

The CMS multi-classifier is a deep neural network that aims at distinguishing five
background processes: V + bb, V + b, tf, V + light and single top production. This
is very challenging because the 0-Lepton channel is characterised by few physics ob-

jects: two b-jets and one optional additional non-b-jet.

In this section, the possibility of replacing the Low-AR and High-AR CRs with two con-
trol regions defined by a multi-classifier is explored. The first control region would aim
at isolating the W+jets background, while the second would target the top processes,
both tt and single-top production. The top and W+jets backgrounds are respectively
the second and third largest backgrounds in the 0-Lepton channel, therefore dedicated
control regions should be designed for them. For Z+jets, the largest 0-Lepton back-
ground, no control region is needed since the low BDTyy bins in the SR (top row of

Figure 4.31 and Figure 4.32) already act as de facto control regions.

The XGBoost multi-classifier has been designed with five outputs to distinguish five
processes: signal VH, top, W+jets, Z+jets and diboson. This choice has provided good
flexibility during the studies. Individual multi-classifier trainings have been assigned
to every combination of jet category and pY regions. The over-training has been han-
dled using the procedure detailed in Section 5.3. The ntuples used for training were

generated applying the FSR recovery strategy described in Section 5.2.

The input variables for the multi-classifier are shown in Table 5.3. Compared to the
input variables of BDTyy described in the previous chapter, |A5(by, by)| and meg have

been removed due to the high correlations with other variables (Appendix D) and the
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non-visible improvement in the area under the ROC curve for XGBoost. Conversely,
the number of hadronic taus in the event nTaus has been included to provide addi-
tional discrimination for W+jets and tf. Furthermore, for the 2-jet category, a flag called
hasFSR indicates whether the event has been migrated from the 3-jet category. Lastly,
in the 3-jet category, the angular separation between the third jet and the bb-system,
dRBB], has been added.

Variable 0-lepton

X

Mpp

<
Py
S
S
N
X X X X X X X X X

Only in 2-jet events

hasFSR X
Only in 3-jet events
jets
Pr X
mbb]- X
dRBB] X

Table 5.3: Input variables used for the training and evaluation of the multi-classifier in
the O-Lepton channel.

The loss function minimised during the training was the multidimensional cross-entropy
defined as:

M
MCE = — Zyi/j In Pi,j (54)

NE&=

1 N
i=1
where N is the total number of events for training, M the number of classes for the
physics processes, p; ; is the model’s probability of assigning label j to the event i, and
y;; is the truth label of the event. For example, assuming that an event 7 is a W+jets
event, y;; has the values y;j—w.jt = 1 and y;jzwijer = 0. The MCE measures the

performance of a classification model whose output is a probability p; ; [132], as shown

in Figure 5.13 for the case of only two classes (M = 2).
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(a) Cross-entropy when true label y = 1. (b) Cross-entropy when true label y = 0.
Figure 5.13: Cross-entropy as a function of the estimated probability from the classifier.

The MCE is an effective loss function when the output classes have similar importance.
However, in the VH, H — bb analysis, correctly recognising the tiny VH signal is far
more important than accurately classifying the backgrounds. For this reason, a weight
proportional to the MC weight of the event is introduced in the MCE. For a V H signal
event, its weight is w; = w; pic/ Zfigmﬂ w; mc while for a background event its weight
is w; = wipmc/ Z]-TOtbkg wj Mmc-

Optimal hyper-parameters have been searched through an extensive grid search, which
is an exhaustive scan through a fixed subset of the hyper-parameters. The considered
hyper-parameters are max depth (values =4,5,6,7,8,9), gamma (values =0, 0.2, 0.4),
learning rate (values =0.01,0.05,0.3) and min child weight (values =1, 3,5).
The best set of hyper-parameters was chosen based on the lower value of the MSE
obtained during training in the validation sample. The best hyper-parameters for each

training are shown in Table 5.4.

Once trained, the five output scores of the multi-classifier are shown in Figure 5.14 for
the the 2-jet 150 GeV < ERiss < 250 GeV category. Moreover, the feature importance
in the multi-classifier is shown in Figure 5.15, where my, is observed to be the most

important variable as expected.

As previously mentioned, the idea behind this multi-classifier is to construct two con-
trol regions: one for W+jets and one for top processes. Therefore, the events are cate-

gorized in the following way:
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Hyper-parameter 2-jet  3-jet
max depth 6 8
gamma 0 0.2
learning rate 0.01 0.01
min child weight 3 1

(a) 150 GeV < EMiss < 250 GeV .

Hyper-parameter 2-jet  3-jet
max depth 6 6
gamma 0 0.2
learning rate 0.01 0.01
min child weight 1 3

(b) 250 GeV < EIT“iSS.

Table 5.4: Hyper-parameters chosen for the multi-classifier trainings after the grid
search.

¢ If pw is the largest score of the five multi-classifier’s outputs, the event is cate-

gorised in the W+jets CR.

* If prp is the largest score of the five multi-classifier’s outputs, the event is cate-

gorised in the Top CR.

¢ In all the other cases, the event is categorised in the SR.

Furthermore, as before, in the CRs the event yield is the variable fitted, whereas in the

SRS Psignar is the variable fitted (analogous to BDTyp).

For the signal V H, the new SRs and CRs behave in a similarly as the previous regions
defined upon the AR(by,by) continuous cuts, as it is possible to see in Figure 5.16.
However, the new regions are characterised by a significantly higher purity, as it is
shown in Figure 5.17. Therefore, the new CRs act as “enhanced” Low-AR-CRs and

High-AR-CRs, which would simplify their adoption process into the analysis chain.

To test the goodness of these new regions, a very simple fit model has been used.
A 0-Lepton stand-alone fit where all the main backgrounds have been left floating

independently between the 2-jet and 3-jet categories has been considered. In this fit



Future analysis improvements 134

5 [ Signal 5 [ Signal
10%4 Top 10°4 Top
cCw Cw
10?4 iz 102 5 1z
1 Diboson 1 Diboson
10! 10!
Bl Bl
® 100 ® 104
107t 107t
1072 1072
1073 T T T T T T 1073 T T T T T u
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Prob Signal Prob Top
| 1 signal | 1 signal
10%5 Top 10° 4 Top
Cw Cw
102 4 iz 102 3 iz
[ Diboson [ Diboson
10t 10t —
El El
® 10 ® 100
107t 107t
1072 1072
1073 T T T T T T 1073 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Prob W Prob Z
5 [ Signal
10
Top
Cw
102 4 1z
1 Diboson
10!
3
® 100
107t
1072
1073 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Prob Diboson

Figure 5.14: Multi-classifier output scores for the five predicted processes for the 2-jet
150 GeV < ERiss < 250 GeV category. The colours of the lines indicate the truth label
of the processes.

model, all the experimental and modelling systematics have been neglected, just to
focus on the interplay between the various backgrounds. The post-fit distributions for
the conditional fit with y = 1 are shown in Figure 5.18 and Figure 5.19. The pull plot
in Figure 5.20 and, in particular, the correlation matrices in Figure 5.21 indicate that,
for the same fit model, the new regions are able to significantly reduce the correlations
of the normalisation factors compared to the previous ones. Lastly, there is a small

improvement in the expected significance of ~ 2% with the multi-classifier.

In conclusion, the XGBoost multi-classifiers provides a valuable alternative to the con-
tinuous AR(by, by) SRs and CRs, which is makes further exploration with a more com-

plete fit model worthwhile.
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Figure 5.15: Importance of the input variables used in the trainings. The height of

each column is proportional to the number of times a variable is used inside the multi-
classifier.
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Figure 5.16: dR(by,b2) as a function of E%‘iss in the 2-jet 150 GeV < EIT’“iss < 250 GeV
category for the V H signal in the Signal, Top and W predicted regions.
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Figure 5.17: Pre-fit 0-Lepton background composition in signal and control regions
defined with the XGBoost multi-classifier. From left to right: Low-AR-CR, SR and
High-AR-CR. From top to bottom: 2-jet 150 GeV < EXiss < 250 GeV category, 2-jet 250
GeV < EMiss category, 3-jet 150 GeV < EMsS < 250 GeV category and 3-jet 250 GeV
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Figure 5.18: The top row shows the conditional post-fit ps;¢ua output distributions of
the multi-classifier in the new SRs. The middle and bottom rows show the post-fit yield
distributions for the W and Top CRs defined with the multi-classifier. All plots refer to
the 0-Lepton channel 2-jet category. The fit model is a standalone simplified 0-Lepton
tit with only the MC statistics and the floating normalisations as nuisance parameters.
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Figure 5.19: The top row shows the conditional post-fit ps;¢ua output distributions of
the multi-classifier in the new SRs. The middle and bottom rows show the post-fit yield
distributions for the W and Top CRs defined with the multi-classifier. All plots refer to
the 0-Lepton channel 3-jet category. The fit model is a standalone simplified 0-Lepton
tit with only the MC statistics and the floating normalisations as nuisance parameters.
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Figure 5.20: Floating normalisations for the simplified conditional O-Lepton fit for the
multi-classifier and the analysis inputs described in Chapter 4.



Future analysis improvements 140

norm_Whbb_J2

norm_Whbb_J3

norm_Zbb_J2

I
....H

norm_Zbb_J3

norm_ttbar_J2

norm_ttbar_J3

-1

o . . .

norm_Whbb_J3

o
]
o
re)
N
£
£
s}
=

(a) Baseline O-Lep.

norm_Zbb_J3
norm_ttbar_J2
norm_ttbar_J3

norm_Whbb_J2

norm_Whbb_J3

norm_Zbb_J2

norm_Zbb_J3

norm_ttbar_J2

norm_ttbar_J3

norm_Whbb_J2

norm_Whbb_J3
norm_Zbb_J2
norm_Zbb_J3
norm_ttbar_J2
norm_ttbar_J3

(b) Multi-classifier.
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Chapter 6

Conclusions

Measurements of the Higgs boson decay to beauty quarks play an important role in
testing the Standard Model predictions and exploring Beyond the Standard Model the-
ories. In this thesis, the VH, H — bb analysis has been presented using the full Run 2
ATLAS dataset.

The VH, H — bb signal strength has been measured with a global likelihood fit across
the three lepton channels: ]JE{/EH = 1027018 = 1.02:’8:5(stat.)fgﬁg(syst.). This result
corresponds to a rejection of the background-only hypothesis with a significance of
6.7 standard deviations, while the expected significance was also 6.7 standard devia-
tions. The WH,H — bb and ZH, H — bb signal strengths have also been separately
measured: ull, = 0.957027 = 0.95 + 0.18(stat.) " 1o (syst.) and plh, = 1.08%0% =
1.08 + 0.17(stat.)f8ﬁ§(syst.). The former observed and expected significances are re-
spectively 4.0 and 4.1, which indicate strong evidence for the WH production, while
the latter significances are respectively 5.3 and 5.1, which allow the observation of ZH
production mode to be claimed. Cross-sections of the associated production of a Higgs
boson decaying into beauty quarks and a vector boson have been measured as a func-
tion of the vector-boson transverse momentum in five bins using the STXS framework.
The total uncertainties on each bin ranged from 85% to 30% for the high pY bins. Two

cross-check analyses have been performed to validate the VH,H — bb fit strategy.

The first one was a VZ,Z — bb multivariate analysis in the same phase-space of the
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VH,H — bb analysis, which allowed a careful validation of the fit model. The second
one extracted the VH, H — bb signal strength from a fit of the invariant mass of the

b-jets. All the previous results are compatible with the Standard Model predictions.

For future iterations of the VH, H — bb measurements, several new analysis tech-
niques have been tested. Particle flow jets offer a better energy resolution, although
pile-up rejections prescriptions were not yet ready at the time of the full Run 2 analy-
sis. FSR recovery gives a better n1;;, resolution and slightly improves the analysis sen-
sitivity; more importantly for future differential measurements in N, this technique
brings the reconstructed categories closer to the Simplified Template Cross-Sections.
Lastly, a multi-classifier in the 0-Lepton channel could significantly improve the pu-
rity of the control regions. Overall, these new methods have the potential to make the

analysis more sensitive and resilient.

In conclusion, with an upcoming increasing dataset and new methods at our disposal,

our understanding of the Higgs sector is only destined to deepen.
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Appendix A

Weights for filtered samples

Combining events in the most effective way from an inclusive sample and a filtered
sample can be thought as an optimization problem. In this sense, the goal of the op-
timization is reducing the overall statistical error. The purpose of this appendix is to
show the complete calculation for the tf filtered sample coefficients described in Sec-

tion 4.9.1.

For the slice 100 GeV < truth E%‘iss < 200 GeV, the factor 0.5 was chosen in the fol-
lowing manner. Given an histogram bin i with M; entries with weights wj, its error
is

(A1)

since the bin content follows a Poisson distribution. When new events are generated
in the slice 100 GeV < truth E%‘iss < 200 GeV, N events with weight wj will enter in
bin i. However, in order to keep the bin yield constant y, the weights w; and wy need

to be scaled by two factors a and b, such that
M N M N
y=a-) wi+b-) we=) wj=) w (A.2)
j k j k

The values a and b, as long as they satisfy Equation A.2, can be chosen arbitrarily.

However, they can be optimised to reduce the error in Equation A.1. In fact, Equation
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A.1 can be rewritten as

M N
oi(a,b) = J a2y (w2 + 02 ) (wy)? (A.3)
k

j
At this point, it is possible to calculate the minimum of the function in Equation A.3 on

the constrain of Equation A.2:

M N M
a-ij+b-Zwk:ij (A.4)
j k i

by introducing a curve ?(t) : R! — R? that parametrises the constrain:

M.,
Tt = (tZJNw’ a —t)) (A5)

Zk Wi

and since 2 and b are required to be positive, it follows that 0 < t < 1. Substituting
Equation A.5 in Equation A.3 and calculating the stationary points with respect to t

gives

d . M
S a(F (0)],zy = J Y ()2 +

Y (w)2 =0 (A.6)

The result is after solving for t:

_ (L w;)? - L (wy)? A7)
(S8 wi)? - 2 (w))2 + (M wj)? + L (wy )2 .

which gives back a and b after substituting in the curve 7(t):

o (5 w)* - B (w0)? "
(X8 we)? - T (w))? + (M w))? + 8 (we)? '

b Z]ij-zﬁ’wk-zfﬁ(wj)z (A.9)
(X8 we)? - T (w))? + (M w))? + 18 (we)? '

For M ~ N, Equations A.8 and A.9 significantly simplify leading toa = b = 0.5.



Appendix B

Additional plots for FSR studies

Vs=13TeV, L =139 fb~! : :’SUR ¥ vs=13Tev,L=139 1" ‘PSLL
pt =150 GeV Low pr pY =175 Gev Low pr
q4 - ZH - vibb PwPy8MINLO . FSR qG - ZH - vibb PwPy8MINLO - FSR

S 0 A
-1 -1
ol | U
Assumptions: Inclusive 3-jet category Assumptions: Inclusive 3-jet category
pr=pf pr=pf
—3} *BRop, =277 —3f *BRop, =277
-3 =2 =T 0 T 2 3 =3 =2 =T o 1 2z 3
n n
H H
(a) py € [150,155] GeV. (b) p7 € [170,180] GeV.
VE=13TeV, L =139 fb"! Lo [ VE=13Tev,L=139 b7 t
p =200 GeV Low pr p = 225 Gev Low pr
qg - ZH - vibb PwPy8MINLO .« FSR q§ - ZH - vibb PwPy8MINLO - FSR
2F . P - 2f .. :
i 1
S 0 S 0
-1 —1k
-2 -2
Assumptions: Inclusive 3-jet category Assumptions: Inclusive 3-jet category
pr=pf pr=pf
—3} *BRop, =277 —3f *BRop, =277
-3 =2 =T 0 T z 3 =3 =2 =T 0 1 2z 3
n n

(c) pi € [195,205] GeV. (d) pH € [220,230] GeV.

Figure B.1: 7 — ¢ distribution of the third jet in the 0-Lepton 3-jet inclusive category for
various range of pH: 150 — 225 GeV (details in Section 4.2.1).
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Figure B.2: 7 — ¢ distribution of the third jet in the 0-Lepton 3-jet inclusive category for
various range of pH: 250 — 375 GeV (details in Section 4.2.1).



Appendix C

Multi-jet estimation in the 0-Lepton
channel

In this appendix, a data-driven method and an MC method will be discussed to esti-

mate the multi-jet background in 0-Lepton.

C.0.0.1 Data-driven estimation

In the 0-Lepton channel, four topological selections have been introduced to suppress
the multi-jet background in Section 4.3.4. In Figure C.1 and Figure C.2, the four variable
distributions are shown, respectively for the 2-jet and 3-jet categories, before any of the

anti-QCD cuts are applied.

The value of the min[A¢(EF™, jets)] selection is established after performing a tem-
plate fit. After the first three selections have been applied, the min[A¢(EX, jets)] data
distribution is fitted using the MC templates for the electroweak processes. The under-
lying assumption is that the multi-jet template can be extracted from data as a differ-
ence between the measured data and the fitted MC templates. The results are shown
in Figure C.3. In the fit, the normalisations of the main 0-Lepton backgrounds (Z+jets,
W+jets and tt) are left floating, while the normalisations of single top and di-boson
productions are fixed to the MC prediction. Furthermore, the 3-jet category multi-jet
shape is fitted with an exponential function of the form f(x) = A -e~*/¢ in the range

x = min[A¢p(E™, jets)] € [0,50].
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Figure C.1: Anti-QCD variable distributions before the anti-QCD selection for the 0-
Lepton 2-jet category for Ef"** > 150 GeV. The electroweak backgrounds are scaled to
the values extracted from the fit.

The 20° selection value for 2-jet category eliminates any remaining multi-jet contribu-
tion. The 30° selection value for 3-jet category corresponds to keeping less than 10% of
multi-jet with respect to the signal yields. The parameters extracted from the exponen-

tial fit are: A = 5409 £ 168 and ¢ = 6.26 + 0.18°.

C.0.0.2 MC based multi-jet estimation

An alternative MC based approach has been tested to complement the data-driven
multi-jet estimation, using a simulated di-jet sample [133]. The di-jet sample has been
filtered in order to require at least two b-hadrons matched to two separate jets and
pl}l + pl%Z > 150 GeV (0 = 609 nb, €fjjre; = 0.018619). More than 33.9 millions of
events have been generated for the corresponding L = 139 fb~! dataset. The sample

has been generated with the Sherpa generator [99] and using the NNPDF30NNLO pdf
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Figure C.2: Anti-QCD variable distributions before the anti-QCD selection for the 0-
Lepton 3-jet category for Ef"** > 150 GeV. The electroweak backgrounds are scaled to
the values extracted from the fit.

set [134]. After applying the complete 0-Lepton selection, with the anti-QCD cuts, zero
events enter in the 2-jet category and less than one hundred enter the 3-jet category,
which are reported in Figure C.4. An exponential fit to min[A¢(EZ™, jets)], analogous
to the one described in Section C.0.0.1, is performed, resulting in A = 4674 £ 127 and

c = 4.72 £0.11°. These values are compatible with the data-driven approach.
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Figure C.3: Multi-jet data-driven fit of min[A@(EN*, jets)] in the 2-jet (a) and 3-jet (b)
categories.
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Appendix D

Correlation matrices for MVA inputs
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Figure D.1: Linear correlation matrix for the MVA input variables for the inclusive 0-

Correlation matrix for 0-Lepton, gg-» VH - vibb, 2-jet category
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Lepton channel 2-jet category in the g7 — ZH — vibb simulated sample (details in
Section 4.10.1).
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Correlation matrix for 0-Lepton, t, 2-jet category
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Figure D.2: Linear correlation matrix for the MVA input variables for the inclusive
0-Lepton channel 2-jet category in the tf simulated sample (details in Section 4.10.1).
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Correlation matrix for 0-Lepton, W+jets, 2-jet category
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Figure D.3: Linear correlation matrix for the MVA input variables for the inclusive
0-Lepton channel 2-jet category in the Wjets simulated sample (details in Section
4.10.1).
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Correlation matrix for 0-Lepton, Z+jets, 2-jet category
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Figure D.4: Linear correlation matrix for the MVA input variables for the inclusive 0-
Lepton channel 2-jet category in the Z+jets simulated sample (details in Section 4.10.1).
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