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Abstract

The Higgs boson is the last discovered particle of the Standard Model (SM)
and the only known fundamental scalar. It crowns the theoretical construc-
tion of the SM by providing masses to electroweak bosons through the mech-
anism of spontaneous symmetry breaking. The essential feature of this mech-
anism is the famous “Mexican hat” potential with non-zero vacuum expec-
tation value. Measurements of Higgs boson coupling strengths to bosons
and fermions, in agreement with SM predictions, have experimentally con-
firmed the Brout-Englert-Higgs mechanism of electroweak symmetry break-
ing. With more data being collected by ATLAS and CMS experiments at
the Large Hadron Collider (LHC), more subtle properties of the Higgs boson
can be revealed. These measurements will either confirm the SM nature of
this particle, leading to a better understanding of the SM, or hint at the
existence of beyond Standard Model (BSM) interactions.

In this monograph I present results of two sets of studies, that I carried
out within the ATLAS experiment, that were aimed at measuring the Higgs
potential and searching for beyond Standard Model (BSM) deviations to its
shape. One set of analyses uses leptonic Higgs boson decays to W bosons. |
measured Higgs boson production cross-sections in gluon fusion and vector
boson fusion and constrained Higgs boson couplings to polarised electroweak
bosons, thus probing the Higgs potential at its minimum. The other class
of measurements focuses on Higgs bosons self-interactions that result from
the global shape of the Higgs potential. They are performed by studying the
production of the Higgs boson pairs. Due to a very small cross-section for the
di-Higgs production predicted by the SM, an observation of this process with
the currently available data would hint to the presence of BSM phenomena
in the Higgs sector. To maximise sensitivity to Higgs pair production at
the LHC, several final states are statistically combined. Results of feasibility
studies for the upgraded LHC are also reported, using the bby~y final state.
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Within experimental uncertainties, a good agreement has been found with
the Standard Model and constraints have been set on selected BSM models.



Streszczenie

Bozon Higgsa jest ostatnia odkryta czastka Modelu Standardowego (SM)
i jedyna znana fundamentalng czastka skalarng. Wienczy ona teoretyczna
konstrukcje Modelu Standardowego, nadajac masy bozonom elektrostabym
poprzez mechanizm spontanicznego tamania symetrii. Istotna cecha tego
mechanizmu jest stynny potencjal w ksztalcie meksykanskiego kapelusza z
niezerowg wartoscia oczekiwang prézni. Pomiary sit sprzezenia bozonu Hig-
gsa z bozonami i fermionami, zgodne z przewidywaniami SM w granicach
niepewnosci pomiarowych, potwierdzity eksperymentalnie mechanizm tama-
nia symetrii elektrostabej Brouta-Englerta-Higgsa. Wraz z gromadzeniem
wiekszej ilosci danych przez eksperymenty ATLAS i CMS przy Wielkim
Zderzaczu Hadronow (Large Hadron Collider, LHC), moga zosta¢ odkryte
bardziej subtelne wtasciwosci bozonu Higgsa. Pomiary te albo potwierdza
nature SM tej czastki, prowadzac do lepszego zrozumienia SM, albo wskaza
na istnienie oddzialywan poza Modelem Standardowym (BSM).

W niniejszej monografii przedstawiam wyniki dwoch linii badan, ktore
przeprowadzitam w ramach eksperymentu ATLAS. Miaty one na celu pomi-
ary potencjatu Higgsa i poszukiwanie odchylen od jego ksztattu wywotanymi
przez nieznane oddzialywania poza Modelem Standardowym (BSM). Pier-
wsza klasa analiz wykorzystuje leptonowe rozpady bozonu Higgsa na bozony
W. Zmierzytam przekroje czynne na produkcje bozonéw Higgsa w proce-
sach fuzji gluonéow i fuzji bosonéw elektrostabych oraz sprzezenia bozondéw
Higgsa ze spolaryzowanymi bozonami elektrostabymi W i Z. W ten spos6b
zbadatam potencjal bozonu Higgsa w jego minimum. Druga klasa pomiarow
skupia si¢ na samo-oddziatywaniach bozonéw Higgsa, ktore wynikaja z glob-
alnego ksztaltu jego potencjalu. Jest ona wykonywana poprzez badanie pro-
dukcji par bozonéw Higgsa. Ze wzgledu na bardzo maty przekrdj czynny na
produkcje dwoch bozondéw Higgsa przewidywany przez SM, obserwacja tego
procesu na podstawie obecnie dostepnych danych wskazywataby na obecnosé
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zjawisk BSM w sektorze Higgsa. Aby zmaksymalizowaé czutosé na produkcje
par czastek Higgsa w LHC, wykonana jest kombinacja statystyczna kilku
stanow koncowych. Przedstawiam réwniez wyniki studiow wykonalnosci dla
zmodernizowanego LHC, wykorzystujac stan koticowy bby+.

W ramach niepewnosci eksperymentalnych uzyskatam dobra zgodnosé
z Modelem Standardowym i ustalitam ograniczenia dla wybranych modeli
BSM.
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Statement on author’s contribution

The physics of the Higgs boson has been my major research interest since
2013. T have investigated several processes involving this particle and mea-
sured properties of this newly discovered boson in order to search for possi-
ble deviations from the Standard Model (SM) predictions. My studies have
been performed within the ATLAS experiment at the Large Hadron Collider
(LHC).

Higgs boson pair searches

I joined the ATLAS Collaboration in 2013, about a year after the Higgs
boson discovery, with an interest in establishing, whether the spontaneous
electroweak symmetry breaking in the electroweak sector proceeds indeed
via the Higgs mechanism. My research in years 2013-2018 focused on ob-
serving Higgs boson pair production. This process enables extracting the
trilinear Higgs self-coupling, that is directly related to the shape of the Higgs
potential. The measurement of the coupling strength of the Higgs boson
self-interaction is crucial to establish if electroweak symmetry breaking is
triggered by the Standard Model Higgs mechanism or some other, hitherto
unknown dynamics. Higgs pair production at the LHC, in the SM, is medi-
ated at the leading order by two Feynman diagrams. Only one of them is
sensitive to the trilinear Higgs couplings and negative interference between
the two contributions decreases the rates of observed Higgs pairs. I found
that Higgs pair production is most sensitive to the trilinear coupling at the
Higgs resonance itself and applied this finding to the bbyy final state of the
di-Higgs decays [1].

In years 2014-2018 I was a co-convener of the Di-Higgs subgroup of the
LHC Higgs Cross Section Working Group at CERN. This group had been es-
tablished in order to provide recommendations and harmonise theory inputs
to experimental analyses and physics benchmarks to study. For Higgs pair
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procuction which, according to the SM predictions, was too rare a process to
be observed at the current run of the LHC, our group recommended generic
models predicting enhancement of the cross-section. I co-edited the di-Higgs
chapter to CERN Yellow Report 4 [2]. This monograph is a roadmap for
particle physics, providing recommendations for physics measurements and
theoretical frameworks to compare experimental findings with theory predic-
tions.

In 2015 I was involved in preparing a study summarising statistical combi-
nation of di-Higgs searches [3| performed at a proton-proton collision energy
of 8 TeV, using four final states: bbbb, bbrT, bbyy, and WHW~~v. 1 was not
directly involved in the data analysis itself, but appointed as an ATLAS edito-
rial board member (an internal review proces by the ATLAS Collaboration),
responsible for cross-checking preliminary results, helping the analysis team
to complete the study, interpret results and write the paper. The outcome
of this study includes limits on the SM Higgs boson production cross-section
and exclusions of several BSM scenarions.

I continued Higgs pair searches using the bbyvy final state. I performed a
study of the bbyy background in the analysis of data collected at a centre-
of-mass energy of 13 TeV [4]. I took part in combining results of double
Higgs boson searches performed in ATLAS using up to 36.1 fb~! and final
states: bbbb, bW YW=, bbrr, bbyy, WW-W+W~ and WHW—yy [5]. 1
provided theory inputs for the SM, electroweak singlet and anomalous Higgs
self-coupling interpretations. The results of this combination are 95% con-
fidence level exclusion limits on the SM Higgs boson pair production cross-
section. It yields in observation (expectation) 6.9 (10) times the predicted
Standard Model cross-section. Limits are also set on the ratio of the Higgs
boson self-coupling to its Standard Model value, . This ratio is constrained
at 95% confidence level and its observed limits are —5.0 < k) < 12.0 .

I presented results of di-Higgs searches during QCD@QLHC Conference in
Debrecen, Hungary in August 2017 on behalf of ATLAS and CMS Collabo-
rations.

Physics prospects studies for the High Luminosity LHC

While the observation of Higgs boson pair production might be beyond
the reach of the LHC, the upgraded LHC program called High Luminosity
LHC (HL-LHC) will likely offer sufficient luminosity to do so. In 2013 I
established the sensitivity to Higgs pair production in the bby~y final state
with the ATLAS detector in the High Luminosity LHC phase. I co-edited
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the related public note [6], prepared for the ECFA 2014 Conference, in which
the experimental expected limits on the Higgs trilinear coupling were set
for the first time. This study was based on event selection proposed in my
study |1] for this channel. In April 2016, on behalf of ATLAS Collaboration,
I presented prospects for measuring Higgs boson properties and observing
new physics in the High Luminosity LHC at the DIS2016 conference.

Higgs boson properties

Single Higgs boson production at the LHC is about 1000 times more
abundant than its pair production. Therefore, already the currently col-
lected dataset offers sufficient statistics to investigate (subtle) Higgs proper-
ties. Such measurements may possibly lead to the discovery of new physics.

I was involved in the measurement of Higgs boson production cross-
sections in gluon fusion and vector boson fusion using its decays to a pair of
leptonically decaying W bosons, h — WW* — evuv |7|. 1 compared signal
predictions from different simulations and took part in optimising signal se-
lection using di-lepton triggers. The results of this study confirmed the SM
nature of the Higgs boson.

With the aim to improve the resolution on the Higgs coupling strengths to
di-bosons and search for BSM interactions, I initiated in 2017 a novel analysis
in the ATLAS experiment. Its goal was to measure Higgs boson couplings
to polarised W and Z bosons in the vector boson fusion production and
h — WW?* decays. Anomalous Higgs boson couplings to longitudinally po-
larised electroweak W and Z bosons may reveal a composite nature of the
Higgs boson [8]. This study utilises signal selection and background estima-
tion performed by the cross-section measurement of |7], on top of which it
performs a differential measurement with respect to variable most sensitive
to BSM effects. I was the main analyser in this study, responsible for all its
ingredients. I formulated the research hypothesis, selected the optimal ob-
servable for a differential measurement, estimated theoretical uncertaitnties
of the signal. I translated BSM signal parametrisation into the framework
of Pseudo Observables 9], thus providing theorists valuable information to
test their BSM models. In this analysis I adopted novel techniques for ef-
ficient simulations of the signal samples with different parameters and dif-
ferent uncertainty distributions based on Lagrangian morphing. I performed
statistical analysis and determined couplings and their uncertainties using
likelihood profiling.
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In presenting results I am following the rules of the ATLAS Collaboration.
Therefore only publicly available and approved by the collaboration results
and plots are included in the presented monograph. I make two exceptions
from this rule, while presenting my own studies performed with simulations
and neither real data nor ATLAS software: in Chapter 4, while discussing
the impact on polarisation-dependent anomalous couplings on the measured
cross-section, prior to preparing ATLAS analysis and Chapter 5 where my
original results not related to the ATLAS measurements are presented. For
completeness, I give references to internal notes of the ATLAS collaboration,
that summarise more technical aspects of analyses to which I contributed as
well as preliminary studies superceded by journal publications.



1 Introduction

A unified description of electro-magnetic and weak interactions based on
quantum field theory and the local SU(2), xU(1)y symmetry was a huge suc-
cess of particle physics theory in the last century. The theory of electroweak
interactions |10-12] correctly predicted the existence of electroweak bosons
and their interactions with fermions. This theory, however, was plagued
by inevitable constrain: either electroweak bosons (except for the photon)
needed to be massless, or new so called “Goldstone bosons” (or “Nambu-
Goldstone bosons”) would emerge as a result of breaking the symmetry by
the vacuum. A clever mechanism was postulated by Brout, Englert and
Higgs [13-15], in which a complex scalar doublet was added to the elec-
troweak theory. Thanks to the vacuum structure of the new field, three elec-
troweak bosons gain mass while absorbing the “unwanted” massless modes of
the Higgs field. This mechanism (called the BEH, or the Higgs mechanism)
predicts additionally the emergence of a massive, elementary scalar boson,
named after its postulator, the Higgs boson. This particle has been the
missing piece of the electroweak theory, the ultimate proof of its correctness,
sought after for almost forty years in various experiments all over the world.

It was finally discovered by the ATLAS and CMS experiments [16,/17]
at the Large Hadron Collider (LHC) at CERN. Following this discovery, the
properties of this new particle are studied with increasing precision by the
ATLAS and CMS experiments. Yet the Higgs boson is still the least known
particle of the Standard Model.

There is a striking analogy between electroweak symmetry breaking and
the Meissner effect in superconductors. Superconductivity is explained in
BCS theory through interactions with quantum fluid of Cooper pairs that
cause magnetic forces to become short-range. In BCS theory of supercon-
ductivity Cooper pairs are composite objects — pairs of electrons exchanging
phonons. Higgs boson, on the other hand, is the only known scalar particle

17
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in the Standard Model (SM) of particle physics that within experimentally
accessible range remains elementary.

Is the Higgs boson indeed elementary — in accordance with the SM pre-
dictions — or exhibits its composite nature at larger scales, ~1 TeV? Is it
the only particle of its kind or a part of a larger sector? In other words: is
the electroweak symmetry breaking realised in Nature by the mathematically
simplest mechanism possible, or is it more complex than we have originally
thought? To answer these questions, the properties of the new boson and
its potential are being put to experimental tests. Measurements of Higgs
couplings to bosons and fermions probe local properties of the Higgs poten-
tial at the vicinity of its vacuum. The information on its global shape can
be obtained from measuring Higgs self-interactions. These measurements are
then confronted with both the SM and other relevant beyond Standard Model
(BSM) theories to establish, which model best matches observed phenomena.

Indeed, while correctly predicting the quantum properties of particles in
a broad range of energy scales, the SM falls short of being a complete theory
of fundamental interactions. Instead, it is likely to be a part of a more
general, yet unknown BSM theory. Therefore, measurements of Higgs boson
properties and interactions may either provide a valuable confirmation of the
Standard Model at ~ 1 TeV scales or reveal the first hints of new phenomena,
not accounted for in this theory. Various contemporary theoretical models
link the properties of Higgs boson to the origin of large range of observed
masses of quarks and leptons, the strength of electroweak interactions with
respect to gravity as well as cosmological properties of the universe, such as
early inflation or baryogenesis.

This monograph is focused on measurements that solidify the current un-
derstanding of electroweak symmetry breaking through assesing the Higgs
potential and provide insight into (possible) BSM properties of the Higgs bo-
son. In Chapter[2] I review the principles of the Higgs mechanism, focusing on
its implications on the Higgs boson interactions with electroweak bosons and
its self-interactions, which are the main interest of this monograph. Chap-
ter [3] presents the ATLAS detector and the Large Hadron Collider. It re-
capitulates the discovery of the Higgs boson and early measurements of its
properties. It also summarises, what has been known about the boson from
early measurements.

This is followed by presenting the first line of research, studies of Higgs
couplings to massive electroweak bosons. Measurements of these couplings
are performed using WW™* fully leptonic Higgs boson decays. In Chapter
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cross-section measurements in several Higgs boson production channels are
detailed. These analyses are followed by a study constraining Higgs couplings
to longitudinally and transversally polarised W and Z bosons. This last
analysis sheds light onto the properties of the Higgs field degrees of freedom,
the infamous “Nambu-Goldstone bosons”, that through the Higgs mechanism
provide longitudinal polarisations of the massive electroweak bosons.

The other part of this monograph reviews analyses aimed at observing
pair production of the Higgs bosons. Chapter [5| discusses the relationship be-
tween the Higgs boson potential and its self coupling in the SM and beyond it.
It presents techniques of increasing the sensitivity to measuring Higgs boson
self interactions at the LHC. The findings of this chapter are further extended
in Chapter |8, in which early feasibility studies in constraining the Higgs tri-
linear coupling at the upgraded LHC are presented. In Chapters [6] and [7]
Higgs pair searches at Run 1 and 2 of the LHC are presented. Both chap-
ters outline analysis techniques specific to various di-Higgs decay channels,
with a focus on their statistical combinations. In this way, the constraints
on the Higgs trilinear self-coupling, presented in Chapter [7| are comparable
with results expected with much larger dataset in Chapter [§

Conventions In the following I adopt a short-hand notation for naming
particles and anti-particles, skipping their charges. This refers mainly to
processes involving a pair production of a particle and its anti-particle. For
example, I denote Higgs boson decays to a pair of WTW ™ bosons as h —
WW?*, rather than “h — WHW~* and h — W-W™*” | or di-Higgs decays
by hh — 77bb instead of hh — 777 bb. Similarly, I refer to a “top quark
pair” rather than “top—anti-top pair”. This is because particles and anti-
particles are treated in the same way in experimental identification (e.g.
identification efficiency of b-quarks and b-quarks is assumed equal) and often
kinematical effects (such as distinguishing that one W boson is off its mass
shell, W*) are more relevant than particles’ charges. On the other hand,
whenever a particle’s charge is relevant, this information is given, e.g. W*W*
production, or W+ Z° production.

Additionally, [, or light lepton refers to either an electron or a muon (and
their anti-particles). The heaviest lepton, 7, is always discussed separately,
because its short lifetime requires the usage of different reconstruction tech-
niques.

The natural units are used where proton carries a positive unit of charge
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and the speed of light ¢ = 1. Hence, one electronvolt (eV) is 1.602 x 107 J.



2  Electroweak symmetry break-
ing in the Standard Model

In the following I briefly present Glashow-Weinberg-Salam electroweak la-
grangian of the Standard Model (SM). I discuss its properties and in partic-
ular constrains on the masses of gauge fields its symmetry structure imposes.
The Brout-Englert-Higgs (BEH) mechanism [13-15] of generating these non-
zero masses by spontaneously breaking the local symmetry of the gauge group
is shown. This is done first using a simplified example of breaking U(1) sym-
metry, and followed by a complete picture, including field mixing and their
non-abelian couplings. The emphasis is put on the Higgs boson potential and
on interactions between gauge fields and the Higgs fields. These ingredients
of the Standard Model will be put to experimental tests in later chapters of
this monograph.

2.1 The electroweak sector of the SM

Electroweak interactions respect Lorentz invariance and a local gauge invari-
ance and respect the SU(2), x U(1)y symmetry group. The subscript L
means that only the left-handed fermion fields are doublets of the SU(2)
group, while right-handed ones form singlets. In other words, only left-
handed components of lepton and quark fields participate in the weak in-
teractions. Similarly, only electrically charged lepton and quark fields (of
both left and right handedness) participate in electromagnetic interactions.
Weak and electromagnetic interactions are mediated by four bosonic fields
Wir W2 W3k and B*. The great success of a field theory description of
electromagnetic interactions lies in their unified description in a single la-

21



22 Electroweak symmetry breaking in the Standard Model

grangian:

7 Lo i1 7
Letwea = 107, D) — 599yt oi Wy, — 59V By

1

4

1 (2.1)
Wa, W — ZB“ B,
where the first line corresponds to interactions among fermions and bosons
and the second one to inter-bosonic interactions. The couplings g and ¢’ cor-
respond to coupling strengths of SU(2), and U(1) symmetries, respectively
and o; denotes Pauli matrices. In the following, only the gauge boson sector
of the SM lagrangian is considered:
1

a v 1 v
Lgauge = _4WNVW;L - ZBH B,uu; (22)

where the field strength tensors are defined by

a a a aberxsbyrse
W, = DW= DW;+ ge™ W, Wy,

(2.3)
B, =D,B,-D,B,
and the covariant derivative has the form:
D, =0, - égaiW;(x) - §g'YB#(x)
_g L aWitg B, g(W,-WD (2.4)
S 2\ gW+WE) —gWit+ g B, )

This form of the covariant derivative ensures that the electroweak interactions
are invariant under the transformation

U(z) = exp (z%a(m) +1il Z azﬂi(m)) (2.5)

called also the local SU(2). x U(1)y gauge invariance [L0H12|. [ is the weak
isospin and Y the hypercharge related with the electric charge () and isospin
through Y = 2(Q — I3). Functions a(z) and §;(z) are local functions.

Any addition to the Lagrangian of a term quadratic in the fields,
such as mB*B,,, would violate local gauge invariance of . Therefore,
the Glashow electroweak theory predicts that the gauge bosons are massless.
This feature stands in contrast to the observations. Weak interactions have
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finite range and should therefore be mediated by massive bosons. The direct
discovery of electroweak bosons at CERN later confirmed their masses are
O(100) GeV.

To overcome this obstacle in the electroweak theory, a mechanism of
electroweak spontaneous symmetry breaking was introduced by [1315](18].
The Brout-Englert-Higgs (BEH) mechanism predicts the existence of a new
field ¢:

Egauge-Higgs = ‘Cgauge + EHiggs
= »Cgauge + (D/L(b)T(DH(b) - V¢
The potential of the Higgs field has the form:

V(Io]*) = 1?|6* + Alg[*, (2.7)

where A\ > 0 and p? < 0. This potential depends on |¢|?, which is motivated
by gauge invariance. The rank four polynomial gives the simplest expression
for a renormalisable potential. The remarkable features of the Higgs potential
is that the quasi-mass term p? is negative and its minimum value, the Higgs
vacuum expectation value (VEV, v), is non-zero v* = —pu?/\.

The notation of ([2.6), may be slightly misleading. The Lpjges term denot-
ing all functional dependence on the Higgs field in the electroweak lagrangian,
but depends additionally on the gauge fields through the covariant deriva-
tive. The term Lgauge, on the other hand, encapsulates the dependence on
the gauge fields, and not on the Higgs field. The reason for extracting Liggs
is that Higgs-gauge fields interactions present in the kinetic term of the scalar
field are the essence of the BEH mechanism. In the following two sections
the BEH mechanism will be outlined first in one dimension, by demonstrat-
ing breaking of the U(1) symmetry. These considerations will be followed by
reminding the symmetry breaking in the full SU(2), x U(1)y gauge group,
realised by 2 complex scalar fields, in section 2.3.

(2.6)

2.2 The BEH mechanism in U(1)

In this simplification we consider only a single scalar field ¢ to illustrate how
a single gauge boson vector field B,, acquires mass. By omitting other gauge
fields for a moment, the scheme of electroweak symmetry breaking is not
blurred by field mixing and their non-abelian couplings[T]

!Similar approach can be found for example in [19].
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The lagrangian of this toy model, which would correspond to electro-
magnetism with a massive photon, is given by

£ = =B B+ (D) (D)~ Vs 2:5)

where the covariant derivative ensuring a local U(1) symmetry of the theory
is given by

DH = 0" —igB". (2.9)
We have

(D) (D"¢) = (O + 19By) 9™ (9" — igB")¢ (2.10)

and V' is the Higgs potential
Vi = 1|9 + Algl*. (2.11)

The Higgs field can be expanded around its VEV v = *T“Q as
1

) =—7=(w+nlr)+i&(r)), 2.12
¢(x) \/5( n(x) 4 i€(x)) (2.12)

where n(z) and £(x) are real fields corresponding to small excitations in the
radial and in the tangent directions around the vacuum, respectively. In
order to explicitly show, how these two degrees of the Higgs field interact
with the gauge field, we inspect the kinetic term of the scalar field:

(Du¢)"(D") =

1 1 1
5(@”7) (0'n) — /\U2772 + é(auf) (0"€) +592U2BMBH + nguauf +
—_—

. J/

massive field massless field
(2.13)

Let us examine each term of the eq. . The spontaneous symmetry
breaking gives rise to the quadratic terms in n(z). Out of two real fields in
([2-12), n(z) is massive and £(x) remains massless. The mass of the field 7(z)
can be read out from ([2.13): imin*(z) = 5-2Xv*n*(z). The term gvB,0"¢
in eq.(2.13)) is unphysical, but can be removed from the lagrangian by a
redefinition of a gauge field:

1
B =Byt 0 (2.14)
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In this way:

P 2 2702
— §g v B,
(2.15)
This gauge redefinition will not be needed (nor possible), should the Higgs
VEV v = 0. Transformation eq. does not change the field strength

tensor B* B,,,. The transformation of the Higgs field under eq. (2.14) looks
as follows:

SD.)(0"€) + S BB + quB, e = Lg?

1
B + —
ut gvayg

612 = 6 (a) = exp | ~ig "2 | o) = exp | i€ fo 4yt + o)

—exp | ot ne e €2 4 06

(2.16)

After the gauge redefinition the massless field € is “rotated out” from
the scalar field ¢, and completely vanishes from the lagrangian. The Higgs
field now becomes real. The lagrangian after symmetry breaking, Lgp, has
the form:

1 1 1
L — Lsp = _ZB,WB‘,W + §g2v2Bf + 5(8#77)(8“7]) — \vn? (2.17)

Spontaneous symmetry breaking gives rise to a massless boson &, as stated
in the Goldstone theorem: “If there is a continuous symmetry transformation
under which the Lagrangian is invariant, then either the vacuum state is also
invariant under the transformation, or there must exist spinless particles
of zero mass.” The existence of these “unwanted Goldstone bosons” [11]
was perceived as a central problem to the electroweak theory, because they
were never detected. The BEH mechanism demonstrates that these massless
bosons are absorbed by gauge fields, giving rise to their masses. In the

physical gauge ([2.14]) all fields are physical.
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2.3 The BEH mechanism in the SU(2);, x U(1)y

We now consider the electroweak lagrangian of (2.2]) featuring SU(2), x
U(1)y local symmetry.
The Higgs sector in the SM consists of two complex scalar fields (an

isospin doublet):
— ¢+ L ¢1 Z¢2
¢ (w)—ﬁ(%+m)' (218)

The Higgs field can be expanded around its vacuum like in the previous

section. .
sea a O
_ T
where h represents its real component, and three other fields in eq. (2.18])

will lead to 3 Nambu-Goldstone bosons £%. Like in eq. (2.16)), the unitarity
transformation “rotates them out”. Therefore, in a unitarity gauge, ¢y can

be reduced to: . 0
%@”:;§(v+h@))- (2.20)

(Du¢0)( u¢0) ((9 )(auh)

PWE W)W —iW™) (0 +h)? (2:21)

»—oo|>—~

+ = (gW? — ¢'B)(gW™ — ¢'B*)(v + h)*.

0]

The kinetic Higgs term (D,,¢0)!(D"¢y) gives rise to mass terms for gauge
bosons. The physical bosons spectra consist of four electroweak bosons that
result from mixing of the gauge fields W1#, W?2* W3+ and BH.

In order to obtain physical bosons, the following transformations are per-
formed:

1
Wt =—
LN}
The fields let are electrically charged and correspond to physical parti-

cles. The unitarity transformation of Wj and B, results in two fields: Z,

(W, TiW3). (2.22)
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and v, that are electrically neutral:

Z

g 3 q
- 74 w3___J B
M 7 7 M
VeE+g? "t Vgt g? (2.23)
B q 3 g '
Vo = ——g2 " Wu + ——92 " B,.

Typically the above coupling combinations are expressed in terms of the weak
mixing angle (called also Weinberg mixing angle) 6y :

/

g

g .
cosby = ———, sinfy = ——. (2.24)
/92+g’2 /92+g’2
After these transformations the quadratic terms:
1 N 1
gUQgQ(W:WJ”‘ + W, W) + gUQ(gQ + 92, 7" (2.25)
give masses of the charged and neutral bosons:
1 1 2
M2, = M2 = 19%2, Mz = Z< 249 ', M,=0. (2.26)

The photon remains massless and the masses of W and Z bosons are related
by custodial symmetry (approximate SO(4) symmetry of the Higgs sector):

cos® Oy M2 = M3, (2.27)

The SU(2);, x U(1)y symmetry is broken to the U(1) symmetry. The
remaining U(1) symmetry means that the photon remains massless. The W
and Z bosons emerging from the original W1#, W?2¢ W3 and B* fields gain
masses by absorbing three out of four degrees of freedom of the Higgs field.

In section [4.10| we will explore further differences between massive gauge
bosons and a photon.

2.4 Higgs boson couplings to W+, W~, Z and
photon

The terms of (2.21), that are trilinear and quartic polynomials in the gauge

fields:
1 2 o 2 1 2,2 m 1 2 " 1 2712 o
19 W, WH(w + h)* = 19 W, W + 59 vhW, W + 19 h*W, W (2.28)
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results in triple and quartic Higgs-W boson couplings:

1
Jww = 5921) = gMw (2.29)
and
1,
Grrww = 79" (2.30)

The lagrangian features no terms involving both Higgs boson and the photon.
Consequently, all tree-level photon couplings to the Higgs boson are 0. The
Higgs boson can decay to a pair of photons, but this process is mediated by
virtual quantum effects resulting in the branching ratio Br(h — vv) = 0.2%.

2.5 Polarisation states of electroweak bosons

A free spin-1 massive particle B, fulfils the equation:
(O+m?)B* — 0"(9,B") = 0,< (0,B") =0 (2.31)

with the d’Alembert operator [J = 9,0". This equation is satisfied by plane
waves solution in the form

Oexp[—ipz] = —m? exp[—ipr] = B = e* exp[—ipz] (2.32)

with p being the particle’s four-momentum. Inserting this solution into equa-
tion (2.31)), gives the constraint:

pue’ =0. (2.33)

This constraint results in three independent polarisation states of massive
electroweak bosons, that can be written as:

B* = e} exp[—ipx] = ¢} exp|—i(T - T — Et)]. (2.34)

Decomposing e into Carthesian coordinates gives three linear polarisation
states:
el =(0,1,0,0); eb =(0,0,1,0); e =(0,0,0,1). (2.35)

Alternatively, for any particle with momentum p* the decomposition can be
made into two transverse polarisations

1
"= —(0,1,—,0), €'=—

V2

e (0,1,4,0), (2.36)

1
V2
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and the longitudinal one:

1
ef = —(p:,0,0,E). (2.37)
m
The above decomposition has the advantage that particle’s helicities, defined
as the projection of a particle’s spin onto its direction of motion, corresponds
to +1, 0, 1 helicities for €/}, e, e”.

These polarisation vectors fulfill the sum rule

LV
Ze’;\“ei = —g" + pm_i (2.38)

In case of the (massless) photon, longitudinal polarisation can be removed
by fixing gauge to the Coulomb gauge € - ¢ = 0. Unlike the photon,
massive electroweak bosons have exhausted their gauge freedom by a gauge
fixing transformation of equation . In this way “eating massless Nambu-
Goldstone bosons”, originating from the complex components of the Higgs
field, results in unremovable longitudinal polarisations.

The above polarisations refer to on-shell particles. In both Higgs pro-
duction and in its decay to WW™ | discussed in Chapter 4, at least one
electroweak boson is off-shell. The polarisations of off-shell particles can be
defined, following Ref [20], by defining the transverse and longitudinal parts
of the boson fields in unitary gauge, V', as:

VE =PLVY, Vi =(1-P)LVY, (2.39)
where projection operator P is given by

L
P = P = (; PY =6, — @,i,j =1,2,3. (2.40)
p

Polarisations are not Lorentz invariant: a boost of a particle’s momentum
can cause mixing of its transverse and longitudinal polarisations. For the
purpose of discussed measurement, polarisations are defined in the Higgs
rest frame.

Polarisation has measurable effects on the kinematics of the boson’s decay

products and is typically measured using angular variables. The example of
WW* decays is given in Section 4.1.
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2.6 Production cross-sections and branching ra-
tios of the Higgs boson

The SM predictions for Higgs boson production and decay rates at the LHC
are illustrated in Figure 2.1} The largest Higgs boson production mechanism
in proton-proton collisions is through gluon fusion. Its most precise com-
putations to date are done at next-to-next-to-next-to leading order in QCD
and combined with next-to leading order in QED |21]. The cross-section for
this process at centre of mass energy of 13 TeV equals 48.58 *332(theory)
+1.56(PDF+ag) pb. The second largest production process is vector boson
fusion, followed by associated production with W, Z, a pair of b quarks, top
quarks, and a single top quark.

The predictions for branching fractions depend on the Higgs boson mass.
The total decay width of the Higgs boson is ~ 4 MeV, which means that it
is extremely short-lived. Its estimated lifetime is of the order of 10~%2s, after
which the boson decays to other particles. The largest branching ratios for
the SM Higgs boson of a mass around 125 GeV are displayed in the right plot
in Figure . The dominant decay chanel is to a pair of b quarks ( 0.5824
+ 0.65% fraction of all decays), followed by a pair of W bosons (0.2137 +
0.99%), a pair of gluons (0.0818+ 3.41% ), 7 leptons (0.06272 + 1.17%), Z
bosons (0.02619 + 0.99%), two photons (0.00227 + 1.73%). Should the Higgs
boson be heavier than 350 GeV, it would predominantly decay to a pair of
top quarks.
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Figure 2.1: Left plot: SM predictions for Higgs boson production channels
at the LHC as a function of centre-of-mass energy +/s. Right plot: Higgs
boson branching ratios as a function of its mass. Theoretical uncertainties

are indicated by line widths. Figure from [2].
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3  Higgs boson at the LHC

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC), built in tunnel ring of a 27-kilometre
circumference, is the largest particle physics accelerator. It also holds the
record of centre-of-mass energy of colliding protons, which is 13.6 Te\/ﬂ

Protons are obtained by ionising hydrogen atoms. Before being injected
to the LHC, they enter a system of accelerators, that step-wise increase
their energy. Protons are first accelerated in a linear accelerator Linac-2
to 50 MeV. This is followed by a series of circular accelerators: the Proton
Synchrotron Booster (PSB), the Proton Synchrotron (PS) and the Super
Proton Synchrotron (SPS), that increase the energy of protons to 1.4 GeV,
25 GeV and 450 GeV, respectively.

Upon being injected to the LHC, protons are localised in bunches forming
two beams travelling in opposite directions in two tubes kept at high vacuum,
called the beam pipes. The design number of protons in one bunch is 1.15 x
10" and each beam is composed of up to 2808 bunches.

In order to boost the energy of the particles to the design value of 7 TeV
per bunch, the LHC features superconducting magnets with a number of
accelerating structures along the way. Strong magnetic field maintained by
superconducting electromagnets bends the particles around the accelerator
ring and accelerates them. The electromagnets are built from coils of super-
conducting cables, thus conducting electricity without resistance or loss of
energy. The LHC magnets need therefore to be cooled down to -271.3°C, a
temperature close to the absolute 0 K. This is achieved using liquid helium.

'In addition to protons, the LHC is designed to accelerate and collide heavy ions, such
as lead nuclei with each other or with protons. For the purpose of discussion the Higgs
boson properties, this monograph is restricted to proton-proton collisions.

33
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Figure 3.1: Cumulative luminosity versus day delivered to ATLAS during
data-taking periods for high energy p-p collisions. Figures from Ref. [22]

Beams of particles from the LHC collide at the centres of four detectors
built around its circumference: ATLAS, CMS, LHCb and ALICE.

The design luminosity of the LHC is 103*cm™2. The first collision at the
LHC took place at the end of March 2010 with instantenuous luminosity
2 x 10" cm~2 s7!. This value has gradually been increasing. Cumulative
luminosity delivered to ATLAS during data-taking periods described in this
monograph is displayed in Fig[3.1]

3.1.1 Data taking periods

The LHC has been designed to collide protons at a maximum center-of-mass
energy of 14 TeV. Its nominal energy, however, has never yet been reached.
Instead, the accelerator has been operating in several periods, lasting a couple
of years, during which the center-of-mass energy of colliding protons, /s, has
been increased from 7 TeV to 13.6 TeV. The LHC started operations in 2010.
In 2010 and 2011 /s = 7 TeV was reached, followed by /s = 8 TeV in 2012.
This data taking period is referred to as Run 1. The so-called Run 2 took
place in years 2015 — 2018. The centre-of-mass energy of colliding protons
was substantially increased, reaching 13 TeV. The Run 3, ongoing since 2022,
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Figure 3.2: Mlustration of the ATLAS detector. Picture from Ref.

marks another energy increase to /s = 13.6 TeV. Data-taking periods are
separated with technical stops of one to two years, devoted to accelerator
and detector upgrades and maintenance. After the completion of Run 3, the
LHC is going to be upgraded in order to reach the energy of 14 TeV and
larger collision rates. This phase is called High Luminosity LHC (HL-LHC).
Its planned operational conditions will be described in Chapter

Analyses described in this monograph have been conducted using Run 1
and Run 2 data collected by the ATLAS detector.

3.2 The ATLAS detector

The ATLAS (A Toroidal Lhe ApparatuS) detector, depicted in Fig. is
the largest detector ever constructed for a particle collider. It has a shape of
a cylinder lying on its side, 46 metres long and of a diameter of 25 metres. It
is equipped with more than 100 million electronics channels that record the
particles produced by the collisions. The total weight of the detector is 7000
tonnes. Together with the CMS (Compact Muon Solenoid) detector, ATLAS
was designed as a general-purpose detector, capable of identifying particles
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Figure 3.3: A schematic illustration of identification of particles in the AT-
LAS subdetectors, shown in a transverse view of its quadrant. Picture from
Ref. [24]

in a broad range of masses and energies. The architecture of the ATLAS
detector is forward-backward symmetric, which assures the same accuracy
of particles traversing it in opposite directions. It consists of several subde-
tectors, specialised for measuring different properties of particles. Starting
from the LHC beam pipe and going outwards: the Inner Detector (ID),
measures tracks of charged particles and enables the reconstruction of de-
cay vertices of short-lived particles, the Electromagnetic Calorimeter (ECal)
and the Hadronic Calorimeter (HCal) measure energy deposits of streams of
particles, and the Muon Spectrometer (MS) enables reconstruction of muon
tracks. These complementary functionalities are schematically depicted in
Fig. 3.3

All reconstructed particles momenta are defined in the right-handed co-
ordinate system used by ATLAS. The origin of this coordinate system is
located at the nominal interaction point (IP) in the centre of the detector
and the z-axis runs along the beam pipe. The z-axis points from the IP
to the centre of the LHC ring, and the y-axis points upwards. Cylindrical
coordinates (r,0,¢) are used in the plane perpendicular to the beam (also
called a transverse plane), r being the radius, 6 the polar angle and ¢ the
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azimuthal angle around the beam pipe. The pseudorapidity 7 is defined as
n = —Intan(f/2). Angular distance between reconstructed objects, AR | is
computed using AR = /(An)? + (A¢)2.

The ATLAS magnet system consists of the superconducting Barrel
Toroid and two Endcap Toroids and a central Solenoid magnet. The Barrel
Toroid is composed of eight superconducting magnet coils, each 25-m long,
placed radially and symetrically around the beam axis. Together with the
Solenoid they form a cylinder around the beam pipe through the centre of the
ATLAS detector. The magnetic field produced by the central solenoid is 2 T.
It bends the paths of charged particles produced in collisions at the LHC,
depending on their masses and energies, thus enabling their identification.

3.2.1 Inner Detector

ATLAS Inner Detector features three subdetectors: a silicon Pixel and mi-
crostrip (SCT) trackers, complemented with the transition radiation tracker
(TRT). The cut-away view over all sub-systems is shown in Figure 3.4 In-
ner detector extends radially from the radius of 36 mm (inside which the
beam pipe is located) to 2.1 m and has a total length of 6.2 m, providing
pseudo-rapidity coverage of |n| < 2.5. The Pixel and SCT detectors in the
barrel region are shaped as concentric cylinders (three and four, respectively)
around the beam axis. In each end-cap region they are mounted on disks
perpendicular to the beam axis (three for Pixel and nine for the SCT). The
outermost subdetector, TRT, is made up with straw tubes grouped in 73
planes in the barrel and 160 in end-caps. The TRT only provides informa-
tion on the radial coordinate R and azimuthal angle ¢. In the barrel region,
the straws are parallel to the beam axis and are 144 cm long, while in the
end-cap region, they are arranged radially in wheels and are 37 cm long. In-
ner detector is designed to cope with large track density: as many as ~ 103
particle tracks are expected from proton collisions every 25 ns. In order to
provide robust reconstruction of multiple interaction vertices and particles’
momenta, each subdetector is made of very granular modules: each pixel size
is 50 pm x 400 pm, SCT sensors have a strip pitch of 80um, straw tubes of
the TRT have diameters of 4 mm and an intrinsic accuracy of 130 um per
straw. In 2014 inner detector was supplemented with an additional subde-
tector, the insertable b-layer (IBL), placed closest to the beam pipe. This
additional pixel layer improves the determination of the track impact param-
eters and provides vertexing information crucial for precise reconstruction of
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Figure 3.4: Schematic view of ATLAS inner detector. Picture from Ref.

short-lived particles, such as b-quarks.

Tracks traversing the barrel region cross eight strip layers of the SCT
and ~30 in the TRT. Their reconstruction follows a multi-staged process. In
the pre-processing, information from Pixel and SCT hits are translated into
clusters and phase space points and TRT timing information is converted
into drift circles. Track fitting is performed by first constructing track seeds
using only data from the Pixel and the first SCT layer, thus exploiting the
information from the most granular subdetectors. These initial seeds are
extended by taking into account all SCT layers, forming track candidates.
At this stage ambiguities in attributing clusters to track candidatess are re-
solved and fake tracks are removed. The remaining track candidates are then
extended to the TRT region, and the association with drift-circle information
enables resolving the left-right ambiguities. At the post-processing stage pri-
mary vertices are reconstructed. They represent hard interactions between
proton constituents in colliding bunches. This procedure is followed by the
reconstruction of photon conversion vertices and of secondary vertices in each
collision event.
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Figure 3.5: Hlustration of ATLAS Calorimeters. Picture from Ref.

3.2.2 Calorimeters

The purpose of calorimeters is to measure energies and positions of showers
of particles (as shown in Fig. Electromagnetic showers are initiated by
either an electron (positron) or a photon and deposit their energy in the
electromagnetic calorimeter. Hadronic showers originate from QCD radia-
tion off protons, neutrons, or their constituents: quarks and gluons and are
called jets. They deposit energy further away from the interaction point
than electromagnetic showers, which dictates the relative layout of the two
calorimeter subsystems.

The calorimeters used by ATLAS are composed of alternating layers of an
active sensing material and an energy absorber. This design, called a sam-
pling calorimeter, enables measuring energies of entire electromagnetic and
hadronic showers by computing it from the sum of the energy deposits in
each sampling layer. In order to provide precise measurements, calorimeter
measurements of both energy and positions of showers are calibrated using
corrections, which are derived from Monte Carlo simulations and validated
using test beam data. From precise measurements of energies and positions
of jets and electromagnetic objects, the so called missing transverse energy
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is inferred. This quantity, representing the momentum imbalance in every
collision event, is used to measure momenta of weakly interacting neutral
particles, such as SM neutrinos, or other hypothesised objects in BSM theo-
ries.

ATLAS calorimeters are composed of two subsystems, depicted in Fig-
ure[3.5} the electromagnetic calorimeter (ECAL), arranged immediately out-
side the TRT, and the hadronic calorimeter (HCAL), situated outside of the
ECAL.

The electromagnetic calorimeter covers the pseudorapidity range |n| <
3.2, with precision measurements restricted to the central region, correspond-
ing to |n| < 2.5. The calorimeter is installed in three cryostats: one contain-
ing the barrel part in the region |n| < 1.475, and two which each contain the
two parts of the end-cap (1.375 < |n| < 3.2). Owing to accordion geome-
try of lead absorbers and electrodes of the barrel and endcap calorimeters,
depicted in Figure [3.6], complete azimuthal angle symmetry is maintained in
its coverage, without cracks.
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The total thickness of the calorimeter is greater than 22 radiation lengths
in the barrel and greater than 24 radiation lengths in the end-caps [25],
so that entire showers, produced during collisions, can be encapsuled in the
calorimeter. ECAL is segmented into three longitudinal layers: “front”, “mid-
dle”; and “back”, of varying granularity. The front layer, situated closest to
the beam pipe, has a granularity An x A¢ = 0.050 x 0.025, matching this
of the inner detector. The back layer has a granularity An x A¢ = 0.050 x
0.025. All these calorimeter regions are calibrated individually.

The hadronic calorimeter (HCAL) is composed of iron with scintillating
tile readout in the central region (|n| < 1.7) and liquid argon as active ma-
terial and copper as energy absorber in the endcap (1.7 < |n| < 3.2) and
forward (3.2 < |n| < 4.8) regions. Hadronic calorimeters provide a less gran-
ular readout than ECAL, with typically An x A¢ = 0.1 x 0.1 in at least
three longitudinal segments. The total thickness of the HCAL calorimeters
is at least 10 absorption lengths over the whole acceptance region.

Jet reconstruction proceeds by combining information from calorimeter
cells using the so-called jet finding algorithms. Two types of reconstruction
sequences are applied to calorimeter cell readouts. In the first one, cells are
combined in calo towers, which after noise suppression are given as input
to jet finding algorithms. In the second one, noise reduction algorithms are
applied directly to calorimeter cells, forming calo clusters, from which jets are
reconstructed. It was found that jets formed from cluster signals represent
the transverse energy flow of particles inside a jet better than the tower jets
in the central and endcap regions, while in the forward region tower-based
jets are performing better [25].

3.2.3 Muon Spectrometer

The ATLAS detector has been designed to efficiently detect muons with
momenta ranging from 3 GeV up to one TeV. It is located outside of the
calorimeter subsystem, because muons deposit there only a small fraction of
their energy. The muon spectrometer provides the coverage in pseudorapidity
range |n| < 2.7.

Toroid magnets produce an azimuthal magnetic field that bends the tracks
of muons, thus allowing the measurement of their momenta. The integrated
bending strength is roughly constant as a function of the azimuthal angle
and pseudo-rapidity except for a significant drop in the range (1.4 < || <
1.6), corresponding to a transition between the coils of the barrel and barrel
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and endcap toroid magnets.

Muon detectors consist of four kinds of stations positioned at increasing
distance from the collision region. Their layout, depicted in Figure [3.7] was
optimised such that muons originating from the interaction point traverse
three stations of precision chambers. Monitored Drift Tubes (MDT) and
Cathode Strip Chambers (CSC) are designed for measuring muon track co-
ordinates, Resistive Plate Chambers (RPC) and Thin Gap Chambers (TGC)
are used for triggering. The MDT measure pseudorapidity, which coincides
with the direction of deflection in magnetic field. The measurement precision
in each layer is typically better than 100 gm. The CSC additionally provide
a rough (1 cm) measurement of the azimuthal angle ¢ in the (|n| > 2.0)
region. The RPC and TGC provide similarly rough measurements of both
directions near selected stations.

The muon spectrometer enables stand-alone measurements of muon mo-
menta. A combination with measurements of the tracks in inner detector
and calorimetric information is used to improve the efficiency and resolution.

3.2.4 Trigger system

The interaction rates at the LHC at the design luminosity are as large as
about GHz. The trigger system reduces recorded event rates to about 400 Hz.
The 25-ns time separation between proton bunches at the LHC arriving at the
collision point forces trigger decisions to be equally fast. The average bunch
crossing contains 20—80 interactions, depending on specific beam conditions.
The aim of the trigger systems is to accept candidate processes predicted by
the Standard Model and selected BSM theories, featuring energetic particles,
while rejecting abundant soft QCD processes.

The ATLAS detector has a three-level trigger system, operating in a
sequential order: the hardware-based Level-1 (L1) trigger, software-based
Level-2 (L2) trigger and Event Filter, collectively referred to as the High Level
Trigger or HLT. The L1 trigger uses the information from the muon trigger
chambers (RPC and TGC) and reduced-granularity towers from calorimeters.
Muon triggers select high transverse momentum muons, the calorimeter pro-
vide information on high transverse momentum electrons, photons, jets and
hadronically decaying 7 leptons or large missing transverse energy. The L1
trigger reduces the data rate to 75 kHz. Selected events are transferred to
the L2 trigger and regions of interest (Rol) are defined around the triggering
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Figure 3.7: Transverse view (upper figure) of the barrel part of the muon
spectrometer and side view of one of its quadrants (lower figure). Figures

from Ref.
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objects. The size of the Rol window is determined by the L2 algorithms de-
pending on the type of triggered object (for example, a smaller Rol is used for
electron triggers than for jet triggers). Selection algorithms for the L2 trigger
run on a PC farms and provide a refined analysis of the L1 features owing
to fine-grained detector data and more optimal calibrations. Each event ac-
cepted by the L2 trigger is used to seed a sequence of EF algorithms. Unlike
L2, which uses specialized algorithms optimized for timing performance, the
EF typically employs more complex pattern recognition algorithms and cal-
ibration developed for offline analyses. This assures the additional rejection
from ~2 kHz to the output rate of ~ 200 Hz.

A list of triggers available for each LHC run forms a trigger menu. It
consists of triggers with different thresholds on transverse momenta of physics
objects or their combinations (in case of multi-object triggers). A trigger
whose all triggered events are saved is called unprescaled. Prescaled triggers,
on the other hand, accept only a pre-defined fraction of events passing trigger
selection. The exact trigger thresholds and prescales depend on the LHC
luminosity. Performance of the ATLAS trigger system in 2015 can be found
in Ref [29].

Candidate physics objets, such as electrons, muons, or jets are recon-
structed based on trigger and subdetector responses. Exact identification
requirements have varied with data taking periods and I will describe them
in each analysis section.

3.2.5 Luminosity measurements

In order to correctly evaluate the probabilities of interesting processes and
determine their cross-sections, a precise determination of instantaneous lu-
minosity received at ATLAS is crucial. The luminosity is the number of
particles in a surface unit. It is expressed in cm™2, or units of inverse
barns, b~! = 10**cm~2. Instantenuous luminosity is typically expressed in
cm~2s7!. Its measurement in collisions involves counting the number of col-
lisions per bunch crossing. This number is determined independently by
several luminosity-sensitive sub-detectors, which apply different algorithms
[30,[31] using quantities proportional to instantenuous luminosity.

The instantaneous luminosity £, produced by a single pair of colliding
proton bunches is defined as

_ S

’
Oinel

L, (3.1)
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where p is the average number of inelastic interactions per bunch crossing
(also called the pileup parameter), and f, is the LHC bunch revolution fre-
quency (11246 Hz for protons). It can be measured using

Lb — :uvisfr7 (32>
Ouvis
where o, is the algorithm-specific visible cross-section representing the ab-
solute luminosity calibration of the given algorithm, and can be determined
via the vdM calibration method. The pileup parameter y can be determined
from g = pyisTiner/Tvis- To approximate oy, a reference value of oy, = 80
mb is used by all LHC experiments for proton-proton collisions at /s = 13
TeV. The rate ;s is measured over a finite time interval called a luminosity
block (LB, typically of a duration of one minute), during which data-taking
conditions are assumed to remain stable.
The instantaneous luminosity for each LB was calculated from the sum
of per-bunch luminosities:

np
Linst = Z Ly=mny < Ly >= <#—>ﬁ, (3.3)

b—1 Oinel

where ny, is the number of colliding bunches (typically ~ 2000 for Run 2),
< L, > is the mean per-bunch luminosity and < p > is the pileup parameter
averaged over all colliding bunch pairs. The per-bunch ;s is measured
within a LB. The integrated luminosity is obtained by multiplying L;,s by
the duration of the LB and summing over all LBs in the run.

During Run 2, the primary £, measurement is provided by the LUCID-2
Cherenkov detector |32], localised 17 m away from the interaction point, thus
in the far forward region of the ATLAS detector. LUCID-2 is equipped with
two sets of photomultiplier tubes and detects Cherenkov light emitted by
charged particles originating from collisions. This measurement is comple-
mented by counts of the number of charged particle tracks provided by the
Inner Detector. In addition, ATLAS calorimeters enable for bunch-integrated
measurements (i.e. summed over all bunches), based on quantities propor-
tional to instantaneous luminosity: liquid-argon (LAr) gap currents in the
case of the endcap electromagnetic (EMEC) and forward (FCal) calorimeters,
and photomultiplier currents from the scintillator-tile hadronic calorimeter
(TileCal). The above methods provide relative measures of the luminosity.
The measurements of the absolute luminosity are performed during special
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low-luminosity LHC conditions using the van der Meer (vdM) method [33,34]
and their results are extrapolated to the data-taking conditions. The total
uncertainties on the integrated luminosities for each individual year of data-
taking range from 2.0-2.4%. The full Run 2 proton-proton collision data
sample corresponds to an integrated luminosity of 139 fb~! | with an uncer-
tainty of 1.7%.

3.3 The discovery of the Higgs boson

The Higgs boson was discovered by the ATLAS and CMS collaborations at
the LHC in 2012 |16}/17]. This observation crowns many years of experimental
efforts to detect it. The Higgs boson was sought after using combined preci-
sion electroweak results [35] as well as through direct searches: at LEP [36],
the Tevatron [37-39] and the LHC [40,41] with the centre-of-mass energy of
/s = 7 TeV. These last LHC searches were performed in the Higgs boson
decay channels h — ZZ* — 41, h — vy, h — WW?*(— evuv), h — bb
and H — 77 in 2011, yet did not provide statistically significant hints of
the existence of a new particle. The discovery was finally accomplished by
combining the 2011 datasets with 5.8fb=1 at /s = 8 TeV collected in 2012
using h — ZZ* — 41, h — vy and h - WW*(— evuv) Higgs decays. These
three channels have provided sufficient sensitivity to claim discovery, while
the first two offered additionally high resolution in the invariant mass of the
new particle.

The ATLAS discovery paper measured the Higgs mass to be 126.0 £ 0.4
(stat.) £0.4 (syst.) GeV, the combination of ATLAS and CMS results of
ref [42] resulted in mj;, = 125.094+0.21 (stat.) £0.11 (syst.) GeV, compatible
with 124.97 £+ 0.24 GeV measured at /s = 13 TeV by ATLAS in a study
published in ref. [43]. Figure [3.8|lists measurements of the Higgs boson mass
performed over the years including most recent results. The value has been
fluctuating over the years, depending on the dataset and the final states used,
and converging to m;, = 125.114£0.09 (stat) +0.06 (syst) GeV = 125.114+0.11
GeV with the combination of Run 1 and Run 2 data. In the measurements
described througout this monograph a value of m; = 125.0 GeV is used for
simplicity.
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ATLAS preliminary e+ total stat. only | combination
Run1:Vs =7-8TeV, 25 fb™, Run 2: Vs = 13 TeV, 140 fb* e (s
Run1H —yy % 126.02+0.51(+0.43) GeV
Run1H — 40 124.51 + 0.52 (+ 0.52) GeV.
Run 2H —yy =o— 125.17 + 0.14 (+ 0.11) GeV
Run 2H — 44 I—O—Ii 124.99 + 0.19 (+ 0.18) GeV.
Runl+2H—yy 125.22 + 0.14 (+ 0.11) GeV
Runl+2H—>40 124.94 +0.18 (+ 0.17) GeV
Run 1 combined = 125.38 £ 0.41 (+ 0.37) GeV
Run 2 combined I—Ol—l 125.10 + 0.11 (£ 0.09) GeV
Run 1 + 2 combined l—l—i 125.11 + 0.11 (+ 0.09) GeV
|
I I I I I I
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Figure 3.8: Higgs boson (here denoted as H) mass measurements with LHC
Run 1 and Run 2 data using Higgs boson decays to two photons (y) and
four leptons (ZZ* — 4l) and their statistical combinations, performed by
the ATLAS experiment. Figure taken from [44]

3.4 Properties measurements

Following the mass determination, ATLAS and CMS measured other funda-
mental properties of the new particle and compared them with SM prediction
for a boson of a mass of m; =125 GeV. Observations of its decays to pairs of
bosons established that its spin cannot be fractional and therefore the new
particle is indeed a boson. The measurements of both experiments provided
strong hints for the spin and CP states to be J¥' = 0% [45-47|, proving a
scalar nature of the new boson. Subsequent measurements of Higgs boson
production strengths and couplings to fermions and bosons, summarised in
Fig have confirmed it has properties predicted by the BEH mechanism.

3.5 Outlook

The Higgs boson was discovered by the ATLAS and CMS at the LHC, crown-
ing many years of its experimental searchers by various experiments. The
mass of the new boson is measured to be m; = 125.11 & 0.11 GeV. It is a
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Figure 3.9: Reduced coupling strength modifiers kpmpg/v for fermions (F'
denoting: top quark, bottom quark, 7 lepton and muon) and /kymy /v
for weak gauge bosons (V' = W, Z) as a function of their masses mp and
my, respectively, and the vacuum expectation value of the Higgs field v=246
GeV. The SM prediction for both cases is shown with a dotted. Figure taken
from [48]
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CP-even scalar boson. So far, all measured properties of the new boson are
(within uncertainties) consistent with the SM Higgs boson.

With more data, further measurements are being undertaken in order to
search for more subtle effects, that could reveal its BSM nature. For exam-
ple, the Higgs boson can be a part of a larger sector of bosons that either
take part in electroweak symmetry breaking or not. These hypothetical ad-
ditional Higgs bosons which can be neutral (CP even, CP odd, or featuring
the superposition of CP eigenstates) and charged may have masses similar to
the discovered one. Details depend on a particular model, amongs which
the electroweak singlet model [49], supersymmetric theories, such as the
(h)MSSM [50+-52|, the two Higgs doublet model (THDM) [53] and the Higgs
portal model [54] are currently being investigated experimentally. These the-
ories are particularly attractive extensions of the SM because they predict
the existence of particles that could provide explanation for Dark Matter
in the Universe or provide additional sources of CP violation to solve the
matter-anti-matter asymmetry puzzle, not accounted for in the SM itself.

An important question that needs to be answered regarding the Higgs
boson (sector), is whether the electroweak symmetry breaking mechanism
follows exactly the one presented by Brout, Englert and Higgs, with a single
scalar particle with a customised potential. Precise measurements of pa-
rameters of this potential can be done by measuring both Higgs couplings
(that are related to the potential vacuum) to other SM particles and its
self-interactions (that determine the global shape of the Higgs potential).
Deviations from the scaling of couplings with particles masses would hint
for example at Higgs compositeness models [55]56], that offer an alternative
explanation of electroweak symmetry breaking. The exact form of the Higgs
field potential, on the other hand, can have significant cosmological impli-
cations, related to predictions of Higgs vacuum stability or models in which
the Higgs boson acts as the inflation field [57-60].

Selected measurements related to the Higgs potential through its inter-
actions with electroweak bosons and self-interactions will be reviewed in this
monograph. These studies aim at more precise determination of the Higgs
boson potential and investigate possible beyond Standard Model features of
the Higgs boson.
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4  Measurements using h — WW*(—
evur) decays

This chapter presents measurements performed using Higgs boson decays to
a pair of W bosons. Only W bosons that decay to light leptons of differ-
ent flavours and neutrinos are selected, hence the investigated Higgs signal
is h - WW*(— evur). These measurements are based on collision events,
amounting to 39 fb~! of integrated luminosity, that were recorded by the AT-
LAS detector at a centre-of-mass energy+/s = 13 TeV. Measurements of the
Higgs boson production cross-section times branching ratio in leading pro-
duction channels are discussed. Cross-section measurements in gluon fusion
(ggF) with up to two jets are presented in Section [4.8] while the main focus of
this Chapter is on studies in vector boson fusion (VBF) Higgs production. In
Section [£.9.6] the VBF cross-section measurement is detailed. It is performed
assuming no beyond Standard Model (BSM) physics. Next, in Section m
a search of BSM effects in Higgs couplings to massive electroweak bosons is
presented. It is performed studying effects of W and Z bosons polarisations
on coupling strengths to the Higgs boson. Both analyses share a dataset and
event selection; improvements specific to the polarisation-dependent mea-
surement will be addressed in Section K10

This chapter is based on two publications: |7] and [61] that I co-authored.

4.1 Introduction

Example Feynman diagrams contributing to Higgs boson production via
gluon fusion (ggF') and vector boson fusion (VBF) are depicted in Figure
The Higgs decays to a pair of oppositely charged W bosons, H — WTW ™.
This decay is typically denoted with H — WW™, where charges are skipped,

o1
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Figure 4.1: Example Feynman diagrams contributing to ggF (left) and VBF
(right) Higgs boson production. V' denotes either a W or a Z boson.

and the off-shellness of one W is highlighted by an asterisk. Indeed, a par-
ticle of a mass of 125 GeV at rest does not have phase space sufficient for
creating two bosons of mass ~ 80 GeV. The Higgs branching fraction to
WHW =, amounting to ~ 20%, is the second largest branching fraction of the
Higgs particle. Therefore it is an interesting channel to use for measuring
Higgs boson properties, offering large abundance of events. In the following I
focus on the decays of the W bosons to light leptons, electrons or muons and
neutrinos, which are experimentally easier to reconstruct than their decays
to 7 leptons and hadrons. The leptonic final state, despite amounting to
only ~20% of all W boson decays, offers an interesting insight into the Higgs
boson spin and parity properties. E]

In the Higgs boson centre of mass frame, the W bosons are emitted back-
to back, as shown in Fig[£.2 Each W boson has spin 1, which is conserved
in its decays to fermions of spin %: charged light leptons and neutrinos.
Neutrinos (anti-neutrinos) are massless, and therefore their helicities (marked
with thick arrows next to their momenta) are left (right) handed. Due to the
spin-0 nature of the Higgs, the polarisations of the W bosons are correlated:
they are either both transverse- or both longitudinal in the Higgs boson
centre-of-mass frame. Consequently, charged leptons originating from the W
bosons are aligned. If the Higgs boson is not produced at rest, its boost in
the detector reference frame causes momenta of W bosons to form an angle

!These spin properties can also be elegantly accessed using ten times less abundant
Higgs decays to two Z bosons and correlations between decay planes span by charged
light leptons originating from Z bosons. Additional advantage of the H — ZZ* channel
comes from the ability to reconstruct the Higgs boson centre-of-mass frame.
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Figure 4.2: Kinematics of H — WW(— evuv) decays in the Higgs boson
rest frame.

and the charged leptons momenta to form a small opening angle (¢y;).

Due to the presence of two neutrinos in the final state, and unknown
energy fractions of colliding quarks or gluons, reconstruction of the energy of
two decaying W bosons cannot be done without additional assumptions and
approximations. Instead, the transverse mass my can be measured by taking
into account energy and momentum deposits of the charged leptons as well
as observed momentum imbalance in the plane transverse to the colliding
bunches. I will discuss other kinematical properties of the H — WW*(—
evur) experimental signature after more details on data selection and particle
reconstruction are given.

4.2 Monte Carlo and data samples

The candidate events in data were selected from the /s = 13 TeV proton-
proton collision dataset collected by ATLAS in 2015 and 2016 and corre-
sponding to total integrated luminosity of 36.1 0.8 fb~! [30]. All ATLAS
sub-detectors have been fully operational [62].

Details on the Monte Carlo generators used to simulate samples of all
relevant processes are given in Table 4.1l MC modeling was used to study
properties of the SM and BSM signals and to optimise signal selection criteria.

The modeling of Higgs production through ggF process was realised with
PowHEG NNLOPS interfaced with PyTHIA 8 [63] with AZNLO tune for
underlying event, showering and hadronization [64]. Its prediction includes
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Table 4.1: Overview of the simulation tools used to generate signal and
background processes. Information given in consecutive columns refers to:
matrix elements, modeling the underlying event and parton showers, PDF as
well as the prediction order (in QCD and if relevant in EW) of the total cross-
section. Alternative event generators and configurations used to estimate
systematic uncertainties are shown in parentheses. Samples specific to the
generation of BSM signals in the polarisation dependent Higgs couplings
study, are marked with (*).

Process Matrix element UEPS PDF set Prediction order
(alternative model) for total cross-section
ggF PowHEG NNLOPS PyTHIA 8 PDF4LHC15 NLO NNLO QCD + NLO EW
VBF PowHEG-Box v2 PyTHIA 8.212  PDF4LHC15 NLO NNLO QCD + NLO EW
(MG5_aMC@NLO v2.3.3 + PYTHIA 8.212)
(POWHEG-Box v2 + HERWIG 7.0.1)
VBF (*) MG5_aMCQ@NLO v2.4.2 PyTHIA 8.212 NNPDF3.0 NLO NNLO QCD + NLO EW
VH PowHEG-Box v2 PyTHia 8.186  PDF4LHC15 NLO NNLO QCD + NLO EW
geF H — 717 POWHEG-Box v2 Pyrnia 8.186  PDF4LHC15 NLO NNLO QCD
POWHEG-Box v2 PyrHia 8.186  PDF4LHC15 NLO NNLO QCD

VBF H — 17
tt POWHEG-Box v2 PyTHIA 8.210
(SHERPA v2.2.1)
(POWHEG-Box v2 + HERWIG 7.0.1)

NNPDF3.0 NLO NNLO-+NNLL QCD

Wt PowHEG-Box v2 PyTHIA 6.428 CT10 NLO QCD

(MG5_aMC@NLO v2.2.2 + HERWIG++)
(POWHEG-Box v2 + HERWIG++)

WZ/v*, ZZ]/~v* SHERPA v2.2.2 NNPDF3.0 NNLO NLO QCD
(MG5_aMC@NLO v2.3.3 + PYTHIA 8.212)

Wn, Zvy SHERPA v2.2.2 NNPDF3.0 NNLO NLO QCD
(MG5_aMC@NLO v2.3.3 + PyTHIA 8.212)

qq,q99 = WW SHERPA v2.2.2 NNPDF3.0 NNLO NLO QCD
(MG5_aMC@NLO 2.3.3 + PyTHIA 8.212)

g9 = WW SHERPA v2.1.1 CT10 NLO QCD

Z/v* SHERPA v2.2.1 NNPDF3.0 NNLO NNLO QCD

(MG5_aMC@NLO v2.2.2 + PyTHIA 8.186)

QCD corrections at perturbative orders: NNLO for 0-jet events, NLO for 1-
jet events and LO for 2-jet events. The overall normalization of the POWHEG
NNLOPS/PYTHIA 8 produced samples are taken from a calculation at N3LO.
The ggF+2j signal events were generated with the MadGraphb5 aMCQ@QNLO
2.4.2 generator [65,/66], which provides a calculation of the matrix element
at next-to-leading-order (NLO) precision for ggF events with up to two
additional partons in the final state. The calculations of the matrix ele-
ment are based on the predictions of the Higgs Characterisation model [67],
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while the parton shower, hadronisation and underlying-event activity were
simulated with the Pythia 8.212 generator using the A14 set of tuned pa-
rameters [68]. Parton distribution function (PDF) sets NNPDF3.0 |69] are
used in the cross-section calculation. In total, three different Monte Carlo
samples were produced, corresponding to a CP-even, a CP-odd or a CP-
mixed coupling between Higgs bosons and gluons, using the FeynRules model
HC NLO_ X0 UFO-heft [70]. The Higgs boson decay H — WW*(— evuv)
was modelled according to the SM.

VBF process was modelled with POWHEG, interfaced with PYTHIA 8§,
normalised to the NLO (in both QCD and QED) cross section with an
approximate NNLO QCD correction applied [71]. The PDF4ALHC15 PDF
set |72] was used. For the measurement of the Higgs boson couplings to lon-
gitudinally and transversely polarised W and Z bosons, the VBF production
of the Higgs boson and its subsequent decays into W bosons were simulated
at leading order (LO) in QCD using MadGraph5 aMCQNLO 2.4.2. This
generator was chosen because it allows to modify Higgs coupling strengths
to longitudinally and transversely polarised bosons, both in the Higgs boson
production and in its decay. In these (BSM) samples, parton shower effects
were simulated with the PYTHIA 8.212 generator using the A14 set of tuned
parameters [68]. The renormalisation and factorisation scales were both set
to the sum of the transverse momenta of the jets, and the shower scale was
set to 0.25 times the maximum pr of the radiated partons. In this way
kinematical properties of the simulated event samples were similar to NLO
samples generated with MadGraph5 aMCQ@NLO 2.4.2, thus decreasing the-
oretical uncertainty on signal modeling. More details on technical aspects of
generating these samples will be given in Section [£.10.1]

The Higgs associated production events with W and Z bosons, W H and
ZH, were fully generated with POWHEG-Box v2 MinLO [73| interfaced to
PyTHIA 8.186, with the AZNLO set of tuned parameters.

The 77 decays of the Higgs boson, with 7 leptons decaying to electrons or
muons and their associated neutrinos have experimental signature identical to
the signal processes because two additional neutrinos escape detection. These
processes feature no HWW couplings and are considered as backgrounds.
Both ggF and VBF Higgs productions were simulated using POWHEG-Box
interfaced to PYTHIA 8 parton shower. Their cross-section was fixed to the
SM predictions at NLO. The processes of Higgs associated production with
tt and bb pairs were neglected due to their insignificant contributions to the
phase-space regions probed by the studies presented in this chapter.
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The top-quark pair (¢f) production process was modelled using POWHEG-
Box. The matrix elements were calculated at NLO precision in QCD using
the NNPDF3.0 NLO PDF set with a top-quark mass of 172.5GeV, while the
hdamp parameter [40] is set to 1.5 times the top-quark mass. Matrix element
calculation was interfaced to PYTHIA 8 with the parton shower tune Al4.
The tt production cross section was normalised to the next-to-next-to leading
order (NNLO) predictions in perturbative QCD, The associated production
of a single top-quark and a W boson (Wt ) was generated with POWHEG-Box
interfaced to PYTHIA 6.428 for parton shower, using the Perugia2012 tune
[74] and the CT10 PDF set |75]. The diagram removal scheme [76] is used
to remove overlaps with the top-quark pair production process that occur at
NLO in QCD.

The production of diboson processes with g and qg initial states leading
to dilepton final states: (vlv, [vll and [lll were modeled with Sherpa v2.2.2 for
both the matrix element as well as the underlying event and parton showers.
The matrix element calculations include all off-shell components with up to
one jet at NLO in QCD, while diagrams with up to 3 jets are described at
LO accuracy. The different jet-multiplicity final states are merged using the
MEPS@NLO formalism at a merging scale of Qcut = 20GeV. The samples
are normalized using an NLO calculation of the inclusive cross section.

All simulated events were generated at a centre-of-mass energy of /s = 13
TeV. They passed the ATLAS detector simulation [77.|78] and were overlaid
with additional inelastic pp interactions that were generated with PYTHIA
8.153 in order to match the pile-up conditions observed in the ATLAS data.

4.3 Object definitions and event preselection

In the described analyses the reconstruction of all physics objects: electrons,
muons, jets and the missing transverse momentum, are calculated with re-
spect to primary vertices (PV). In the LHC runs in 2015 (2016) an average
of 13.4 (25.1) interactions between protons were observed in each crossing of
colliding proton bunches.

PV candidates are reconstructed by applying an iterative vertex finding
algorithm |79| to tracks with py > 400MeV and originating from the inter-
action region [80]. The primary vertex candidates are required to consist of
at least two reconstructed tracks. From all PV candidates, the one with the
highest p2. sum of the associated tracks is chosen to be the primary vertex of
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the event.

Electron candidates are selected from a reconstructed track in the 1D
that is matched with topological clusters of energy deposits in the electro-
magnetic (EM) calorimeter. Electrons can be resonstructed in the rapidity
range 1 € (—2.47,2.47), with the region between the 1.37 < |n| < 1.52)
excluded due to a gap between the barrel and endcaps in the liquid argon
(LAr) calorimeter. In addition, the transverse energy FEr of electron can-
didates has to exceed a value of 15GeV. Electrons with Er < 25GeV have
to pass the TightLH likelihood-based identification criteria, while electrons
with Er > 25GeV must pass the MediumLH identification definition, whose
technical details are given in [81]. The absolute value of the longitudinal im-
pact parameter of each electron track, calculated with respect to the primary
vertex, is required to fulfil |zgsin f| < 0.5mm, whereas the transverse impact
parameter significance (|dy|/04,), calculated with respect to the beam line,
is required to be lower than 5. Furthermore, objects that have been recon-
structed as both electron candidates and as converted photons are rejected.
Electron candidates are additionally required to be sufficiently isolated from
hadronic activity to reduce the background from hadrons faking electron
signatures or heavy-flavour decays inside jets. The isolation conditions are
imposed based on electron candidate transverse energy Er, measured in the
calorimeter, and the magnitude of its transverse momentum, pr, determined
in the Inner Detector. For electron candidates with Er < 25GeV, the energy
sum within a radius of AR = 0.2 in the calorimeter system around the elec-
tron cluster has to be smaller than 0.11 times the transverse energy of the
electron. Angular separation AR between objects is computed taking into
account differences in their azimuthal angles (A¢) and pseudorapidities (An):
AR = \/A¢? + An?. In addition, the transverse momentum sum around the
electron track in a radius AR = 0.4 in the Inner Detector is required to be
smaller than 0.06 times the electron Et. For candidates with Et > 25GeV,
the Er and n dependent Gradient isolation criterion is applied. A summary
of electron selection requirements is given in Table [4.2]

Muon candidates are reconstructed from combined tracks using infor-
mation from both the Muon Spectrometer and the Inner Detector (ID). This
combination is based on an overall fit using the hits of the track in the ID, the
energy loss in the calorimeter, as well as the hits of the track in the muon sys-
tem. The pseudorapidity is required to be lower than 2.5, while the transverse
momentum must exceed 15GeV. Based on the quality of the reconstructed
objects, muon candidates are defined as either Loose, Medium or Tight |82],
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with increasing purity of prompt muons. In both analyses, muon candidates
are required to comply with Tight quality criteria. The requirements on the
longitudinal and transverse impact parameters are |zpsinf| < 0.5mm and
|do|/ca, < 3, respectively. As for electron candidates, muons are required
to be sufficiently isolated from hadronic activity: The energy sum within
a radius AR equal to 0.3 in the calorimeter system around the combined
track has to be smaller than 0.09 times the transverse muon momentum. In
addition, the transverse momentum sum around the muon track in a radius
R = 0.2 in the Inner Detector is required to be smaller than 0.06 times the
muon pr. A summary of the various muon selection requirements are given
in Table 2]

Jets are reconstructed from topological clusters of energy deposits in the
calorimeter system using the anti-kr algorithm [83] with a distance parame-
ter of R = 0.4. The topological clusters are calibrated to the electromagnetic
scale using pr and 7 dependent correction factors, which account for losses
in passive material, the non-compensating response of the calorimeters, and
contributions from pile-up interactions [84]. The absolute value of the pseu-
dorapidity is required to be lower than 4.5 and the transverse momentum
has to be at least 30GeV.

An object based definition of the missing transverse momentum,
Emiss with magnitude EX (a.k.a. missing transverse energy), is used in
this analysis. It is defined as the negative vector sum of two components:
calibrated calorimeter cells belonging to identified high-p; objects (such as
electrons, photons, jets and muons) and the track-based soft term. The
latter includes reconstructed tracks not associated with these objects, that
originate from the same primary vertex [85]. A similar variable, also named
missing transverse momentum but denoted pi**, uses the tracks associated
with the jets instead of the calorimeter-measured jets. Here, the total E7ss
term takes all central (forward) region jets into account if their pr is above
20GeV (30GeV) and if they pass the corresponding JVT (fJVT) requirement.

To reduce the number of jets originating from pile-up vertices, jets with
pr < 60GeV and || < 2.4 are required to have the jet vertex tagger (JVT) re-
sponse be larger than 0.59 [86]. Furthermore, to reduce pile-up contributions
in the forward regions, the forward jet vertex tagger (fJVT) is applied [87]
on jets with 2.5 < |n| < 4.5 with an operating point that has an overall
efficiency of 90% for jets coming from the hard process.

Jets containing b-hadrons are identified using the MV2c10 b-tagging
algorithm [88][89] with an operating point that has an overall efficiency of
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85%, evaluated in simulated ¢t events. The corresponding overall rejection
rate for selecting jets originating from light-flavour hadrons or gluons is ap-
proximately 34, while the overall rejection rate for selecting jets containing
c-hadrons is 3. In this note, jets recognised as b-quark-induced will be re-
ferred to as b-jets. For the purpose of finding b-jets, also sub-threshold jets
are considered as long as their pp is larger than 20GeV.

In order to avoid a multiple counting of physics objects, an overlap re-
moval procedure is applied. It is based on the angular separation AR between
two reconstructed objects. Jets are removed from the analyses if their sep-
aration AR to a charged lepton is smaller than 0.2. However, in case the
charged lepton is a muon, the jet is only removed if it has less than three
associated tracks with pr > 500MeV or both of the following conditions are
met: The pp ratio of the muon and jet is larger than 0.5 (pf/pl" > 0.5)
and the ratio of the muon pz to the sum of py of tracks with py > 500MeV
associated to the jet is larger than 0.7. Electron and muon candidates, with
transverse momentum pr, are removed from the two analyses if they are
within 0.2 < AR < min(0.4,0.04 4+ 10GeV /pr) of any jet passing the pre-
viously stated overlap removal procedures. In addition, electron candidates
are removed if they share an ID track with a muon candidate. However, if
a calorimeter-tagged muon shares an ID track with an electron, the muon is
removed instead.

Table 4.2: Object definition requirements for electron and muon candidates.

Electrons Muons
15GeV < pr < 25GeV pr > 25GeV 15GeV < pr < 25GeV  pr > 25GeV
Zpsin @ < 0.5mm Zpsin €@ < 0.5mm
do/o(do) <5 do/o(do) < 3
In| < 2.47 excluding 1.37 < |n| < 1.52 In| < 2.5
TightLH MedivmLH Tight

Ef;::sf <011~ Ey Gradient isolation Ef}f:s; < 0.09-pr
[ < 0.06 - Bt Jn < 0.06 - pr
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4.4 Trigger selection

The distribution of transverse momenta (pr) of leptons coming from the ggF'
Higgs boson production peaks at small values. For this reason, the minimum
allowed transverse momentum of the leading lepton was lowered with respect
to Run 1 from 25 GeV to 22 GeV. This cut has been optimised in order to
balance the signal acceptance efficiency on one hand, with rejection of the
so called “fake lepton” backgrounds (see Section on the other. In the
fiducial region considered, “fake lepton” backgrounds stem from processes
featuring a W boson accompanied by jets, that are misidentified as leptons.
The estimation of the rates of these backgrounds, detailed in Section [4.6] is
difficult and associated with large uncertainties. Due to negative impact of
large rates of fake lepton backgrounds on the sensitivity to the Higgs boson
signal, they are important processes to study while deciding on a trigger
selection. In the analyses described in this chapter trigger selection was
optimised using the logical OR between single- and di-lepton triggers.

A combination of single and double leptons triggers was used. Single lep-
ton triggers with transverse momentum (pr) thresholds for electrons ranging
between 24 GeV and 26 GeV and for muons between 20 GeV and 26 GeV
were used. Di-lepton triggers accepted events with minimum thresholds at
17 and 14 GeV for electrons and muons, respectively. Exact threshold as
well as isolation requirements depended on data taking periods [29]. Single-
lepton triggers with higher-py thresholds are more efficient at high lepton
pr than the lower-py triggers using isolation requirements. Two di-lepton
triggers were available for the considered data selection: e17_lhloose_mul4d
and e7_lhmedium_mu24. They differ by the isolation criteria for the muon
and pr thresholds for both leptons. Their effect of the logical OR between
di- and single lepton triggers was evaluated for two py thresholds: 22 and 25
GeV. For all channels considered, efficiency gain with respect to single lepton
triggers only was evaluated in two scenarios: 1) by including both di-lepton
triggers and 2) using e17_lhloose_mul4 only. The gain was computed in
percentage with respect to the usage of single lepton triggers. This optimi-
sation was evaluated after the pre-selection in each signal category. In the “0
jets”, “1 jet” categories the efficiency gain was evaluated on a ggF’ event sam-
ple, while in the “2 or more jets” category the evaluation was performed on
both VBF and ggF samples. The efficiency gain decreases with the number
of jets requested in each signal category, reaching 18.8% (17.0%) and 13.5%
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(12.1%) in “0 jets”, and “1 jet” categories, respectively for scenario 1) ( 2) ). In

3: Efficiency plots for the single- and di-lepton triggers after pre-
and cut on the leading lepton pr > 22 GeV for both ey and pe
The plots were made for: ggF' requiring 0 jets (upper left), 1 jet

the “2 or more jets” category, the efficiency gain for ggF is 8.8% (8.0%), while
for VBF processes reaches 6.6% (6.0%). The channel, in which the electron
is a leading pr lepton, ey, is more affected by adding the e17_lhloose_mul4d
trigger, while its effect on the pe channel is about twice as low. The out-
come of adding also the e7_lhmedium_mu24 trigger is on average relatively
small: it only affects the pe channel by a few percents. Therefore, only the
el7_lhloose_mul4 di-lepton trigger is used in the analyses.

The combined efficiency of the single-lepton and dilepton triggers is 95%
in the fiducial regions used in these analyses, see Figure [£.3]
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4.5 Event pre-selection

Candidate events consistent with the final state H — WW* — evuv ac-
companied by either zero, one, or two jets are selected by requiring that
an appropriate single-lepton or dilepton triggers have fired, as described in
Section[4.4] Additionally, candidate events must fulfill more detailed require-
ments:

1. There are exactly two charged light leptons with opposite electrical
charge and different flavour.

2. Two largest transverse momenta of leptons are above thresholds: pl;admg

22GeV, piteading ~ 15GeV.

3. The invariant mass of two charged leptons is above a threshold value:
my > 10GeV.

The requirement on the final state choice (1.) suppresses abundant Z
boson backgrounds, that similarly to the signal feature two charged leptons,
but of the same flavour. The requirement (2.) is dictated by experimental
triggers and was optimised for best efficiency in rejecting W+jets and QCD
backgrounds. The third requirement suppresses backgrounds from low-mass
resonances such as T and J/¢ and non-resonant di-boson processes. After
these cuts, events are split into jet multiplicities, see Figure 4.4, The domi-
nant backgrounds in the “0 jets” channel are WIWW and Z/v* with a smaller
contribution of top quark production and fake backgrounds. With the in-
creasing number of jets the contribution of single- and double top quark
processes increases significantly, while the contributions from di-boson and
fake lepton backgrounds decrease.

Additional requirements are formulated using more complex kinematical
variables, exploiting correlations among reconstructed particles. The vec-
tor sum of all transverse momenta of leptons, jets, and reconstructed tracks
(not associated with these objects) in a signal-like event is typically non-
zero, due to the presence of two undetected neutrinos from decays of W
bosons. The negative of this vector is called missing transverse momen-
tum, E{’p”ss, and its magnitude, denoted EI'** is transverse energy. Based
on missing transverse momentum, the transverse mass, mp, is computed:

miss 2 — _’mi 2 . —
Dt being the combined dilepton momentum vector in the transverse plane.
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Figure 4.4: Jet multiplicity distribution after applying the preselection cri-
teria for simulated background and signal processes (colour histograms) and
data (black). The shaded band represents the experimental systematic un-
certainty.

Transverse mass is related to the invariant mass of the WW* system, since
the longitudinal momenta of the two neutrinos cannot be measured. This
variable is useful in distinguishing Higgs boson production in gluon fusion
from other SM processes.

Selection requirements based upon these variables are specific to each
signal category and were optimised individually. Details about defining sig-
nal and control regions will be described in dedicated sections. The term
“preselection” will be used from now on refering to requirements (1 — 3).

4.6 Estimation of fake lepton backgrounds

The W+jets background, despite featuring a final state that does not match
preselection requirements, enters the analysis due to a misidentification of
a jet as a lepton or due to the reconstruction of soft leptons originating
from heavy-flavour decays inside a jet. The misidentification probability is
typically relatively low and expected to be not sufficiently well described
in Monte Carlo simulations. The large number of events consisting of W
boson and jets, however, makes this proces a non-negligible background in
the analysis.
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The estimation of fake lepton backgrounds is performed using the so
called fake factors method. For this purpose, a control sample is defined
using events with one identified lepton and one lepton failing the nominal
object definition requirements but passing looser requirements (referred to
as “anti-identified”). The contribution of the misidentified-lepton background
to the signal region is estimated by scaling the control sample via transverse
momentum and pseudorapidity-dependent extrapolation factors, which are
defined as the ratio of the identified leptons to anti-identified leptons and are
determined using data samples consisting of Z -+ jets and multijet events.

The fake lepton background consists of events in which either one or two
leptons are misidentified, “single” and “double” fakes, respectively. Their
yields are estimated using a data sample defined by either one lepton (id)
passing the standard selection criteria and the other lepton (anti-id) passing
a loosened lepton selection or both leptons passing only a loosened selection.
Anti-id leptons are not isolated and do not overlap with id leptons. Anti-id
electrons are required to pass the LHLoose identification and anti-id muons
are required to pass the Medium identification. Additionally, for anti-id
muons the impact parameter definition is changed to dy/o(dy) < 15.

This is extrapolated to the signal region using “fake factors” defined as:

N;

FF =
Nanti—id

, (4.1)

where Nig and N,.;_iq are number of objects passing the lepton identification
selection and passing the “anti-id” requirements but failing the “id” criteria,
respectively. Fake Factors are defined separately for muons and electrons.
Loosened requirements result in jet-enriched samples, either di-jet or Z+jets.
The Z-+jets fake factors are used for the bulk of the W +jets estimation, while
the di-jet fake factors are used for the W-jets events in which the fake lepton
is the only object firing the trigger (QCD background).

The number of events in the signal sample, N;4.;4, can be obtained using:

- EW W+jets QCD
Nidatia = Nigvia + Nigvig  + Nigvia

where NEW, denotes all events with two real leptons (including the signal
ones) , single fake backgrounds are included in NV, ;ﬁ;gets and double fake back-
grounds in Nz%fi[d)' To estimate the fake backgrounds, a W+jets control sam-

ple is defined with one “id” lepton and the other lepton being anti-identified;

_ AWHjets EWMC QCD
Nid+anti—id — YVid+anti—id + Nz’d—l—anti—z’d + Nid—i—anti—id' (4'2)
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The contamination of the other background processes with two real leptons,
NEWMC | is subtracted using Monte Carlo before the fake factor calculation.

Muon and electron fake factors are measured from jets in events with a
Z boson candidate, which is obtained by selecting events with exactly three
loosely identified lepton candidates. Two of these leptons should be of same
flavour and opposite sign with their invariant mass m; compatible with the
Z boson mass: 70GeV < my < 110GeV. They are both required to fulfil the
“id” criteria and at least one of them must be matched to one of the single
lepton triggers used in the analysis. The additional third lepton is the fake
candidate. To reduce the Z + ~ background in events with the third lepton
being an electron, the selection for the opposite sign lepton pair is tightened
to 80GeV < my < 110GeV. In events with two Z boson candidates, the one
with invariant mass closer to the Z mass pole is chosen.

The FF is calculated as a function of the pr and n of the anti-id lep-
ton and is depicted in Figure .5 The fake factors obtained in data are
also compared with the MC predictions from: POWHEG, ALPGEN [90] and
SHERPA [91]. Three sources of systematic uncertainty are taken into account
in the calculation of the FF in the fiducial regions of all signal categories.
They are computed for electrons and muons, for different pr ranges. The
first source is the statistical uncertainty of the FF in each bin taken into
account as a systematic uncertainty. The observed non-monotonic behaviour
of statistical uncertainty for different pr bins in electron FFs is a combina-
tion of two effects: differences in the bin sizes and anti-id cuts changing at
pr = 25 GeV. The second source of uncertainty is due to the EW background
subtraction. To estimate this, the FF is recalculated with the backgrounds
varied up and down by 10%. The last systematic uncertainty arises from the
difference in flavour composition between the Z-jets and W-jets samples
resulting in differences in jet kinematics and hence FF estimation. The cor-
rection factor is therefore applied to the Z+jets sample and the associated
uncertainty is evaluated by comparing the FF in both Z+jets and W +jets
MC. The systematical uncertainties are of the order of 40% for electrons and
range from 30% to 150% for muons depending on their pr. For electrons, the
uncertainty is not completely dominated by one source, but at the low pr
the sample composition uncertainty is the largest, at high pr the statistical
and EW subtraction is more important. For muons, the EW subtraction
uncertainty is very large at high-py due to the normalisation uncertainty of
a large W Z tail.

By design of the fake factor method, the QCD contribution is double
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counted in the VBF fiducial region unless a QCD correction is applied to the
Wjets control sample. This (approximate) double counting arises due to
adding QCD estimates in the anti-id+-anti-id region, extrapolated with the
fake factor product, once with the dijet, once with the Z+jets fake factor.
The full lepton fake factor estimate is thus obtained by adding together the
aforementioned QCD estimate and a Wjets estimate, from which the QCD
contribution in the id+anti-id region has been subtracted. Consequently,
an additional systematics is considered on the fake estimation in the VBF
channel. It is defined as the total QCD correction and ranges from 15% to
33% depending on a phase space region.
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Figure 4.5: Differential distributions of the electron and muon fake fac-
tors as a function of the fake candidate transverse momentum for each
pseudo-rapidity bin. Monte Carlo expectations from POWHEG, ALPGEN
and SHERPA are also shown. The uncertainties are statistical only. Figure
taken from Reference [7].
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4.7 Statistical analysis

The compatibility of the background-only hypothesis with the observed data
is measured using Maximal Likelihood (ML) method with a test statistics
based on profile likelihood ratio. This procedure is standard for all Higgs
boson measurements in ATLAS, I will therefore outline it below.

The construction of this test statistics in the ML method proceeds as
follows: The parameter of interest in the statistical fit is the signal strength
. Signal strength is defined as the ratio between the measured cross-section
of a chosen model (either SM or BSM) an its corresponding theoretical pre-
diction. A kinematical variable z, whose distribution is a fit input, is given
by a histogram X consisting of N bins. In case of analyses making use of
event yields only, N=1. Systematical uncertainties are included in the fit as
nuisance parameters (NPs), 6.

The likelihood function for a parameter of interest ¢ and a set of nuissance
parameters 6 is a product of probability density functions f; for each bin of
X.

s

L, 0) =TI, i, 0). (4.3)

The likelihood L(p, 6 ) is the product of terms of the Poisson probabilities
for all bins. Nuisance parameter constraints are given by either Gaussian,
log-normal, or Poisson distributions. They have been established by other ex-
perimental measurements (for example jet energy scale), from control regions
of current measurements (background normalisations) or theory calculations
(QCD scale uncertainties of cross-sections). Based on (4.3)), a test statistics
called profiled likelihood ratio is constructed to test a given value of the signal
strength p:

s

~

%
L(p, 0)

Ap) = =222 (4.4)
L(j. 0)

Here, the denominator is an unconditionally maximised likelihood in terms of

— = —
both p and 6, with i and 6 being ML estimators of © and 6, respectively.
The numerator is a likelihood maximised for a given value of y with a set of

~

nuissance parameters ? (conditional ML estimator for 7) This statistics
is asymptotically equivalent to x? [92].

Due to the presence of bins with low event yields, typical for measuring
rare processes, all the NPs describing the systematic uncertainties are incor-
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Figure 4.6: Example Feynman diagrams contributing to ggF +0j (left) and
ggF+1j (middle and right) Higgs production.

porated into the fit using a log-normal constraint. In this way, the expected
event counts remain positive for all values of the corresponding NPs.

In order to avoid potential biases in the data analysis, all data in the
signal region is blinded until the final stage of each study. The expected
performance of each fit is studied using the so-called Asimov datasets [92)].
This is a “representative” dataset obtained with Monte Carlo simulations of
signal and background processes, on which a ML estimate of the parameter
returns exactly the median of the ensemble expectation with a single fit. The
Asimov dataset allows therefore the study of the fit model, such as constraints
on the nuisance parameters and their correlations, that could be obtained
with the expected data distributions. In the following, all “expected” results
are obtained using the Asimov dataset, whereas results of fits to data are
labelled “observed”.

4.8 Cross-section measurements in gluon fusion

Higgs boson production via gluon fusion (ggF) features the largest cross-
section according to the SM predictions. Additional jets are produced through
QCD radiation from the initial state partons or from the top quark loop, as
shown in the example Feynman diagrams in Fig. [4.6] In the following I fo-
cus on the measurement of Higgs boson production through gluon fusion,
accompanied by 0 and 1 jets, ggF+0j and ggF+1j, based on Ref. [7].

Event selection requirements, specific for ggF'+0j and ggF-+1j categories,
are given in Table £.3] They are applied after the preselection criteria de-
scribed earlier. In the ggF+0j category, the track-based missing energy is
required to be larger than 20 GeV. In order to supress top quark back-
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ground, events featuring jets containing b-hadrons (b-jets) are vetoed in both
categories. Heavy flavour jets with |n| < 2.5 and pr < 20 GeV are identi-
fied based on the information on the track impact parameters and secondary
vertices using a multivariate techniques [93]. The adopted working point
provides an average 85% b-jet tagging efficiency, 32% and and 3% misiden-
tification rate for c-jets and light-flavour (u-, d-, s-quark and gluon) jets,
respectively. Further, the kinematical properties of leptons are exploited:
the di-lepton invariant mass m; must be larger than 55 GeVand the az-
imuthal angle between lepton momenta, A¢; cannot exceed 1.8. In the
ggF+0j category, lower bounds are required on the azimuthal angle between
missing transverse energy E7*% and the dilepton system, A¢(ll, EF*%) and
the transverse momentum of the dilepton system, p}. The ggF+1j category
is defined through max(m}.), which is the larger of the transverse masses of
the leading and subleading lepton. In order to reject background events from
Z — 71 production, invariant mass of two leptonically decaying 7 leptons,
m,,, is estimated from light lepton momenta using the collinear approxima-
tion [94]. This invariant mass must differ from the Z boson mass by at least
25 GeV.

Table 4.3: Event selection criteria used to define the signal regions in the
ggF'+0j and ggF+1j categories.

Category Njet =0 ‘ Nijet =1
Background rejection Npjet =0

priss > 20GeV
A0l Emiss) > 7 /2 | max(mk) > 50GeV

P > 30GeV Imy, —myz| < 25GeV
H—-WW*—lvly myp < H5GeV
topology Appy < 1.8

The largest backgrounds: WW, (single- and double-) top quark produc-
tion, and Z — 77 are estimated using control regions (CRs). They are
defined ortogonally to the signal region (typically by inverting one or more
signal selection requirements) so that the signal contribution in the control
regions is negligible. Likewise, contribution from other processes should be
small to achieve low extrapolarion uncertainties. From the estimate of event
yields in control regions, MC simulations of the relevant processes are cor-
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rected with normalisation factors. These factors are then applied to improve
the estimation of backgrounds in the signal regions. Selection criteria of
control regions used in both analysis are listed in Table For the WW
CR the selection on invariant di-lepton mass is inverted. The top quark
CR is defined for both categories by replacing the b-jet veto with a b-jet
requirement. For Z~* — 77 CR corresponding to ggF+0j category A¢y se-
lection orthogonal to the SR is used. Similarly, for the CR corresponding
to ggF-+1j, m,, selection is inverted. The resulting normalisation factors
are: Ny, = 1.06 £ 0.09, N7 = 0.99 £ 0.17, N). = 0.84 £ 0.04 and

Nyt =097 £0.17, NyJ, = 0.98 +0.08, N7 . = 0.90 £ 0.12 for the ggF-+0j
and ggF+1j categories, respectively.

Systematical uncertainties are classified into statistical, experimental and
theoretical. Dominant sources of experimental uncertainties in this analysis
are related to tagging heavy flavour jets, modelling of pile-up, jet energy
scale and resolution, identification and isolation of leptons and energy scale
and resolution of leptonic momenta. The largest theoretical uncertainties
are related to modelling of the signal, WW and top quark processes. They
are assessed by a comparison between nominal and alternative event gen-
erators, underlying event and parton shower models. Table indicates,
which simulation tools were used for each process. For the prediction of di-
boson processes: WZ, ZZ, V~*, and V~ production (labelled collectively as
V'V), variations of the matching scale between matrics elements and parton
showers are considered instead of an alternative generators. In addition, the
effects of QCD factorisation and renormalisation scale variations and parton
distribution functions (PDF) model uncertainties are evaluated.

The signal and the background modelled contributions are fitted to the
data in signal and control regions simultaneously using the profile likelihood
method. The fit maximises a likelihood function using scaling parameters
that multiply predicted event yields of the signal processes. Systematical
uncertainties enter the fit as the nuissance parameter.

Transverse mass is used as a discriminant variable in both categories.
Figures [4.7 and present the my distribution in signals and backgrounds
for the signal and control regions, respectively.
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Table 4.4: Event selection criteria used to define the control regions (CRs),
in addition to “preselection" defined earlier.

CR Njey =0 Njet =1
Ww 55 < myp < 110GeV myp > 80GeV
Ay <2.6 |m.r —my| >25GeV
Nijet, (pr > 20 cev) = 0 Nisjet, (pr>20cev) =0
mf > 50GeV
top quark Nijet, (pr > 30 Gev) = 1

Nijet, (20 Gev < pr < 30 Gev) > 0
Nijet, (20 Gev < pr < 30 Gev) = 0

A¢(Ll, ERss) > /2 max(m4) > 50GeV
pZTe > 30GeV M <my — 25GeV
Ay < 2.8

Z~y* — 7T | no pi**s requirement no pi¥ss requirement
mep < 80GeV mep < 80GeV
Ay > 2.8 My, > my — 25GeV

Nujet, (pr > 20 Gev) = 0
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Figure 4.7: Post-fit my distributions in the ggF +0j (a) and ggF+1j (b)
signal regions. Signal and background yields are fixed from the fit. The
shaded areas depict the statistical and systematical uncertainty of both signal
and background contributions.
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Figure 4.8: Post-fit my distributions in (from top to bottom) top, W and
Z+jets control regions in ggF +0j (left) and ggF+1j (right) categories. The
shaded areas depict the statistical and systematical uncertainty of both signal
and background contributions.
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Table 4.5: Post-fit event yields in MC and data in the ggF +0j and ggF'+1j
signal regions.

Process ggF +0j ggF +1j

ggF Higgs boson production 629 + 110 | 285 + o1
VBF Higgs boson production 7 + 1 31 + 2
WWw 3016 + 203 | 1053 + 206
4% 333 + 38 208 + 32
Single and double top quark 588 + 130 | 1397 + 179
Misidentified (fakes) 447 + 7 234 + 49
Z* 27 + 11 76 + 24
Total 5067 + 80 | 3296 + 61
Data 5089 3264

4.8.1 Results

For the cross-section measurement the two channels were combined and the
resulting post-fit mr distribution is shown in the upper panel in Fig.[£.9] The
lower panel demonstrates the difference between the data and the estimated
background (black dots) overlaid on the corresponding distribution for a SM
Higgs boson with my = 125 GeV(red histogram). The dashed band shows
the total uncertainty of the simulated signal and background contributions.

Event yields obtained after fitting procedure together with these observed
in data are given in Table The sum of all simulated contributions may
differ from the total value due to rounding. The quoted uncertainties include
the theoretical and experimental systematic sources and those due to sample
statistics. Due to correlations among uncertainties, the total uncertainty
differs from the sum in quadrature of the uncertainties of individual processes.
Measured inclusive cross-section times branching ratio yields:

Ogor - B(H — WW?*) = 11.471(stat.) "] ?(theo syst.) ] (exp syst.) pb
= 11.4757pb

In the second line all uncertainties were added. This measurement is in
agreement with the SM prediction.
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Figure 4.9: Combined post-fit my distribution in the ggF +0j and ggF+1j
signal regions (top panel) and the difference between the data and the es-
timated background compared to the SM Higgs boson prediction (bottom
panel).

4.9 Measurements in the VBF channel

This section presents two measurements related to the V BF' Higgs boson
production: the cross-section times H — WW?™ branching ratio and the
measurement of Higgs couplings to polarised W and Z bosons. Datasets and
event selection will largely be common, whenever analysis techniques of the
latter measurement differ, is indicated.

4.9.1 Event selection

The dominant backgrounds in the VBF signal category are (see Figure [4.4)):
top quark production (single top and ¢t), amounting to ~ 55% of the events
after preselection, WW (~ 20%), Drell-Yan Zv* — 77 — lvvlvv(~ 15 %).
Other important contributions originate from di-boson (such as WZ, ZZ
and W~*), Z~* — ee/upu and W+jets processes. In this section I will dis-
cuss kinematical properties of the signal and dominant background processes,
present the signal selection requirements and the construction of control re-
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gions for top-quark and Z+jets backgrounds will be outlined.

4.9.2 Kinematics of the VBF process

VBF Higgs boson production features two energetic jets in the forward re-
gions (in opposite directions) and no QCD emissions in the central region
of the detector. The leptons from the final state, on the other hand, are lo-
cated in a central part of the detector. Using this property of the signal, the
following kinematical variables have been constructed in order to separate
signal-like from background-like events:

e Pseudorapidity gap: An;; = nj, — nj,-

It is large for the signal and small for the background processes.
e Invariant di-jet mass m;;, large in the VBF Higgs production processes.

e The emission of the two charged leptons from the H — WW* —
evuv decay into the central part of the detector is translated into an
observable which is called the outside lepton veto (OLV) and is defined
via:

Ne—1
M1 — Ny

OLV =2.

Y

where 7 = (n;,+7;,)/2 is the average n of the two leading jets. OLV < 1
for leptons within the (pseudo)-rapidity gap between the two VBF jets
and OLV > 1 for leptons outside the (pseudo)-rapidity gap between
the VBF jets.

The motivation behind using this variable is the following: OLV mea-
sures if each lepton is more central than “the average of the two jets" by
comparing its OLV with 1. Since in the VBF both jets have typically
opposite sign pseudorapidities, 7 is close to 0 and the denominator
is large (typically larger than 1). The larger the denominator, the
larger n-space is allowed for a central lepton. If, on the other hand,
|ne| > |7 + |njy — mj,|/2, this lepton lies in more forward region than
both jets and its OLV is larger than 1.
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e Evaluating the OLV for both charged leptons allows a determination
of the lepton centrality:

nlceel?trality = Oval + OLVZQ- (45)
For the VBF signal OLV,, and OLV,, are small and therefore nfee;tra“ty
smaller than 1 is preferred for the signal topology.

e Central Jet Veto (CJV).

VBF Higgs boson production is mediated by exchange of electroweak
bosons. Therefore, soft QCD radiation is suppressed in this process, re-
sulting in no additional jets in the central rapidity region. CJV means
that all events featuring with additional jets (whose transverse mo-
menta are larger than 20 GeV) in the rapidity gap between the two
leading jets are rejected.

e The total transverse momentum, p’?*, defined as the vectorial sum over

transverse momenta of the two leptons, jets passing the good-jet def-
inition criteria, and the missing transverse energy: pf' = P+ p2 +
Episs + 3" pi’. This variable is efficient in discriminating against di-

leptons associated with soft jets.

e The sum of the invariant masses of all four possible lepton-jet pairs,
> 1; Mi;. Tt has a higher value for the VBF signal than for the back-
grounds due to a large opening angle between leptons and the jets in
the VBF.

e The mass of di-7 system is estimated based on the reconstructed charged
leptons.

Under the assumptions of the Collinear Approximation Method [94],
valid for heavy resonances with large transverse momenta decaying into
7 leptons, the charged leptons and neutrinos emitted in the decay of 7
leptons are collinear with each other. For the actual 7 decays, the miss-
ing transverse momentum vector lies between the two observable light
leptons. Therefore, the 7 momentum fractions carried by an electron
or muon must yield 0 < z;, , < 1. For non-resonant backgrounds, such
as the W and tt the collinear approximation is not valid because the



78 Measurements using h — WW*(— evuv) decays

decaying heavy particles do not receive large boosts with respect to
their rest frame. In this case, attempting to reconstruct a 77~ pair
results in either z,, < 0 or x,, < 0 for a significant fraction of the
events.

If z;, , are physical, the invariant mass m,, is computed as:
my
/Tr Ty

In such cases, restricting m.,, from above helps to suppress Z — 77
and H — 77 backgrounds.

Mer = (46)

4.9.3 Signal Region

After preselection criteria listed in Section the signal region is defined
by the following additional equirements:

e outside lepton veto (OLV) for all leptons,
e central jet veto (CJV) for all jets with pr > 20 GeV,
e m., <my— 25 GeV.

For the final signal selection, boosted decision trees (BDTs) are used. A
BDT uses a collection of phase space cuts resulting in non-linear phase-space
boundaries. These cuts are optimised to classify given events as originat-
ing from the signal or one of the background processes. Cuts optimisa-
tion is done iteratively in a phase called training. Signal events should be
placed in a signal-dominated leaf, while background events should end up in
a background-dominated leaf. After the initial tree is built, each consecutive
tree is supposed to improve misidentifications encountered in a previous one.
This procedure is applied iteratively until there is a collection of a specified
number of trees. Combining single trees into a stronger classifier is known
as boosting. A BDT output discriminant is taken from all grown trees. The
output distribution of the BDT is used as discriminant variable in the VBF
cross-section measurement. In this analysis the BDT binning has been found
iteratively in order to optimise signal significance S defined as:

S = Ns
V/Ns+ Ng+AN3’

(4.7)
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where Ng denotes the number of signal events, Ng the total number of back-
ground events and A Np is the statistical uncertainty of the backgrounds. The
term ANp is included in the definition of significance because the analysis
was found to be highly affected by statistical uncertainty of the Monte Carlo
simulations. This procedure has led to the four bins, within the range [—1, 1],
with bin boundaries [—1,0.26,0.61,0.86, 1]. Background-like events are clas-
sified in the lower bins of the BDT distribution, while signal-like events are
placed in the fourth and third bin. The expected signal-to-background ratio
in the last bin is approximately 0.6.

For the implementation of the BDT in the measurements in the VBF
channel described in this section, the scikit-learnhas been used. This is an
open-source library for the Python programming language, featuring several
machine learning algorithms?} Simulated VBF signal events, and top-quark,
WW and Z/v*+jets and ggF Higgs production backgrounds are used for
training. The associated production (VH) as well as W-jets events are not
included in the training due to their very low statistics. The optimal set
of learning parameters is summarised in Table [£.6] In order to avoid over-
training, the events are split in two sub-sets and the BDT is trained twice.

Table 4.6: Optimised BDT parameters used in the training.

Parameter Value Range
Boosting algorithm Gradient -
Maximum tree depth 5 [3,16]
Number of trees 200 [200,100]
Minimum number of events required per node 5% [5%,20%]
Learning rate 0.1 -

BDTs are applied after preselection of events. Eight kinematical variables

are used as input variables in the BDT: A, mep, mr, Ay;;, mi;, P,

> e My, and nf:Strahty. These variables were ranked by counting in how
many nodes each variable was used and by weighting these usages by both
the gain in separation at each node and the number of events in each node.
The resulting ranking is summarised in Table [4.7, The most discriminating

variables, m;; and Ay;;, are related to the VBF signal topology. Other

2The library can be downloaded from https://scikit-learn.org/ .
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variables are related to the kinematical properties of leptons originating from
the Higgs boson decay to WW™*, as discussed in the previous section.

Table 4.7: Ranking of the BDT training variables for the BDT trained on
the even numbered events.

Ranking | Variable | Importance %]

1 1m;; 19
2 Ayi; 16
3 my; 14
1 my 14
5 1cee;1trality 13
6 Ady 10
T Ty 8

8 PtTot 7

4.9.4 Estimation of backgrounds

Estimation of fake lepton backgrounds from W+ jets processes in the VBF
fiducial region follows a data driven technique described in Section [4.6] The
normalisations of backgrounds due to Z/v* — 77 production in association
with two jets (featuring both QCD and EW Z production) as well as single-
and double- top quark production are estimated using control regions defined
in Table . The number of b-quark jets, Ny_jets, used to define signal and
control regions, is estimated in each phase space region using a multivariate
algorithm MV2C10 with 85% working point. These regions were constructed
in a way to maximise the contribution of the relevant background process
and make them orthogonal to the signal region and to each other. Number
of events in control regions allows the extraction of normalization factors that
are then applied to both the signal and control regions. Other backgrounds
are evaluated using the Monte Carlo predictions only. Unlike the ggF' anal-
ysis, the use of a dedicated control region for the W W production processes
did not improve the estimation of this background.
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Table 4.8: Event selection criteria, applied after preselection, used to define
the signal and control regions in the VBF analysis. Definitions of symbols
and abbreviations are given in the text.

Signal region Z — 71 CR top-quark CR

Number of
b-jets Nbfjets =0 Nbfjets =0 Nbfjets =1

Selection Mmrr < 66.2GeV  |m,r —my| <25GeV  —
- my < 80GeV -
OLV applied OLV applied
CJV applied CJV applied -

Top quark control region

The top control region (CR) is defined as exactly the same as the SR, with
a b-jet veto replaced by a requirement of one and only one b-tagged jet
(Np—jer = 1) identified using the MV2C10 algorithm at 85% efficiency. While
there are typically 2 b-jets present in the top-quark background, composed
predominantly of ¢t pairs, the requirement of a single b-tagged jet brings the
flavour composition of tag jets closer to the one in the SR. The purity of the
top control region is of about 96%.

The top background in the SR is corrected by the normalization factors
(NF) derived in the top CR. The resulting NF is 1.0075:0S.

Z(— 77)+jets control region

The Z — 77 control region definition differs from the signal region by the
inversion of the cut on the invariant mass of the two tau leptons and is
required to be |m,, —myz| < 25 GeV.
Furthermore, the invariant mass of the two leptons: my; < 80 GeV. The
OLV and CJV vetos are applied in the same way as in the signal region.
The resulting NF is 0.9410%.

4.9.5 Estimation of uncertainties

The effects of the systematic uncertainties on the expected signal and back-
ground yields in the signal and control regions are evaluated. In addition,
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the effects of the uncertainties on the shapes of the BDT response and Agj;
distributions are considered. These effects are evaluated by individually com-
paring the nominal distribution with those corresponding to up and down
variations of a particular uncertainty.

Experimental uncertainties The dominant experimental uncertainties
for both analyses are related to the b-tagging efficiency 93], the jet energy
scale and resolution [95], the modelling of pile-up activity, and the estima-
tion of the misidentified-lepton background |7]. Smaller uncertainties are due
to the lepton momentum scale and resolution, the lepton identification and
isolation criteria [82,096,/97], the measurement of missing transverse momen-
tum [98], and the luminosity measurement [31]. The luminosity uncertainty
is only applied to those processes that are normalised to theoretical predic-
tions.

Theory uncertainties The theoretical uncertainties are assessed by a
comparison between nominal and alternative event generators, underlying
event and parton showers models, as indicated in Table For the predic-
tion of di-bosons (WZ, ZZ, W~*, Z~*, W~ and Z+) production, variations
of the matching scale are considered instead of an alternative generator. In
addition, the effects of QCD factorisation and renormalisation scale varia-
tions and PDF model uncertainties are evaluated.

Uncertainties related to MC mismodeling It is observed that MC
simulations overestimate the data for high invariant di-jet mass, m;;, after
event pre-selection. Therefore, all background events are reweighted such
that the data and MC agree in the m;; distribution at this event selection
stage. The resulting shape difference of BDT distribution between the orig-
inal and reweighted datasets is used to compute the uncertainty on the m;;
modeling. This additional shape systematic is applied in the VBF SR for all
the background processes and added as an additional nuisance parameter to
the fit. This non-closure is on the order of a few percent at low m;; values and
ranges up to 15% for m;; values above 1 TeV. The impact of this uncertainty
on the final results is small with respect to the statistical uncertainties.
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Table 4.9: Post-fit event yields in MC and data in the VBF inclusive signal
region.

Process Event yields in the SR
VBF Higgs boson production 28 +£ 16

ggF Higgs boson production 42 + 16

WWw 400 £ 60

Vv 70 £ 12

Single and double top quark 1270 + 80
Misidentified (fakes) 90 + 30

Zy* 280 + 40

Total 2170 £ 50

Data 2164

4.9.6 Cross-section measurement

The VBF cross-section is obtained from a simultaneous statistical analysis of
the data samples in the SR and all CRs. The results are obtained by max-
imising a likelihood function in a fit using scaling parameters multiplying the
predicted total production cross-section of each signal process and applying
the profile likelihood method. The systematic uncertainties enter the fit as
nuisance parameters in the likelihood function.

Table 4.9 shows the post-fit event yields in the SR. In Figure[d.10]the post-
fit distribution of BDT score with the signal and the background modelled
contributions is shown. The signal-rich bins 3 and 4 are shown in a separate
scale.

The result of the log likelihood minimization in data in four BDT bins
as well as in the control regions yields a best-fit value for the signal strength
of pypr = 0.697535 (stat.) £0.24(sys.) = 0.691037. This corresponds to an
observed (expected) signal significance of 1.9 (2.7), assuming a SM signal.

Those numbers were obtained by assuming SM event yields of gluon fu-
sion Higgs production (ggF’). Allowing the normalisation of this background
to float in the fit results in the best-fit value of vector boson fusion Higgs pro-
duction signal strength pypr = 0.87103% (stat.) 02 (sys.) = 0.871083. The
resulting normalisation factor for ggF' equals 0.12 4= 2.41. This corresponds
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Figure 4.10: Post-fit distribution of BDT score in the VBF signal region.
Signal and background yields are fixed from the fit. The shaded areas depict
the statistical and systematical uncertainty of both signal and background
contributions.

to an observed (expected) signal significance of 1.4 (1.6), in case of a SM
signal.

4.10 Polarisation measurement

4.10.1 Parametrisations of Higgs couplings to polarised
W and Z bosons

While measurements of oygr - By—ww, described in Section [4.9.6] are consis-
tent with the SM, the couplings of the Higgs boson to the massive electroweak
gauge bosons that are polarisation-dependent, have so far not been studied
directly. W* and Z° bosons have three polarisations: two transverse and
one longitudinal. By contrast, photon has only two transverse polarisations
in physical gauges (Coulomb gauge for example). Longitudinal polarisations
of the massive bosons cannot be “gauged away". In fact, they emerge from
massless degrees of freedom of the Higgs boson and are therefore closely re-
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lated to the mechanism of electroweak symmetry breaking. The electroweak
symmetry breaking already fixes the gauge in such a way that the longi-
tudinal polarisations are non-vanishing. The strength of the Higgs boson
coupling to longitudinally polarised W bosons ensures the unitarity of the
SM. The SM predicts no difference between transverse and longitudinal cou-
plings. Therefore, any deviation from the SM values in either coupling is a
hint that the Higgs field is not associated with a fundamental scalar parti-
cle but is an effective field arising from new dynamics. For example, Higgs
compositeness models [56}99] predict more degrees of freedom, allowing the
Higgs boson couplings to electroweak bosons to deviate from their SM values.

To parametrise BSM effects in the Higgs boson couplings to longitudi-
nally and transversally polarised massive electroweak bosons, polarisation-
dependent coupling-strength scale factors are used as defined in Ref. |20]

as
aL = 9JHWV W, Cap = 9HV Vi ‘ (4.8)
gaVV gHVV

The parameter gpyyy is the SM HV'V coupling strength and gpyv; v, and

guvyvy are the measured polarisation-dependent couplings. In the SM, ggv, v, =

grveve = 1 as the Higgs boson couplings are insensitive to polarisations. The
polarisations of the vector bosons in equation are defined in the Higgs
boson rest frame so that mixed-polarisation couplings HVVr do not con-
tribute to oygr - By_ww. Other BSM effects, such as the presence of new
particles, or other couplings modifications, are not considered. Within the
SM (ar, = ar = 1).

This set of couplings is convenient for experimental measurements and
Monte carlo simulations. Dedicated MC signal samples have been gener-
ated in MADGRAPH5 aMC@NLO 2.4.2 generator [66,(100]. Helicity ampli-
tudes used in the matrix element generation of the Higgs boson production
and decay were internally boosted in the Higgs boson rest frame, modi-
fied, and boosted back to the detector frame following the prescription in
Ref. [20]. Signal samples were produced for the following benchmark scenar-
ios: (ar,ar) € {(1,1),(1,1.3),(1.3,0.7),(1.3,1),(0.7,1.3) }.

The polarisations depend on the measurement frame and therefore the
above description is not Lorentz invariant and as such cannot be described
in the Lagrangian framework. Instead, the coupling strength modifiers a;, and
ar can be related to (Lorentz invariant) pseudo-observables (POs). Pseudo
Observables provide a parametrisation of possible variations from the SM in
Higgs boson production and decay processes, expressed in terms of measur-
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able, well defined in terms of quantum field theory quantities [9101-105].
The Higgs POs are defined based on a decomposition of on-shell amplitudes
involving the production and/or decay of the Higgs boson and a momentum
expansion, which is valid under the assumption that there are no new light
particles (and thus no additional poles of the new propagators need to be
considered).

The mapping is performed using approximations described below. The
most general parametrisation of the VBF h — WW*(Ilviv) process includes
six POs affecting HV'V vertices: kww, kzz, €ww, €22, eg};,, egg. Assuming
a CP even Higgs, €55, = €52 = 0. Under the assumptions of custodial
symmetry, the following identities hold (see Ref [105]):

(*) eww = cos(Ow)?ezz + 2sin(fyw ) cos(Ow ez, + sin(Ow)?e,,

(**) kww — kzz = —2/9(\/§6Wz¢ + 2 cos(bw)eze)

Additionally assuming no new physics in boson-fermion couplings W f f
and Zff one gets €wer = €75 = 0 and from (**) it follows that kyw —
kzz = 0. Since neither Hy~ nor HZ~ couplings are present in the signal
and background process, we can assume a single coupling, namely: €,, =
€77 = €z~. As aresult, ey = €zz. We will denote in the following kyw =
kzz = kyy and ey = €77 = eyy. The corresponding effective Lagrangian
describing VBF Higgs boson production has the form:

2
2myy,

v

2
L=ryy ( HW} W+ + mZHZﬂM) —EQV—V (2HW W™ 4 HZ,, 2" + HA,, A" |
v v
(4.9)
where v is the Higgs vacuum expectation value. In the SM Ky = 1 and
Eyy = 0.
The Pseudo Observables are related to the coupling-strength scale factors
ar, and at via the following equations:
ar — aig,
Eyy = .
Ar(qi, q2) — AL(q1, ¢2)

The functions Ay (¢1,q2) and Ar(q, ¢2) depend on the momenta of elec-
troweak bosons ¢; and ¢, (either in the production or in the decay) according
to:

kyy = ar, — AL(q1, @2)evy ,

A _ M 44343 _omy my — ¢ — 4 e
L= 92 2 2 2 2\’ T 92 2 : (4.10)
myy my(mi; — qi — q3) myy Lz

For this mapping to be exact for constant parameters a; and ar, Ar
must be independent on the bosons’ kinematics. In the approximate map-
ping adopted in this study, the estimation of values of parameters Ay was
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based on simulations of the VBF signal discussed in Section 4.2l For every
event, the values of ¢? and ¢35 were extracted and inserted in formulae ([4.10)),
forming distributions (histograms) of both formfactors. The maxima of the
distributions were found at Ar(q1,¢2) = 0 and Ar(q1,g2) = 2. This leads to
the mapping adopted in the analysis:

Kyy ~ap, eyy ~0.5-(ar —ayp).

The above mapping was applied in the statistical analysis in the parametri-
sation of maximal log-likelihoods. Simulated signal events for various BSM
coupling modifications in terms of Pseudo Observables was not yet available.

The above POs description focusses on VBF production and thus differs
from the one used in Refs. [106}/107], in which couplings to leptons (er, €g)
and to Z bosons (kzz) are constrained using Higgs boson decays into four
leptons, inclusively with respect to the production channels. Due to these
technicalities, the two measurements cannot be statistically combined.

4.10.2 Kinematical properties of signals with modified
couplings

Modifications of a; and ar coupling strength scale factors results in cross-
section changes. For allowed polarisation combinationsﬂ over * By_ww 1is
proportional to a linear combination of terms a7 , and aja7. The cross sec-
tions dependence on (ar,ar) couplings is shown in two dimensions Figure
M.11] The Standard Model prediction, a; = ap = 1, is marked with a star.
The larger sensitivity to a;, stems from the fact that in the considered phase
space helicity amplitudes with longitudinal polarisation vectors of the mas-
sive electroweak bosons are largest. Modifications to a7, on the other hand,
can be distinguished by shapes of kinematical distributions. The distribution
sensitive to W and Z bosons polarisations in the initial state is the angular
difference between two leading jets in the plane perpendicular to the beam,
Aq)jj. It is defined as A(I)jj = ¢j1 — quQ if Niy > Mjas and Aq)jj = ¢j2 — ¢j1
otherwise, where j; is the highest-pt jet and js is the next-highest-pr jet in
the event.

The shape of A®;; distribution differs with ar — ar as shown in Fig-
ure[£.12} the cases where a, = ar resemble the SM distribution; for a;, > ar,

3In the Higgs rest frame, only HV,Vy, and HVyVyp, where V denotes either W or Z
bosons, are kinematically allowed.
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Figure 4.11: The effect of (ar,ar) coupling modifications on oypr - By_sww
before analysis selection cuts. Red cross in (a) corresponds to the SM point
(with a, = ap = 1).
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Figure 4.12: A®;; for selected couplings combinations.

the jets tend to be more collinear in the transverse plane; in cases where
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ay, < ar back-to-back geometries are favoured.

The insight into the Higgs boson decay vertex can be provided by ob-
servables related to correlations between final state charged leptons, such as
my and A¢y. Due to ambiguities in reconstructing the Higgs boson rest
frame from the final state particles including two neutrinos, these variables
demonstrate much worse discriminating power for the BSM scenarios. The
distributions probed in Ref. [20], such as the azimuthal angle between lep-
tons, A¢y, and observables related to the transverse momenta of the forward
jets, were instead used in the construction of the BDT distinguishing the
properties of the SM signal from backgrounds.

4.10.3 Moment morphing

BSM signals with arbitrarily chosen (ar,ar) coupling combinations are ob-
tained using histogram morphing presented in Refs. [108,/109]. In this way,
the distributions corresponding to relevant (continuous) coupling combina-
tions can be obtained from a small set of generated benchmarks. Morphing
is a procedure of linear interpolation or extrapolation that takes into account
both event yields and kinematical properties of the benchmark samples. An
implementation of morphing has been developed within the RooFit pack-
age [110], making use of HistFactory |111]. The provided signal model is
implemented in the RooLagrangianMorphing class in RooFit. The described
analysis is one of the first applications of the morphing method in high energy
physics data analysis.

An advantage of moment morphing is that analytical properties of the
lagrangian are taken into account by weighting all input distributions based
on the matrix element of the process they describe. Unlike the the matrix
element reweighting procedure (which is a standard technique in high energy
phycics), that requires a single input sample, morphing requires several input
samples, depending on the number and types of BSM couplings. The benefi-
cial property of morphing is its capability of morphing entire distributions of
observables rather than providing a translation on an event-by-event basis.

In the following, the construction of a morphed distribution is outlined
in the example of Higgs-related processes, at the leading order in QCD and
electroweak couplings. This rather technical introduction is followed by the
application of signal morphing in the polarisation measurement.

Morphing describes the dependence of a given physical observable T'(Giarget )
on a BSM signal. This signal is assumed to have an effect of modified scalar
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couplings Giarget = {9snm,1,°* , 9sMm, 9BSM,1, -, BSMn }, Without modifi-
cations to the particles content of the SM. In general, the observable T de-
pends on m SM and n BSM couplings. This dependence is described by a
morphing function

T(gtarget) - Z W; (gtarget; @)ﬂn(ﬁz), (411)

which is a linear combination of the values or observables T}, at a number of
discrete coupling configurations §; = {Gsa1s -+ 5 GsMm, IBSM1, " ** » GBSM.n }-
The input distributions T}, are obtained from the Monte Carlo (MC) simu-
lation of the signal process for a given coupling configuration g;.

Morphing relies on a narrow width approximation for (in this case) the
Higgs resonance. Therefore, at lowest order observables T are second or-
ders polynomial in coupling parameters affecting both Higgs production and
decay.

The contribution of each simulated T;, is weighted by w; based on the
assumption that the value of a physical observable is proportional to the
squared matrix element for the studied process

T oc [MJ* = (Z gﬂ(%)) : (Z ng(gx)) : (4.12)

TEP,s z€d,s
A > N J
vV '

production decay

In the above, operators appearing only in the production vertex are labeled
with p, operators only appearing in the decay vertex with d, and operators
shared between both vertices with s. A visual representation of the idea for
a one-dimensional case is shown in Figure [4.13] Here, histograms labeled
“SM”, “BSM” and “Mix” are simulated T}, histograms, and the red histogram
is a result of morphing at a chosen (continuous) parameter configuration.

The number N of input base samples required to construct the morphing
function of eq. depends on how many coupling parameters enter the
only production (n,), only the decay vertex (ng), and are shared in produc-
tion and decay (ny):

N =

my(my+1) ma(na+1) (4+”s—1), (4.13)

2 2 4

In eq. ([4.13) large parenthesis denote the combination formula: (}) = (n_"k!)! o
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Figure 4.13: Illustration of the morphing procedure in a one-dimentional
showcase.

In case of the VBF Higgs boson production with subsequent decay into
vector bosons, modified with respect to the SM by a set of two couplings
{ar,ar}, affecting both the production and the decay vertex, n, = 0 and
ng = 0 and ny; = 2. The number of input samples given by equation[d.13]is
5. The morphed distribution is A®;; distribution in all four BDT bins in the
signal region, as discussed in section [£.10.2]

In order to estimate uncertainties related to the morphing method, the
following tests have been performed. The expected A®;; distribution result-
ing the morphing method in all four BDT bins in the signal region has been
compared with the same distribution obtained directly from the Matrix Ele-
ment generator. Additionally, the morphing performance has been validated
by changing the combination of the input samples used in the construction
of the morphing function. As a result, the normalisation uncertainties of
morphed distributions are found to be negligible (lower than 1%). Shape
differences between morphed and simulated distributions have been added
as a shape uncertainty on the signal sample in the likelihood fit.
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4.10.4 Results

Fits are performed simultaneously in both the SR and CRs, largely following
the methodology of cross-section measurement described earlier. The differ-
ence lies in using the distribution of the signed A®;; observable in each BDT
bin in addition to event counts in this bin. In control regions only total event
yields are used in the fit.

Several types of likelihood scans are performed to constrain either a sin-
gle parameter of interest or both of them simultaneously. Each type of fit
is performed in both parametrisations: (ap,ar) and (kyy,eyy). In one-
dimensional fits over a single parameter of interest (POI), with the other one
being fixed to its SM value the following information was exploited in the
fits:

e the dependence of the input distribution’s shape on the selected pa-
rameter of interest, or

e information on both shape of selected distribution and total event rates.

Setting kyy to 0 is equivalent to a;, = 0, while ey = 0 imposes ay, = ar.
In the other variant of fits the other parameter is profiled. This means that
the profiled parameter is fixed to its unconditional maximum likelihood value
for each value of the POI. Then, the POI is fixed to its conditional maxi-
mum likelihood value. By construction, in this second ensemble of fits both
parameters may vary independently and are therefore probed in a model-
independent way.

The post-fit event yields in the signal and the control regions are pre-
sented in Table together with the number of events measured in data.
The uncertainties quoted in Table include those from theoretical and
experimental systematic sources and those due to sample statistics. The pre-
sented numbers were taken from the fit to €y, but are consistent within
statistical errors with these from fits to Ky, ar and ar. Small differences
(within errors) with respect to cross-section measurement originate from two
factors. Firstly, the signal samples are simulated with independent MC gen-
erators which lead to small event counts in the phase space considered. Sec-
ondly, the cross-section measurement corresponds to a fit to kyy with epy
fixed to 0.

Figure depicts the weighted A®;; distribution in all four BDT bins
of the VBF signal region (upper panel). Events are weighted by a significance
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of the BDT bin they were categorised to. Each bin significance was evaluated
taking into account the number events classified as originating from either
signal or backgrounds, Ng and Np, respectively and expressed as In(1 +
Ng/Ng). The lower panel presents the ratio between data and MC predictions
within uncertainties.
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Figure 4.14: The weighted A®,; distribution in the VBF signal region, with
signal and background yields fixed from the fit for ey using shape and rate
information. Data-to-simulation ratios are shown at the bottom of the plot.
The shaded areas depict the total uncertainty.



94 Measurements using h — WW*(— evuv) decays

Table 4.10: Post-fit event yields in the signal and control regions obtained
from a scan over ey exploiting both shape and rate information. The fit
constrains the total expected yields to the observed yields.

Process Top CR Z — 117 CR SR
VBF 3.2+22 2.6+ 1.8 34 + 22
ggF 3.9+1.7 24+1.0 28 +12
Other Higgs 1.5+£0.7 6.2+£3.1 6.0 £ 3.0
tt, Wt 7400 £ 100 53+ 7 1220 4+ 100
WW 51+6 21.84+2.9 360 + 70
Z + jets 54 + 10 370 + 24 320 £ 70
W + jets 190 + 40 23.0t24 115 4+ 27
Non-WW dibosons 14.3 + 1.8 20.8 £ 3.3 83+ 11

Observed 7668 501 2164




Polarisation measurement 95

In the following, the results of fits will be presented in both parametri-
sations. The central values and uncertaities of the fit will be accommpanied
by plots of maximal log likelihood scans (LLH). Leading uncertainties will
be listed in selected cases, because they are similar among the fits.

(ar,ar) parametrisation

The results of the likelihood scans are given in Figure .15] The scan over ar,
(at) is shown in the upper (lower) panel. Blue lines represent fits to signal
simulation (expected), while red lines the fit to data (observed). The LLH
curves shown in Figures [1.15(b) and [£.15](c) are the results of the fit in which
both the shape and normalisation of the signal are taken into account, while
the LLH curves in Figure M(a) are obtained using only the shape informa-
tion. The asymmetry of the curves results from the asymmetric behaviour
of the cross section with respect to the changes in the parameter values (see
Ref. [20]). The largest sensitivity to aj, stems from the rate information and
this parameter cannot be constrained using the shape information alone. The
sensitivity to ar, on the other hand, comes predominantly from the shape
information, as the likelihood ratio increases only slightly when adding the
normalisation information. The resulting best-fit values and their uncertain-
ties computed at 68% CL are presented in Table [4.11] Measurement of ay,
features smaller overall uncertainties than the fit to ap. Fits, in which values
of the other parameter are fixed are consistent with fits allowing the other
parameter to vary (profiling). All measurements are consistent with the SM
expectations.

The dominant sources of uncertainty for fits involving both shape and rate
information, are listed in Table [£.12] Individual sources of uncertainties as
well as their groups are shown. The dominant ones are related to the limited
data yields (data statistic) and to the quality of modeling the dominant top-
quark and WW backgrounds. Statistical uncertainties are more pronounced
in the fits to ar, because shape information is more important in constraining
this parameter. Dominant experimental uncertainties are related to pile-up
and jet energy scale and resolution.
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Figure 4.15: Likelihood scans over the transversely (a, b) and longitudinally
(c) polarised couplings. Fits using shape-only (a) and shape-+rate (b, c)
information are shown. All relevant experimental and modeling systematic
uncertainties are considered in the fits.
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Table 4.11: Best-fit values and their uncertainties as obtained from the shape-
only and shape-plus-rate likelihood fits to the Asimov dataset and to ATLAS
data. Results of both the shape-only and shape+rate fits for a;, and ar are
shown. Results of fits to one parameter with the other one fixed or profiled
are presented.

Type Expected Observed

at shape-only fit (ar, = 1) 1.0 £ 0.5(stat.) 793 (syst.) 1.3708 (stat.) 03 (syst.)

ar, shape + rate fit (ar = 1) 1.0015 % (stat.) T09%
at shape + rate fit (ar, = 1) 1.0070 36 (stat.)

ar, shape + rate fit (ap profiled) 1.0070 95 (stat.) ™% (syst.)  0.91F519 (stat.) 092 (syst.)
at shape + rate fit (ay, profiled) 1.070-2(stat.) 703 (syst.) 1.2 + 0.4(stat.) )2 (syst.)
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Table 4.12: The contributions of the leading individual systematic uncertain-
ties together with the data statistical uncertainties, in the one-dimensional
fit for a; (a) and ar (b) for electroweak-boson polarisation in the VBF
H — WW channel. Both the shape and rate information is exploited in
the fit. The theoretical and experimental uncertainties are subdivided fur-

ther into categories.

(a) ar, fit, ap =1

(b) ar fit, ar, =1

Source Aar, Source Aar
Total data statistical uncertainty  0.11 Total data statistical uncertainty  0.29
SR data statistical uncertainty  0.11 SR data statistical uncertainty  0.29
CR data statistical uncertainty  0.018 CR data statistical uncertainty  0.013
MC statistical uncertainty 0.037 MC statistical uncertainty 0.037
Total systematic uncertainty 0.13 Total systematic uncertainty 0.13
Theoretical uncertainty 0.10 Theoretical uncertainty 0.10
Top-quark bkg. 0.072 Top-quark bkg. 0.076
WW bkg. 0.061 WW bkg. 0.072
ggF bkg. 0.035 ggF bkg. 0.026
Z/v* bkg. 0.018 Z/v* bkg. 0.022
VBEF signal 0.019 VBEF signal 0.022
Experimental uncertainty 0.054 Experimental uncertainty 0.044
Modeling of pile-up 0.040 Modeling of pile-up 0.042
Jet 0.026 Jet 0.032
b-tagging 0.014 Misidentified leptons 0.010
Luminosity 0.010 b-tagging 0.002
Total 0.18 Total 0.33
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(kyv,evy) parametrisation

The results of the LLH scans in the parametrisation using pseudo-observables
are shown in Figure [4.16| This time the plots illustrate fits, in which the
other parameter was profiled. Blue lines represent fits to signal simulation
(expected), while red lines the fit to data (observed). Central values of the
fits are shown in Table 4.13] They are consistent with the results obtained
in (ar,ar) parametrisation. The breakdown of uncertainties is presented in

Table [4.14
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Figure 4.16: Likelihood scans of shape-+rate fits over (a) kyy and (b) eyy,
with the other parameter profiled. Blue lines represent fits to signal sim-
ulation (expected), while red lines the fit to data (observed). All relevant
experimental and theoretical systematic uncertainties are considered in the
fits.
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Table 4.13: Best-fit values and their uncertainties as obtained from the shape-
only and shape-plus-rate likelihood fits to the Asimov dataset and to ATLAS
data. Results of both shape-only and shape+rate fits for ey and Ky are
shown. Results of fits to one parameter with the other one fixed or profiled

are presented.

Type

Expected

Observed

eyv shape-only fit (kyy =1)

0.007553 (stat.) 7517 (syst.)

0.141535 (stat.) 7515 (syst.)

kyv shape + rate fit (eyy = 0)

eyy shape + rate fit (kyy =1)

1.0070 93 (stat.) ™

0.0079-38 (stat.)*

0.9170-09 (stat.)T5:93 (syst.)

0.09f8:12 (stat.)+8:8$(syst.)

kyy shape + rate fit (eyy profiled)
eyv shape + rate fit (kyy profiled)

0.9170 19 (stat.) ¥5:09 (syst.)

0.137928 (stat.) * 393 (syst.)
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Table 4.14: The contributions of the leading individual systematic uncertain-
ties together with the data statistical uncertainties, in the one-dimensional fit
for the pseudo-observables kyy (a) and ey (b) for electroweak-boson polar-
isation in the VBF H — WW channel. Both the shape and rate information
is exploited in the fit. The theoretical and experimental uncertainties are
subdivided further into categories.

(a) kyy fit, eyy =0 (b) eyy fit, kyy =1
Source Arkyy Source Aeyy
Total data statistical uncertainty  0.11 Total data statistical uncertainty  0.14
SR data statistical uncertainty  0.10 SR data statistical uncertainty  0.14
CR data statistical uncertainty  0.019 CR data statistical uncertainty  0.011
MC statistical uncertainty 0.035 MC statistical uncertainty 0.036
Total systematic uncertainty 0.12 Total systematic uncertainty 0.056
Theoretical uncertainty 0.10 Theoretical uncertainty 0.050
Top-quark bkg. 0.072 Top-quark bkg. 0.039
WW bkg. 0.062 WW bkg. 0.036
ggF bkg. 0.033 ggF bkg. 0.013
Z/v* bkg. 0.017 Z/v* bkg. 0.012
VBF signal 0.019 VBEF signal 0.010
Experimental uncertainty 0.050 Experimental uncertainty 0.024
Jet 0.026 Modeling of pile-up 0.022
b-tagging 0.014 Jet 0.018
Luminosity 0.011 Misidentified leptons 0.010
Misidentified leptons 0.007 b-tagging 0.010

Total 0.17 Total 0.16
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4.11 Summary

Using the fully leptonic Higgs boson decays to WW*, the measurements of
inclusive cross-section of Higgs boson production via the gluon—gluon fusion
(ggF) and vector-boson fusion (VBF) were performed. The cross-sections
times the H — WW* branching ratio are measured to be 11.47}] (stat.){+®
(syst.) pb in the ggF production channel and 0.50753)(stat.) £0.17(syst.)
pb, in the VBF. The largest sources of uncertainties stem from theoretical
modeling of the WW background and (in the VBF cross-section measure-
ment) the modeling of ggF signal in the measured VBF-dominated phase
space region. Both measurements, though the VBF to a larger extent, are
affected by the statistical uncertainty of the Monte Carlo simulation.

Using the VBF signal selection, hints of BSM physics are searched for
by means of detecting anomalies in the Higgs boson coupling-strength form
factors to longitudinally and transversely polarised W and Z bosons. It is
the first such measurement of the bosonic polarisation-dependent Higgs cou-
plings. To distinguish various BSM signals from the SM, the distribution
of azimuthal angle between forward jets in the plane perpendicular to the
beam axis, A®,;, is utilised together with the information on event yields.
The couplings are parametrised in two different ways and results of both
parametrisations are extracted. Each measurement is performed in two set-
tings: one-dimensional (where it was assumed that the other parameter is
equal to its SM value) and two-dimensional, where the other parameter is
profiled.

In the first type of fits the shape of A®;; alone is sufficient to constrain
the coupling to transversely polarised bosons, art, while to constrain aj, the
additional information about event rates is necessary. Profiling the other
coupling-strength scale factor results in measured values: ar, = 0.911)12(stat.)
00 (syst.) and ar = 1.2 & 0.4(stat.) T52(syst.), while a, = 1.0075% (stat.)
008 (syst.) and ar = 1.0753(stat.) T52(syst.) are expected in the SM. With
an approximate mapping to pseudo-observables kv and ey the following
constraints are obtained in two-dimensional fits: xyy = 0.91701%(stat.) 7099 (syst.)
and ey = 0.131038 (stat.) 508 (syst.), while -y = 1.007595 (stat.) 0% (syst.)
and ey = 0.00703% (stat.) 014 (syst.) are expected. In this parameterisation
the sensitivity to the on-shell coupling xyy stems predominantly from the
event yields, while the off-shell coupling ey, is extracted using both shape
and rate information. These measurements are statistically limited, which
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means that statistical uncertainties of the signal are larger than any single
source of systematical uncertainty.

All these measurements are consistent with the expectations for the SM
Higgs boson.
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5  Higgs boson self-coupling

The Brout-Englert-Higgs mechanism [13}[15], presented in Chapter 2] is re-
sponsible for generating non-zero masses of electroweak vector bosons. In
this chapter I focus on another consequence of the Higgs mechanism, namely
the Higgs boson self-interactions.

After spontaneous symmetry breaking, and gauge fixing, the Higgs field
is a real scalar field ¢ = (v + h°)/v/2, where h° is the (real) excitation
from its vacuum expectation value (v, VEV). The Higgs boson acquires mass

mj = —2u* = 2)\v? and its potential has a form:
hO 2 hO 3 hO 4 4/\
V(RO = o2 gy P gy ()T A
2 3! 4! 4 (5.1)
P 0 N 0 SN (L0 i) '
=My e AT T

As can be explicitly read out from the second line of eq. (5.1)), after
spontaneous symmetry breaking, the Higgs boson acquires cubic and quartic
self-interactions, whose triple and quartic couplings read:

2

3m?
h
Ash = 0 A =

R (5.2)
Both A3z, and Ay, are parametrised with the Higgs mass and its vacuum ex-
pectation value v. They are thus not independent parameters in the SM,
but closely related with each other. Higg self-interactions enable the mea-
surement of global properties of the Higgs boson potential, thus providing a
valuable consistency check of the Higgs mechanism.

In this chapter, I focus on measuring As;,. At the LHC a direct way of
accessing this parameter is by observing a production of Higgs boson pairs.

Higgs pair production at proton-proton colliders occurs predominantly
through gluon fusion (ggF) process. The calculation of the cross-section for

105
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Table 5.1: Dominant cross sections for SM Higgs pair production at the LHC
at /s = 14 TeV.

Process | Cross-section [fb] | Scale pug | Perturbative order
ooF 16.5738 My, LO [112-114]
32917135 | My, /2 NNLO [115]
VBF 2.017005 | Qv+ NLO [116]
hhjj 19470058 | My, /2 NLO [2]
hhtt 0.9491000% | Myy/2 NNLO [2]
Z°hh 0.41570052 | Mpnz NNLO [2]
W+hh 0.36970058 | Mpnw NNLO [2]
W~hh 0.19870013 | Miaw NNLO [2]

this process is an extremely complicated task. It took about thirty years from
calculating leading order (LO) in QCD predictions to obtaining next-to-next-
to-leading (NNLO) order with resummed next-to-next-to-leading-logarithmic
(NNLL) result. This chapter outlines the efforts that led to its most accu-
rate computation to date as well as a journey of creative endeavours aiming
at improving approximated computations. Inefficiencies of previous results
will also be outlined as well as complications related to estimating complete
theoretical uncertainties.

As shown, based on leading-order calculations, in Section [5.2] sensitivity
of the Higgs pair production cross-section at the LHC to its self-coupling
is small. Therefore, finding phase space regions where the contribution of
Higgs self-coupling to Higgs pair production is enhanced is crucial for future
measurements. En example construction of such optimisation is given in
Section [5.3.3

This chapter is based upon the publications [1,2], that I co-authored.

5.1 Cross-sections

Fixed order Higgs pair production cross-sections for 14 TeV proton-proton
collisions are listed in Table[5.1] Results of the highest available perturbative



Cross-sections 107

g h g T ——————- h
q /// q
h Pid
q ————x q Ad
~
\\
9 I SNk g : 1 . h

Figure 5.1: Feynman diagrams contributing to the leading order amplitude
for SM Higgs pair production in gluon-gluon fusion: the “triangle” diagram
(left) and the “box” diagram (right).

order in QCD are shown for all channels. In case of gluon fusion additionally
the leading order (LO) is given. These cross-sections were performed at
renormalisation scales pug indicated in the third column, which are specific
to a given process. They are related to the invariant mass of produced Higgs
pairs, or triplets: hhW and hhZ. In case of the VBF, Q- denotes the
momentum transfer of the exchanged off-shell weak boson. Among processes
contributing to events with two Higgs bosons in the final state the largest
cross-sections have: the production through gluon fusion (ggF) with oygp ~
33 tb, vector boson fusion, oygr ~ 2 fb, and associated production with:
a pair of light flavour jets (opj; ~ 2 tb), top— anti-top quark pair (oyp, ~
1 fb) a Z° boson (ozp, ~ 0.4 fb), WT (ow+p, ~ 0.4 fb) and associated
production with a W~ (oy-n, ~ 0.2 ftb). The production cross sections
for the Higgs pairs are thus at least a factor of 103 smaller than for the
single Higgs boson. Higgs pair production through gluon-gluon fusion is by
a factor of about 20 larger than second-largest vector boson fusion. Quoted
errors reflect the uncertainties related to varying renormalisation scale g in
the range [ug/2,2ug]. The production cross-section of triple Higgs bosons
at the LHC, for a comparison, amounts to ~80 ab at 14 TeV [117]. This
process is therefore beyond measurement capabilities of the LHC and will
not be discussed here.

The dominant Higgs pair production channel at the LHC, is gluon fu-
sion. The leading order cross-section for this process was computed already
in the 1980s |112,{114]. The corresponding Feynman diagrams are shown
in Fig. They feature massive quark loops, with the dominant contri-
bution from the heaviest of them, the top quark. First attempts to com-
pute higher order corrections were performed in the Higgs Effective Field
Theory (HEFT) [118-120]. This approximation takes the limit of the top
quark mass becoming infinitely large, which simplifies calculations of loop
diagrams. Consequently, the top-quark loops are not resolved but treated as
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Table 5.2: Predicted Higgs pair production cross section via gluon fusion for
different LHC centre-of-mass energies and m; = 125 GeV.

LHC Energy | Cross-section | scale unc. PDF unc. «g unc.
(TeV) |fb] 7] 7] 7]

7 7.078 0 +34 £28

8 10.16 e +31 £26

13 33.53 e +21 £23

14 39.64 T80 +21 £22

multiplicative form factors for the higher order QCD corrections. The result
of HEFT-based NLO calculations presented in Ref [114] revealed that the
(approximate) NLO cross-section was about twice as large as the LO result.
In other words, NLO approximate K-factors were equal to about two. Such
a large value indicates large theoretical uncertainty of the LO cross-section
calculation. A complete NLO cross-section was computed only in 2016 in
Refs [115],121},/122]. Its value confirms the overall large NLO K-factors and
differs by about 15% from the HEFT approximation. Between this NLO
result and NNLO corrections computed using HEFT beyond NLO, there
is another ~20% increase in the rates. The threshold resummation correc-
tions for Higgs boson pair production at NNLL [123][124] further increase the

cross-section.

The results of this last technique, O';\;]Igi%ZN NLL are given in Table

for different centre-of-mass energies at the LHC. The numbers are based on
NNLL matched to NNLO calculations including top quark mass effects to
NLO |2]. The mass of the Higgs boson asummed in the cross-section calcu-
lations is mj, =125 GeV, the numerical variations of the cross-section when
using the measured Higgs boson mass is negligible. The cross-sections at 7
and 8 TeV centre-of-mass energies of colliding protons are comparable. There
is a noticeable growth of a factor of three from 8 to 13 TeV and of a factor of
four between 8 and 14 TeV. The theoretical uncertainties of this calculation
are split into effects related to the choice of renormalisation scale, parton dis-
tribution functions, running strong coupling constant avg and the mass of the
top quark. Scale uncertainties are estimated by varying renormalisation scale
up and down by a factor of two with respect to the central scale pup = My, /2.
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PDF and running ag uncertainties are evaluated using the PDFALHC rec-
ommendation 2] and are based on the PDFALHC15 nnlo mc set of parton
distribution functions. Top mass uncertainty from unknown top quark mass
effects at NNLO is arbitrarily assumed at £5%.

Searches in the early data of the LHC and first feasibility studies for the
High Luminosity LHC, presented in Chapters [6H] consider only the gluon
fusion production channel. In each following chapter, the assumed value
of Higgs pair production cross-section is stated explicitly, because the best
computations available at the time of each analysis slightly differed from
results in Table 5.2

5.2 Higgs pair production through gluon fusion
at the Leading Order

All Higgs pair production channels listed in Table include both types of
Feynman diagrams: these featuring the Higgs boson self-coupling and others,
in which two Higgses are produced separately. To obtain the gauge invariant
di-Higgs cross-section, squares of both diagrams and their interference need
to be evaluated. In case of diagrams for the amplitude of ggF', presented
in Fig[5.1] only the “triangle” diagram contains the trilinear Higgs coupling,
while the “box” one does not.

In the previous section, the numerical differences in computing Higgs pair
cross-sections in the exact way and using HEFT were highlighted. In this
section, the origin of these differences will be demonstrated at the LO in QCD
using analytical formulae. FExact and approximate leading order matrix ele-
ments are evaluated to understand both total cross-sections and kinematical
properties of the two predictions. This section follows the analytical com-
parison between exact and HEFT matrix elements for a light Higgs boson
(mp, =125 GeV <« 1 TeV) performed in Ref [1}/112}114].

The analytical expression for the partonic cross-section is given by:

2 2
~(LO) » QT 2 2
O-g(yg—>hh — /dt W (|CAFA + O[]FD| + |C[|GD| ) , (53)

W
where the terms denoted as “/A” and “[]” correspond to the individual con-
tributions from the diagrams in Fig. 5.1} Functions Fj, Fg and Gg contain
all dependence on fermionic masses in the loops, whereas the coefficients Cx
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and C express the resonance behaviour of the Higgs propagators. The scale
in ag has been set to the invariant mass of the two incoming partons, v/3.
The Mandelstam variable ¢ is defined as:

- 1 4m?
t:—§ [§—2mi—§ 1—%0089,], (5.4)

where 6 is the angle between the two final state Higgs bosons in the centre
of mass frame. The term G is non-negligible only in the limit of large
transverse momentum of the Higgs boson [112] and will therefore be omitted
in the following. The term in the matrix element squared (MES) reduces to

|CAFA + CoFp)?. (5.5)

The coefficients C' are equal to:

Co=1. (5.6)

Cn contains the Higgs boson self-coupling A3, = % Computing MES
requires the calculation of the form factors Fn and Fp stemming from the
triangle and box loops. They can be calculated either exactly or by applying
HEFT approximation, e.g. the limit where the top quark mass becomes
infinite.

The exact formula for Fa in eq. is given by [112] and [113]:

m
5

Fp =2 ; lz + (4 — %) miC’ab} = 1,1+ (1 = 7)) f(7)], (5.7)

q

where 7, = 4&53 and m, is the mass of the fermion in the loop. In the above
computations only the top quark is considered as the contribution from bot-
tom and lighter quarks is negligible, so that 7, represents a single contribution
with m, = m,. The function f(7,) stems from the scalar integral, in which
Cop = —2f(7,) with

f(ry) =
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[ is given by:

+ ———L(4m? — m;)D(p1, p3, p2) + 2 + 4m2C(p1, p2)

(5.9)
where p; and p, denote the momenta of gluons, p3 is the momentum of one

of the Higgs bosons, C’s and D’s are the three- and four point functions,
respectively, defined as usually:

e !
Clorp2) = / 2 (@ (gt )@t pa ) 0

and

D(p17p27p3) =

dq* 1
/W_2 (> —=m2) (g +p1)? — m2)((a +p1 +p2)? = m2) (g + p1 + P2 + ps)* — m32)
(5.11)

After series expansion of the first term in eq. (5.8)), f(7,) can be written

f(rq):%+$+o ((#) ) (5.12)

In the infinite top mass approximation, 7, — +o00 and Fa becomes

FRET = 2/3, (5.13)

as

while [113]
FEFT = —2/3. (5.14)

Both factors in the HEFT approximation are just constant numbers, insensi-
tive to the process kinematics. Therefore computing NLO corrections results
in K-factors (ratios between NLO and LO computations), that are flat in
the phase space od the process [114]. The MES expression in in HEFT

reduces to:

22,02 2
3h s +1). (5.15)

2
|F£FTCA +FI§FTCD’ = (2/3)2 <<§ _ Mh)Z o 5 — Mh
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Figure 5.2: Comparison between: AFIT = |CAFEFT)? (red-dashed),

OFFT = |CoFEFT|? (green-dotted), (A + O)FFT = |CAFEFT + CoFETT|?
(blue-solid), A%<t = |C'p Fa|? (thick red-dot-dashed).

5.2.1 Kinematical distributions

Next, we compare the exact and HEFT calculations of the leading order
Higgs pair production cross-section. To do so, matrix elements squared are
convoluted with gluon density functions CTEQ6! [125]. The factorisation
scale equal to the renormalisation scale is set dynamically to ur = pr = V3.
The exact calculations are obtained using Madgraph5 DiHiggs model [126]
out-of-the-box. E| To perform the HEFT calculations Madgraphb [65] was
adapted by adding the effective quartic gghh coupling using Feynman rules
in Ref. [114]. Because both ggh and gghh vertices were added separately in
the code, individual contributions for the triangle and box diagrams in HEFT
could be extracted by setting either of the couplings ggh=0 or gghh=0.

In Fig. [5.2]the behaviour of various terms entering matrix element squared
of eq. as a function of centre-of-mass energy v/ is displayed. The contri-

LAt the time when this study was performed, the MC generation of double Higgs
production was not a part of the default Madgraphb distribution and was available from
the web page https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HiggsPairProduction
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bution sensitive to Higgs self-coupling, |Ca FF¥T|? is shown in dashed line,
the box contribution |CoFEFT|? in dotted line, and the full MES |Ca FEFT +
CoFEFT|? in solid line. In addition, the non-approximated |Ca Fa|? term is
depicted in dot-dashed line. This figure demonstrates that the genuine self-
coupling contribution is only important for centre-of-mass energy smaller
than 400 GeV, thus close to the threshold energy of the two Higgs bosons.
The box contribution however, dominates over almost the full range for v/.
Near v/§ ~ 2 x my the interference between the triangle and box leads to
sizeable cancellations in the total matrix elements. The reason behind the
self-coulping contribution term being restricted in the narrow energy ranges
is the presence of three Higgs boson propagators. The intermediate one is
probed far off-shell at v/§ > m,,. Therefore, the size of the triangle term de-
creases much faster than the size of the box term, in which this propagator
is absent. The figure also demonstrates a large discrepancy between exact
and approximate calculations of the triangle contribution for v/3 > 2m,.

To further asses the quality of the HEFT approximation we compare the
kinematical distributions of the two Higgs bosons: the opening angle be-
tween the two Higgs momenta and the inclusive Higgs pseudorapidity. In
the first case the comparison is made for the triangle and box contributions
separately, while in the second the full cross-section is analysed. The re-
sults are shown in Fig. [5.3] For the triangle, both exact and approximate
calculations give similar shapes. For the box, the difference between exact
and HEFT calculations decreases when the Higgses get more back-to-back.
The exact calculations show a larger preference for the two Higgses to have a
small opening angle. This effect is less pronounced in the EFT calculations
and can be explained by analysing the bottom graph in Fig. [5.3] Here, the
rapidity of each Higgs is presented. Loop calculations result in a broader
distribution which, is caused by larger differences between the Bjorken z of
the colliding gluons. As a result, the di-Higgs system receives a larger lon-
gitudinal boost despite lower mean value of /4. HEFT calculations do not
represent well the kinematics of Higgs pair production. The oversimplifica-
tion is most pronounced in the dominant contribution to the cross-section
stemming from the box diagram.
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Figure 5.3: Top plot: comparison between the distributions of the opening
angle between the two Higgs momenta in EFT (thin lines) and exact calcu-
lation (thick lines) for the triangle (red lines) and box (green lines). Bottom
plot: Comparison between the inclusive Higgs pseudorapidity distributions
for EFT (thin light line) and exact (thick dark line) calculation.
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5.3 Sensitivity to trilinear coupling

The main motivation behind studying double Higgs boson production is the
measurement of the Higgs self coupling parameter. If the magnitude of the
Higgs self-coupling is not in accordance with its SM value, the electroweak
symmetry breaking is not, or only in part, a result of the SM Higgs potential
of eq. (2.7). As a consequence, my,, VEV and A3, in eq. are decoupled
and the observed 125 GeV resonance is not the SM Higgs. It may instead be
a member of a more extended sector (see for instance [127]) or be composite
and strongly interacting [8,128|.

In the following, AP denotes the BSM modifications to the value of A3,
and is a free parameter in the cross-section calculation. I do not focus on any
model in particular and therefore do not modify any other SM parameter.

The range of variation of the Higgs trilinear coupling is parametrised using
BSM

the ratio ky = ’\?:\I;h . Coupling modifier k, is probed in the range [—10, 10].
This range is broad given that EFT is a small modification to the SM, but
as will be shown in later chapters, it matches experimental constrains.

5.3.1 Cross-section sensitivity

7 10— "1 3
2 £ E
= i — L0 ]
E L
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[+}
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Figure 5.4: Higgs pair production cross-sections at /s = 14 TeV for different
values of k).

The Higgs pair production cross-section depends on k) through the tri-
angle contribution and the triangle-box interference. The former changes
quadratically with k), while the latter shows a linear dependence. This be-
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Figure 5.5: NLO K factors as a function of k) at /s = 14 TeV (left plot)
and for /s = 14 and 100 TeV (right plot).

haviour is depicted in Fig. showing the di-Higgs cross-section at /s = 14
TeV as a function of k) at LO (solid line) and NLO (dashed line). The
results were obtained using [113,/114]. At NLO the Born term was com-
puted with exact quark loop and the QCD corrections were included in EFT
approximation.

For k) = 0 only the box contribution is present and the cross-section is
larger than for Ky = 1. For k) < 0 the interference term flips sign, which is
why the cross-section becomes larger than for corresponding positive . To
quantitatively determine the size of the individual contributions I compare
LO cross-sections for ky = 1,0 and — 1. In this way I find that o~ ~ 35
fb, 0™ ~ —25 fb, 0® ~ 5 tb, while the total SM cross-section ~ 17 fb.
Due to the large box contribution the sensitivity of the total cross-section
to k) is small. Fig. shows large differences between LO and NLO. The
NLO K-factor (= oVL9 /gL0) is displayed in Fig. [5.5] (left) as a function of
k. For k) = 1 the K-factor becomes rather large ~1.92 E] (see Table .
It slightly dependends on k) due to different QCD corrections to box and
triangle contributions. In the right plot in Fig. the K-factors at /s = 14
TeV and 100 TeV are compared. The numbers are obtained from HPAIR [129)
program with CTEQG6 [130] PDFs. As expected, the role of NLO corrections
is smaller at higher y/s. The absolute value of the di-Higgs cross-section at
100 TeV is over a factor of 100 larger than at 14 TeV ( see Table [5.3). The
sensitivity to different values of k) is, however, smaller.

The discussion above was limited to the largest Higgs pair production

2This value is larger than quoted in [114] (1.92 instead of 1.86) as I used a more recent
set of PDFs.
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channel, gluon fusion, in view of experimental application of these findings.
The sensitivity of different di-Higgs production channels to different values
of k) can be found for example in ref. [116]|. While the Higgs pair produc-
tion cross-sections in some of these channels present stronger variations as a
function of k), gluon fusion remains the most sensitive one to k) parameter.

5.3.2 Particle level assessment

Since the overal cross-section only weakly depends on the Higgs trilinear
coupling, it is worth to find experimentally accessible phase space, in which
this dependence might be enhanced.

At first, let us look at expected event yields in selected di-Higgs decays.
In Table [5.3] the total event yields for bbbb, bbW W=, bbZ°Z°, bby~, and 4
final states are given. They are based on the LO [126] (NLO [114]) Higgs pair
production cross section: 3.58 (9.22) fb, 16.23 (33.86) fb, and 877 (1350) fb at
8, 14, and 100 TeV, respectively and LO Higgs branching ratios. The follow-
ing three variants are compared: ATLAS and CMS LHC Run I conditions of
proton-proton centre-of-mass energy of 8 TeV with an integrated luminosity
of 20 fb~!, High Luminosity LHC with 3000 fb=! at 14 TeV, and 3000 fb~! at
a possible future 100 TeV hadron collider. The numbers are based on Higgs
pair production cross-sections at LO and NLO [114] taking into account the
proper Higgs branching ratios [131]. T select final states in which one Higgs
boson decays to a pair of bottom quarks to maximise event yields. Except for
both Higgses decaying into bottom quarks, the choice of decay channels of
the other Higgs boson is motivated by experimental capabilities of separating
the signal from multi-jet and multi-lepton backgrounds.

The 4+ channel suffers from lack of statistics and is not prospective for
the LHC and HL-LHC. One might argue, however, that this final state poses
a real challenge at a 100 TeV hadron collider (21 events). To provide suffi-
cient statistics at the HL-LHC, at least one Higgs decay should have a large
branching ratio, for instance bb or 777~. The bbbb, bbW W~ and bbZ°Z°
channels suffer from large backgrounds. The bbyvy final state compromises
between reasonable statistics and a relatively clean experimental signature. I
examine whether this signal can be distinguished from irreducible bby~y back-
grounds resulting from QCD, QED and single Higgs production (Z°h(y7),
bbh (7)) .

I study pp — hh — bbyy neglecting initial and final state radiation.
Moreover, possible dilution effects due to reconstruction inefficiencies or mis-
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Table 5.3: Branching ratios to various di-Higgs decay channels, expected
event yields in these channels for di-Higgs production in gluon fusion, based
on the LO [126] (NLO [114]) Higgs pair production cross sections

hh Br. | 8 TeV(20 fb~1) | 14 TeV (3000 fb=1) | 100 TeV (3000 fb~1)
final state | Ratio LO (NLO) LO (NLO) LO (NLO)
bbbb 32.5% 23 (60) 16x10% (33x10%) | 0.85x10° (1.3x10°)
WWHW— | 23.9% 17 (44) 12x10°% (24x10%) | 0.63x10° (0.97x10°)
bbZ° Z° 3.0% 2.2 (5.5) 1.5x10% (3x10%) | 0.08x10% (0.12x10°)
bbyy 0.26% 0.19 (0.48) 128 (264) 6800 (10500)
YV 0.001% 0 (0) 0.25 (0.53) 14 (21)

reconstruction are not taken into account. Therefore other (reducible) back-
grounds containing for instance two photons and two light quark jets, top
anti-top pairs, top anti-top pairs with single photons, and top anti-top pairs
with Higgses decaying into two photons are not included in the study.

There have been several phenomenological studies on the feasibility of
measuring Higgs pair production in the bbyy channel, see for instance [116],
132,/133|. In |132] the angular separation between photons were proved to be
an efficient discriminant between the signal and the background. Ref. [133]
demonstrated the usefulness of transverse momentum spectra in distinguish-
ing signals with BSM self coupling values. Using these findings, I search
for kinematical regions, in which the sensitivity to the trilinear coupling is
largest by analysing individually the box and triangle contributions to dif-
ferential cross-sections of Higgs pair production. Additionally, I discuss the
feasibility of separating the genuine self-coupling from the irreducible bby~y
background.

In order to maintain reasonable acceptance of small di-Higgs signal, the
number of selection requirements should be small. Therefore, they are limit-
ted to lower cuts on transverse momentum and rapidity (motivated by trig-
ger capabilities and detector coverage), narrow windows around the invariant
mass of each of the two Higgs bosons reconstructed from its decay products,
and correlations among momenta of these final state particles. The momenta
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Figure 5.6: The distributions of AR(y,7) (left plot) and AR(D,y)mn (right
plot) for the two contributions to the LO SM Higgs pair production (blue-
solid line), for the self-coupling part (red-dashed line) and for the irreducible
bbyy background (black-dotted line). Plots obtained with Madgraph5.

of photons and b-quarks from each Higgs boson decay tend to be close to-
gether and well separated from decay products of the other Higgs boson. On
the other hand, non-resonant bby~y background features often photons radi-
ated colinearly off b-quarks. This property is expressed in terms of AR(k, ()
separation between two particles k£ and (:

ARk, 1) = /(i — m)? + (0 — )2,

where 7 and pseudo-rapidities and ¢ are azimuthal angles of the particles’
momenta. Optimising angular separations among b-quarks and photons will
be the main concern of this study.

The following requirements are applied to the bbyy samples [132]:

(5.16)

pr(b) > 45 GeV, |n(b)| < 2.5, AR(b,b) > 0.4,

5.17
pr(y) > 20 GV, [(7)] < 25, AR(y,7) > 0.4, 5:17)

and
]mbb — mH| < 20 GeV, |mw — mH| < 2.3 GeV. (518)

Fig. shows the AR separation between the two photons (left plot)
and between the photon and the b-quark that are closest in phase space
(right plot). The individual distributions for the full cross-section (blue-solid
line), the genuine self-coupling contribution (red-dashed line), and bby~ back-
ground (black dotted line) are presented. The background consists of both
non-resonant production and single Higgses processes. The latter are calcu-
lated using the HEFT approximation [65]. The distribution of AR between
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photons for the Higgs pair reaches a maximum at AR(7,v) ~ 1.5 due to the
large boost of the di-Higgs system. It is well separated from the background,
in which the two photons do not stem from the same parent. The kinematical
properties of the triangle and triangle+box samples are different due to the
domination of the box. The former favours AR(7y) ~ 3 while the latter has
a maximum for small values of AR. The minimum separation between a pho-
ton and a b (b) quark, shown in the right plot in Fig. , in the background
is small as most photons are emitted from the quarks and hence prefer to be
collinear with their parents. In the two di-Higgs samples on the other hand,
photons are the Higgs decay products and are much more separated. The
relatively large contribution from the box increases the separation between
the decay products of the two Higgs bosons. Fig. demonstrates addition-
ally that kinematical shapes of the genuine self-coupling contribution and
the irreducible background are very similar, making this signal extremely
challenging to isolate.

Fig. presents the differential cross-sections for the processes pp —
hh — bbyy and pp — bbyy after applying the cuts of eqs. and (5.18)).
The SM Higgs pair production is displayed as solid line, the genuine self-
coupling as dashed, BSM Higgs pair production with k) = 10 as dotted, and
irreducible bbyy background as dashed-dotted line. I choose a BSM model
with k) = 10 because its cross-section is approximately 60 times larger than
that of the pure triangle and two times larger than the irreducible back-
ground, reaches the maximum at v/ = 270 GeV and decreases exponentially
for large v/5. Unlike the SM cross-section at v/§ < 400 GeV, at large values
of k) the cancelations due to negative interference are negligible. On the
other hand, at v/§ > 750 GeV SM and BSM cross-sections become about
equal as all sensitivity to Higgs trilinear coupling is lost.
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Figure 5.7: The differential di-Higgs production cross-section for k) = 1 (dark
blue-solid line), #, = 10 (light blue-dotted line) and genuine self-interactions
(red-dashed line) and bby~y background differential cross-section (black dash-

dotted line). The cuts of eq. (5.17)) and (/5.18]) are applied.



122 Higgs boson self-coupling

5.3.3 Feasibility studies for future measurements

The upgrade of the LHC to higher luminosities (HL-LHC) offers potentially
sufficient amount of data to observe pairs of Higgs bosons. It is therefore vital
to study the feasibility of observing pairs of Higgs bosons and measuring their
self-couplings in the anticipated conditions of a modernised ATLAS detector.
In the following I continue the investigation of the trilinear coupling in Higgs
pair production in gluon fusion with the Higgs bosons decaying into bby-y.

The aim of this study is to improve a separation between the x,-dependent
part of the di-Higgs signal and irreducible background. Both the SM sce-
nario, as well as the one with k) increased by a factor of 10 are analysed.
Using kinematical selection proposed originally in ref. [132] T optimise it to
improve sensitivity specifically to the Higgs self-coupling. This study is per-
formed on particle level. Further investigation, including assumed particle
reconstruction efficiency in the upgraded ATLAS detector will be left out for
Chapter [§

In Fig. AR distributions are shown for the decay products of the
SM and BSM Higgs pairs and for the irreducible bbyy background. The
red dashed line corresponds to k), = 10, blue dash-dotted line to k) = 0,
solid line to the SM and black dotted line to the bbyy background. As the
triangle contribution dominates at small v/§ mean separation between the
two photons (upper plot) is larger for x, = 10 than for k), = 0. The shape
of the pure box sample resembles the SM and its larger cross-section is due
to the absence of negative interference. The minimum separation AR(b, )
(bottom plot) is on average smaller for x, = 10 than for pure box. The larger
cross-section for k) = 10 with AR(b,7) > 0.4 on the other hand, separates
the triangle from the kinematically similar background. For k) = 0 the signal
exceeds the background for AR(b,v) > 2.

Three variants of kinematical selection based upon AR distribution are
analysed and sensitivity for each type of signal is computed. I consider only
the largest background originating from bby~y processes, that kinematically
resembles the self-coupling contribution. The addition of other relevant back-
grounds will be addressed in Chapter |8 The centre-of-mass energy is set to
the value of \/s = 14 TeV, and the integrated luminosity of 3000 fb, following
expected HL-LHC conditions. To estimate sensitivity, I apply the formula
%, because both the expected number of signal (Ng) and background
events (Np) are sufficiently large in these conditions. The proposed three
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Table 5.4: The number of events in: bbyy background, SM and BSM with
kx = 10 predicted for the luminosity upgraded LHC (£ = 3000 fb~1) together
with their respected sensitivities, computed as ratios of the number of signal

events over square root of number of background events.

Cuts NB | Ns@ey=1) | Ns(xx=10) | Ns(ex=1)/V N | Ns(xy=10)/V Np
Before cuts - 128 2280 - -
eq. (5.17) | 166950 48 726 0.12 1.78
eq. (5.18)) 395 48 726 2.43 36.53
eq.(5.19al) 26 35 189 6.80 36.85
eq.(5.19b)) 41 39 256 6.10 40.16
eq.(5.19¢) 240 48 679 3.08 43.84

phase space selections are as follows:
AR(v,v) <2, AR(b,7y) > 1.0; (5.19a)
AR(y,7v) < 2.2, AR(b,vy) > 0.4; (5.19b)
no cut on AR(v,7), AR(b,7y) > 0.4; (5.19c¢)

Table 5.4|shows the event yields after applying signal selection in the three
variants. The background is generated with the cuts of eq. excluding
potential soft and collinear singularities. The invariant mass cuts of eq.
significantly reduce the background and retain the SM and BSM signal. The
separation between photons and b-type quarks and between two photons,
AR(b,v) and AR(y,7), must be chosen differently to optimise for the SM
and BSM signals. The requirements of eq. give the best results for SM
di-Higgs production and are less efficient for large values of k. The selection
dictated by eq. , on the other hand, are optimised for x, = 10.
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Figure 5.8: AR(v,v) (upper plot) and AR(b,y)mmn (lower plot) for SM di-
Higgs production (dark blue-solid line), BSM with ) = 10 (dark blue-dashed
line), BSM with k) = 0 (green dash-dotted line) and irreducible background
(black-dotted line). The cuts of egs. (5.17) and ((5.18]) have been applied.
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5.4 Summary

The production of pairs of Higgs bosons enables the measurement of their
self-couplings, and thus provides a direct measurement of the Higgs boson
potential. The cross-section for this process is about three orders of mag-
nitude smaller than in case of a single Higgs boson production, making it
a challening to observe even at the High Luminosity LHC. In this Chapter
Higgs pair production in gluon fusion with the Higgs bosons decaying into
bbyy is investigated.

As the di-Higgs cross-section is small, detailed knowledge on the kinemat-
ics is required to improve signal extraction. Several cross-section predictions
in the literature propose kinematical selections based upon HEFT approx-
imation (infinite top quark mass) [114,[116,|124]. In this Chapter these
approximations are compared with an exact calculation of signal matrix el-
ement at leading order. At v/§ ~ 2m, the differences between two calcula-
tions are large. HEFT neglects part of the complicated structure of the box
contribution to the cross-section, increasing significantly the discrepancy of
cross-sections present already in the computation of the triangle contribu-
tion. For the exact calculation a larger longitudinal boost and on average
smaller opening angle between the Higgs bosons is obtained, in agreement
with previous studies [134-136).

The behaviour of both triangle and box contributions was studied over a
large interval of v/5. At large values of v/§ the cross-section does not depend
on the trilinear coupling, as it is dominated by the box contribution. This is in
agreement with the observations presented in [133]. The main finding of this
Chapter is that the sensitivity of the total di-Higgs production cross-section
to Ky is largest at its threshold, v/§ ~ 2my,. In order to find experimental
selection criteria maximising sensitivity to anomalous ky in the bbyy final
state, I optimised the kinematical cuts proposed in ref. [132]. I found that
kinematical selection of maximises sensitivity to anomalous k) = 10.

The study presented in this Chapter inspired feasibility study of measur-
ing k) at the HL-LHC, described in Chapter [§| as well its measurement using
LHC Run 2 data, presented in Chapter [7]
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6  Higgs Pair searches with the
Run 1 dataset

The conclusion of the previous chapter is that the SM Higgs pair production is
an extremely challenging process to observe, even with the HL-LHC gigantic
dataset. During Run 1 of the LHC protons were collided at centre-of mass
energy of 8 TeV and the integrated luminosity delivered in these collisions
reached 20.3 fb~!. The cross-section of Higgs pair production through gluon
fusion at 8 TeV (10.16 fb [2]) is four times smaller than at HL-LHC energy of
14 TeV. With the luminosity about 150 times smaller, it is highly unlikely to
observe SM di-Higgs events. Therefore, in Run 1 ATLAS and CMS focused
on searches for BSM Higgs pair production, exploring models that predict
sizeable cross-section increase with respect to the SM.

These BSM extensions can be divided into two categories: models predict-
ing the largest enhancement in resonant double Higgs production and models
postulating larger event yields only due to non-resonant processes leading to
Higgs pairs in the final state. The former can be studied using simplified
models that result from supplementing the SM with a scalar particle that
couples to the Higgs boson as well as more complex theories, for example
Minimal Sypersymmetric Standard Model (MSSM) [137]. Their experimen-
tal signature features a resonance peak in the di-Higgs invariant mass spec-
trum, corresponding to the mass of the unknown resonance. Non-resonant
modifications of Higgs pairs production are studied using the framework of
effective field theories (EFT). EFT parametrises possible subtle deviations
in kinematical distributions related to di-Higgs production with coefficients
of dimension-6 operators added to the SM.

In Run 1 analyses, the production proces through gluon-gluon fusion,
dominant in the SM, is studied. SM Higgs production searches are com-
plemented with BSM resonant models. Analyses in ATLAS focus on four
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final states. The one, in which both Higgses decay to a pair of b-quarks,
profiting from the largest Higgs branching fraction within the SM, was stud-
ied in Ref. |138] Two channels with one Higgs boson decaying to bb and
the other Higgs required to decay to vy [139] or 77 profit from smaller the
SM background and enable selection of events closer to di-Higgs production
threshold. The fourth channel features one Higgs decaying to WW™* with a
subsequent leptonic decay and the other Higgs boson to yy. In CMS three
decay channels are investigated using this dataset: bbbb [140,[141], bby~ [142]
and bbrT [143].

In the following I focus on results of statistical combination of ATLAS
results published in Ref |3, that presents Run 1 studies in their most ma-
ture form. Each analysis sets limits on both the SM Higgs pair production
(called also non-resonant analysis) and BSM Higgs pair production mediated
additionally by a BSM neutral heavy scalar (resontant analysis). In the next
section details on Monte Carlo generated samples are given. In Section
all analyses are briefly presented, followed by the description of the statistical
procedure in Section Results of SM and BSM searches are discussed in
Sections [6.4] and [6.5]

6.1 Monte Carlo samples

Signal events are simulated using Madgraph 5 v1.5.14 matrix element at
the leading order in QCD. At the time, models available for di-Higgs stud-
ies, that featured exact loop contributions, were available outside the official
Madgraph release. E] The Standard Model Higgs pair production is simulated
using the “SM” and the spin-0 resonant production using the “HeavyScalar”
model [144]. For the signal, as well as other simulated processes PYTHIA
8.175 [63] generator is used for modeling parton showering, hadronisation and
underlying event. Parton distribution functions CT10 [145] and CTEQ6L1 [125]
are used.

Single Higgs boson production through gluon fusion and vector boson fu-
sion are generated with POWHEG [71}/146,(147| at the next-to-leading-order in
QCD (and interfaced with PYTHIA 8 parton shower). For generating events
of associated Higgs production with a vector boson or a pair of top quarks

LAll mentioned models are available for download from the web page
https://cp3.irmp.ucl.ac.be/projects/madgraph /wiki/HiggsPairProduction.
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PyTHIA 8 is used. All Higgs processes are normalised to the theoretical
predictions available at the time |131},148,/149].

Processes involving vector bosons and jets ("V +jets") enter analyses due
to misidentification of a jet as a lepton. Their contributions are estimated
from data.

6.2 Overview of analyses

6.2.1 The bbyy analysis

Events selected in the bbyy analysis are required to contain two energetic
isolated photons. The largest of the photons’ transverse momentum must
be larger than 35% of the invariant di-photon mass m.,, while the second
largest must be larger than 25% of m.,.,. The di-photon mass must be com-
patible with the Higgs boson mass, namely 105 < m., < 135 GeV. Additional
requirements impose the presence of two b-tagged jets, with transverse mo-
menta of at least 55 and 35 GeV for the leading and subleading jets, respec-
tively. Jets are tagged using a multivariate algorithm [150] with estimated
70% efficiency. Smaller efficiency with respect to the algorithm applied in
the HL-LHC search results in lower signal acceptance (as fewer b-jets are
correctly identified) and sizeable reduction of backgrounds originating from
mis-tagged light-flavour or gluon jets. The invariant mass of the tagged two
b-jets must be in the range of 95 < my, < 135 GeV, compatible with the
Higgs mass within experimental resolution.

Dominant background processes, related to continuum bby~y production,
are evaluated from data using events with m., € [105,120] GeV and m., €
[130, 160] GeV (sidebands of the di-photon mass). Background processes orig-
inating from a single Higgs boson production (with the Higgs boson decaying
to a pair of photons) are evaluated from simulations.

In the non-resonant analysis the signal is extracted from an unbinned
fit performed to signal and background on the observed m., distribution.
The background from single Higgs boson production is constrained to the
SM prediction. The continuum background is modeled with an exponential
function following the prescription described in Ref. [151], see bottom panel
of Figure[6.1a] The shape of the background is obtained from a fit to a control
region. The control region is defined using events containing a pair of photons
and a pair of jets with fewer than two jets b-tagged. This region offers thus a
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Figure 6.1: Estimation of signal and background in the bbyy analysis. Plots
taken from [139]. Details are given in the text.

larger dataset than the signal, and of the same kinematical properties. This
is illustrated in the lower panel of Fig [6.1b, Extrapolating the sidebands
shape into the m,, window of the signal selection, see Figure leads
to a prediction of 1.3 background events from the continuum production
and 0.2 events originating from single Higgs boson production. The number
of observed events in the signal region is five, representing an excess of 2.4
standard deviations (o). A 95% confidence level (CL) upper limit of 2.2 (1.0)
pb is observed (expected) for the Higgs boson pair production cross-section.

In the BSM resonant analysis total event yields in the signal region are
used in the fit. The signal selection procedure is the same as the non-resonant
search with an additional requirement on the reconstructed di-Higgs mass,
Mppyy-  This Tequirement varies with the resonance mass hypothesis under
evaluation, and is defined as the smallest window containing 95% of the
signal events based on MC simulation. The continuum background is ex-
trapolated from the sidebands of invariant mass m;-~ in the control region,
see bottom panel in Fig. [6.1b] The single Higgs background is estimated
from simulations. The search is performed for a range of resonance masses
my between 260 GeV and 500 GeV. The observed (expected) upper limits on
cross-section times branching ratio for producing a scalar resonance H that
decays into a pair of SM-like Higgs bosons h, (g9 — H) x Br(H — hh),
are 2.3 (1.7) pb at the resonance mass my = 260 GeV and 0.7 (0.7) pb at
myg = 500 GeV.
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6.2.2 The bbbb analysis

This analysis is designed to search for highly boosted pairs of Higgs bosons
decaying to pairs of b-quarks. In this kinematical region, each bb system can
be reconstructed either as a pair of b-quark jets (the so-called “resolved anal-
ysis”) or as a large jet whose substructure reveals two b-hadrons (the so-called
“boosted”), whose invariant mass is consistent with that of the Higgs boson.
Both methods have been utilised in Ref. [138], yet for the combination only
the selection of events from resolved analysis is used. This topology has many
benefits due to the large momentum and angular separation between the two
systems which provides a very distinct experimental signature. Signal accep-
tance benefits from highly efficient b-tagged multijet triggers and excellent
rejection of all backgrounds. Additionally, the combinatorial ambiguity in
reconstructing Higgs boson candidates from pairs of b-quarks is negligible.
This technique offers the best sensitivity in the range of heavy resonance
masses my € [500,1000] GeV and was applied in the statistical combination
of searches described in this Section.

In this channel events are selected if they consist of at least four jets,
each with transverse momentum pr > 40 GeV, that are b-tagged with a
multivariate algorithm [150]. This algorithm has estimated efficiency of 70%.
The four b-tagged jets of the highest transverse momenta in the event are then
used to form two dijet systems. The transverse momenta of the leading and
subleading dijet systems must be greater than 200 and 150 GeV, respectively
and the two systems must have the angular separation AR smaller than

1.5. Invariant masses of the leading and sub-leading b-jet systems, mlfj“d

and mgyblead, respectively are required do be consistent with the Higgs boson

mass:
(ml;;d - 124Ge\/> . (mggblwd - 115Ge\/) y 61)
< 1.0. .

lead sublead
0.1ms 0.1m3;

Denominators of this formula are due to dijet mass resolution that are esti-
mated to be 10% of the dijet mass values. These requirements offer robust
background suppression at the price of lowered acceptance of signal events
with small masses of the heavy resonance. Therefore, the resonant bbbb anal-
ysis only searches for particles with masses larger than 500 GeV.

The dominant background in the bbbb analysis, estimated to amount to
over 90% of all background events in the signal region, stems from multijet
processes. Around 10% of background events originate from top quark pair
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production. The former class of backgrounds is estimated using data-driven
techniques, while the latter is taken from MC simulations. The dominant
sources of systematic uncertainty are related to b-tagging and the modeling
of the multijet background.

A total of 87 events are observed in the data, in agreement with the SM
expectation of 87.0 4+ 5.6 events. These numbers are used to obtain the
observed and expected 95% C.L. upper limits on the Higgs pair production
cross section, both of which are 202 fb. The resonant search utilises the
invariant mass of the four jets as the final discriminant, from which the
upper limit on the heavy resonance production cross section is extracted.
The resulting observed (expected) 95% C.L. upper limit on o(pp — H —
hh — bbbb) ranges from 52 (56) fb, at my = 500 GeV, to 3.6 (5.8) b, at my
= 1000 GeV.

6.2.3 The bbr7 analysis

In this first iteration of the Higgs pair search with the bbr7 final state, only
semileptonic decays of the 7 lepton pairs are considered. This means that
only events with one 7 lepton decaying hadronically and the other leptoni-
cally, are used. Events are required to consist of exactly one light lepton (elec-
tron or muon) with transverse momentum at least 26 GeV, one hadronically
decaying 7 lepton with transverse momentum larger than 20 GeV meeting
the medium identification criteria described in Ref. [152], and two or more
jets with transverse momenta larger than 30 GeV. The electric charge of the
hadronically decaying 7 must be opposite to the one of the light lepton. In
addition, between one and three of the selected jets must be b-tagged us-
ing the multivariate b-tagger [150]. This last requirement ensures that event
selections of this and the bbbb analysis are orthogonal.

This analysis has to take into account a wide variety of irreducible back-
grounds from: W +jets processes, Z bosons decaying to 7 lepton pairs, di-
boson (WW, WZ, and ZZ) production and processes containing single and
double top quarks. They are estimated using both data-driven methods and
simulations. Additionally, there is a class of reducible backgrounds, which
stem from processes with final state not identical to that of the signal, but
are identified as such due to object misreconstruction. For example, events
consisting of: W+jets, multijets, Z+ jets, and top quark, in which a jet is
misidentified as a hadronically decaying 7 lepton, 7,44, are referred to as the
fake 7,44 backgrounds. They are estimated using data with a “fake-factor”
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method, described in Ref. [152]. The background originating from Z bo-
son decays, Z — 77, is modeled using more abundant Z — pu events in
data through embedding [63|, where the muon tracks and associated energy
depositions in the calorimeters are replaced by the corresponding simulated
signatures of 7 decays. The estimation of Z — 77 background using embed-
ding is found to be in a good agreement with the estimation obtained from
the MC simulation. Top quark pairs and diboson events as well as single
Higgs production are estimated using simulations.

Signal selection proceeds via the reconstruction of the invariant mass m.,
of the two 7 leptons. The four-momentum of the hadronically decaying 7
(Thaa) 1s reconstructed from its decay products forming a jet. The kinematic
information about leptonically decaying 7 (7,) is incomplete because 7,
decays to an electron or muon and their corresponding neutrino. Neutrino
momentum parallel to the beam axis is undetected and transverse momentum
can be reconstructed indirectly from the measured energy imbalance FEs.
The analysis uses therefore an approximate method called the missing mass
calculator (MMC) [153] that computes the most probable value of the ditau
mass, assuming that the observed lepton, T,,¢ and EM*$ stem from one
resonance.

Additional topological requirements are applied to reduce the background
originating from top quark pair decays, tt — WW®bb. The tt — WWbb —
[VThaqvbb process features both 73,4 and an electron or muon, that origi-
nate from decays of different W bosons and are uncorrelated. In the signal,
both 7., and 7heq stem from the Higgs boson. Due to the presence of more
neutrinos in the 7, decays, transverse momentum of a lepton is typically
smaller than a transverse momentum of 75,,4. Thus the py of an electron or
muon must fulfill the inequality: pi? < p7e? + 20 GeV. The semi-leptonic
top quark pairs decays, tt — WWbb — lvqq'bb, in which either of the quarks
is misidentified as a 75,44 are constrained in the following way: From a 7j.q
candidate and its closest untagged jet its invariant mass m,; is computed.
In the background events this mass should be consistent with a mass of a
W boson. Further, the W boson candidate is paired with a b-tagged jet to
form a top quark candidate and a mass m.j, is calculated. If (m,;, m,;) are
sufficiently close to (my, m;), the event is rejected.

The last requirement states that the invariant mass of two b-jets must
be consistent with the Higgs boson decay, namely 90 < my, <160 GeV. The
dijet mass my, is calculated from the two leading b-tagged jets if two 2b-
jets are identified in the event, or using also the untagged jet of the largest
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four-momentum if only one jet in the event is b-tagged.

The final discriminant used to extract the signal in the non-resonant anal-
ysis is di-tau invariant mass m.,. For the resonant search, the resonance mass
Mpprr, Teconstructed from the bb and 77 system, is used as the discriminant.
It is calculated using MMC prescription described above, with the scale fac-
tors applied to four-momenta of the dijet and ditau systems: my,/my, and
mp,/m.,, respectively, to improve the mass resolution of the heavy resonance
(my, is the SM Higgs mass set to the value of 125 GeV).

For both the nonresonant and resonant searches signal selection is further
optimised and the selected events are divided into four categories based on
the ditau transverse momentum (less than or greater than 100 GeV) and the
number of b-tagged jets (one or at least two). This optimisation was designed
to benefit from different signal-to-background ratios in different kinematic
regions.

For the nonresonant search, the observed m., distribution does not show
any excess of events with respect to the SM background prediction. For the
resonant search, at my,,» >~ 300 GeV a small deficit of events with a local
significance of approximately two standard deviations is observed in the data
relative to the estimated background events. No evidence of Higgs boson pair
production is present in the data.

6.2.4 The WW*yv analysis

The WW*~~ analysis aims at combining advantages offered on one hand by
Higgs diphoton decays, with large branching ratio of the h — WW™ decays
on the other. As demonstrated in Section [6.2.1], Higgs boson decays to two
photons provide excellent reconstruction of the Higgs boson mass resulting
in strong background suppression. In this analysis, one W boson is required
to decay leptonically and the other hadronically.

Event selection follows closely the one in hh — bbyy in terms of require-
ments on the photons. The range of the diphoton mass considered here is
somewhat broader, with 105 < m.,, < 160 GeV. Signal region is defined as
the diphoton mass window m.,, € [123.3,126.7] GeV, the sideband region as
My~ € [105,160] GeV excluding the signal region. The requirements related
to the h —» W* — lvjj decay are the presence of at least two jets, none of
which are identified as b-jets, exactly one lepton and missing transverse en-
ergy E7%. In order to distinguish if the momentum imbalance in the event
originates from weak interactions (as is the case for the signal), or from reso-
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lutions and inefficiencies of measuring particles” momenta in the detector the
significance parameter [154] is used. Large values of this parameter indicate
that observed EZ7"* originates from unobserved objects such as neutrinos or
unknown weakly interacting particles. In this analysis significance of missing
transverse energy must be greater than one.

The background processes are single Higgs boson production and contin-
uum backgrounds, such as W (— [v)yy +jets processes. Events from single
Higgs boson production can mimic the signal if, for example, the Higgs bo-
son decays to two photons and other objects in the event are consistent
with semileptonic h — WW™* decays. These events feature a diphoton mass
peak at m., = m;, and are therefore called resonant backgrounds. As in the
bbTT channel, contributions of these background processes are estimated from
simulation. The background that is nonresonant in the diphoton mass, m..,
spectrum is measured using the continuum background in the m,.. The num-
ber of nonresonant background events in the signal region Ngg is estimated
from the number of events in sidebands of the m., in the data, Ny using
the formula: Ngr = N7 f Ji’b The quantity fg is the fraction of background
events in the range of diphoton masses m., € [105,160] GeV, falling into
the signal region m.,, € [123.3,126.7] GeV. It is determined in a data control
region, as shown in Figure The control region is constructed following
requirements for the signal region without the requirements on the lepton
and missing transverse energy. The estimation of signal and background in
the signal region of the yyWW™* analysis is shown in Figure [6.2D]

Within the range of di-photon invariant masses considered, 13 events are
found, four of which are in the signal mass window. The expected number of
events from single SM Higgs boson production and continuum background
processes amounts to 1.65 + 0.47. Due to the small number of events, event
counts are used in both nonresonant and resonant searches. The background-
only hypothesis corresponds to 1.8 standard deviations. For the resonant
production, the expected numbers of events are 0.47 + 0.05 and 0.72 £ 0.06
for a resonance mass of 300 GeV and 500 GeV, respectively.

6.3 Statistical combination procedure

In order to enhance the sensitivity of Higgs pair production cross-section
measurement, the four channels are statistically combined. The compatibil-
ity of the background-only hypothesis with the observed data is measured
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using Maximal Likelihood (ML) method with a test statistics based on pro-
file likelihood ratio. Upper limits on the Higgs boson pair production cross
section are derived using the CLs method [155].

Signal selection was chosen for each analysis in such a way as to ensure
ortogonality of the phase spaces studied. In other words, selection criteria
ensured that each event was classified in at most one signal category. There
are systematic uncertainties that affect two or more analyses, for example:
luminosity, jet energy scale and resolution, b-tagging, theoretical uncertain-
ties on the single Higgs production process, etc. They are modeled with
common nuisance parameters. Tables and indicate, what type of a
signal discriminant is applied in each analysis in a search for a SM Higgs pair
production and in BSM searches, respectively. In case of event yields, only
uncertainties related to event rates are included. If the final discriminant
is a kinematical distribution, shape uncertainties are additionally taken into
account.

6.4 SM searches

Table summarises signal discriminants used in all analyses as well as
expected and observed cross-sections times branching ratios for the double
Higgs production in gluon fusion for all four final states included in the
combination. In case of bbbb and WW*~~ event yields are utilised in the fit.
Given the small event yields in the latter and large resolution on the my, in
the former, this proves to be the most sensitive choice. Likewise, bbyvy and
bbrT analyses use shapes of invariant masses of the Higgs boson that does
not decay to a pair of b quarks, thus m., and m.., respectively. The SM
prediction for inclusive gluon fusion Higgs pair production cross-section is
9.941.3 fb. Upper limits on the observed (expected) exclusive cross-sections
relative to the SM are smallest in the bbbb channel, in which it is equal to
63 (63), followed by upper limits obtained in the bbrT and bby~y, which are
equal to 160 (130) and 220 (100), respectively. The least stringent limits are
obtained with the W W*~~ channel and correspond to 1150 and 680 times the
observed and expected SM cross-section. Large difference between observed
and expected value of the cross section in the bby~y channel is due to an excess
of events in data with respect to predictions. The observed (expected) limits
obtained in the combination exceeds by a factor 70 (48) the total SM cross
section.
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Table 6.1: Summary of signal discriminants used in all channels as well as
expected and observed 95% CL upper limits on the cross-section for the SM
Higgs pair production.

Final Discriminant  Upper limit on the cross-section |pb]
state Expected Observed
bbyy My 1.0 2.2
bbbb event yields 0.62 0.62
bbrT Moy 1.3 1.6
WW#*~y~y  event yields 6.7 11
Combined 0.47 0.69

Leading systematical uncertainties are due to imperfect background mod-
eling, b-tagging, theoretical predictions for Higgs boson decays and experi-
mental measurements of jets and missing transverse energy and of luminosity.
The large impact of uncertainties related to flavour tagging stems from large
relative weight of the bbbb final state in the combination.

6.5 Spin-0 searches

Higgs pair production can be enhanced with respect to the SM predicions
due to a presence of a BSM scalar particle H, which decays to the pair of
Higgs bosons h. This phenomenon is studied via a simplified model that con-
tains the Higgs-like singlet H in addition to the SM Higgs doublet. Both H
and h bosons obtain non-zero vacuum expectation values after electroweak
symmetry breaking. In general, the cross-section values in this class of mod-
els depend on the mass of the heavy scalar, its vacuum expectation value
relative to that of the Higgs (tan = ﬁ) and the mixing angle ¢ between
the two bosons| In the current studies, maximal values of the heavy scalar
production cross-sections pp — H times its branching ratio to the SM Higgs
boson H — hh for the given mass of the heavy scalar my are considered to
obtain expected limits. Therefore, parameters tan 5 and ¢ may vary among
various mass points. These values are based on recommendations presented
in [2].

2Phenomenology of these models has been extensively studied in [49,156-162)].
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Table 6.2: Summary of signal discriminants used in all channels as well as
ranges of masses of the BSM scalar considered in each study.

Final state Discriminant Resonance mass range |GeV]|

bbyy event yields [260, 500]
bbb — (500, 1500]
bbrr — [260, 1000]
WW*~y  event yields [260, 500]

Table lists distributions used in the signal extraction and range of
masses my that are probed in each channel. In this search, distributions
of reconstructed di-Higgs masses are used as fit inputs in the bbbb and bbrT
searches, while the channels involving photons utilised event counts.

The 95% C.L. upper limits on the cross-section times branching ratio of
this new particle of an unknown mass my > 2my, are displayed in Figure[6.3
They are obtained for all four channels mentioned above as well as their sta-
tistical combination. In the combination SM values for the decay branching
ratios of the lighter Higgs boson h are assumed. The 1o and 20 uncertainty
ranges of the expected combined limits are shown as green and yellow bands,
respectively. Discontinuity of the limits around my = 500 GeV is due to the
dominant sensitivity of the bbbb analysis, that enters the combination above
this value. The plot shows an excess of events at 300 GeV, that has a local
significance of 2.5 o. It is caused by the 3.00 excess observed in the bby~y
channel, and attributed to a statistical fluctuation in dataf| This upward
fluctuation is consistent with an excess observed in the SM search.

Similarly to the nonresonant search, the systematic uncertainties with
the largest impact on the sensitivity in the low mass range are related to
the background modeling, b-tagging, jet and missing transverse energy mea-
surements, and the SM Higgs boson decay branching ratios. In the larger
mass range b-tagging uncertainty is by far most dominant, followed by un-
certainties on the SM Higgs boson decay branching ratios, and jet/ missing
transverse energy measurements.

3The fluctuation hypothesis was verified by performing several versions of the fit and
inspecting events in the signal region. A subsequent study, using newly available first Run
2 data, has been undertaken and published in Ref. |[163] Events have been analysed with
similar selection requirements as above and no excess of events has been found.
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Figure 6.3: Upper limits on the cross-section times branching ratio of a
heavy scalar resonance H decaying into a pair of Higgs bosons. Results are
obtained with the statistical combination of the channels using 8 TeV dataset
in ATLAS. Details are given in the text.

6.5.1 Comparison with CMS

The comparison of ATLAS and CMS searches for a spin-0 BSM scalar are
shown in Fig. [6.4l using integrated luminosities of 17.9 — 20.3 fb~!. This
comparison was performed by overlaying results published by both experi-
ments. It was intended for a qualitative comparison of observed and upper
limits and features therefore no uncertrainties bands. In this plot, the mass
of a heavy scalar is denoted as m?™", following CMS conventions. In the
CMS searches three final states are utilised: bbyy [139,(142], bbbb [140,|141]
as well as bbr7 |143,164},165]. 95% C.L. upper limits obtained in these chan-
nels are displayed in Fig. in red, khaki and magenta lines, respectively.
Dashed lines correspond to expected and solid lines to observed limits. The
results of statistical combination of ATLAS results discussed above is shown
in navy-blue lines.

In both ATLAS and CMS searches the most sensitive channel at low res-
onance mass, below 350 GeV, is bbyy. Its sensitivity benefits from a good
trigger and reconstruction efficiency and low background. In contrast, above
500 GeV the most sensitive channel is bbbb. At high mass of the heavy scalar
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Figure 6.4: Limits on the searches of a heavy scalar resonance decaying into
the pair of Higgs bosons in the 8 TeV dataset in ATLAS and CMS. In case of
ATLAS a combined result of several searches is shown, whereas CMS results
in various final states are displayed independently. Figure from Ref. [2].

the branching fraction of this channel and experimental techniques of re-
constructing highly boosted b-jets provide a decisive advantage. CMS has
demonstrated that its search range can be extended to 3 TeV, way above 1.5
TeV investigated by ATLAS. The properties of the bbr7 channel with the
state-of-the-art analysis methods offer good sensitivity in the intermediate
mass range. It can also be seen, that expected limits of the ATLAS search at
low resonance mass coincide with (both expected and observed) CMS limits
in the bbyy channel. Observed ATLAS limits are less stringent, due to an
observed excess of signal events in the bbyy final state, discussed earlier. Dis-
continuities of the limits are caused by different analysis techniques adopted
in various mass ranges.

6.6 Summary

This Chapter presents Higgs pair searchers that have been performed by the
ATLAS experiment at Run 1 and their statistical combination. These stud-
ies utilised 20 fb~! of data at a center-of-mass energy of 8 TeV of colliding
protons. Four decay channels have been used: bbbb, bby~y, bbrT, and W W *~~.
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Reconstruction techniques applied in all of them have been outlined. The
analysis featuring four b quarks in the final state reconstructs and identi-
fies separate b-quark jets from the low-momentum Higgs boson decays and
identifies the boosted h — bb decay reconstructed as a single jet using jet
substructure techniques. The bbyy study reconstructs one Higgs boson from
two energetic isolated photons with diphoton invariant mass compatible with
my, and the other one from two jets identified as b-jets within a (broader)
di-jet mass window. The bbr7 final state uses events with one 7 lepton de-
caying leptonically and the other one hadronically and divides them into four
categories based on the di-7 transverse momentum (less than or greater than
100 GeV) and the number of identified b-jets (“1” or “2 or 3”). The WW~~
analysis reconstructs one Higgs boson from its decays to a pair of photons
and the other one from semi-leptonic decays of the WW?*. It vetoes events
featuring b-jets.

Statistical combination of all four channels has been performed. In the
SM (non-resonant) study, event yields in bbbb and WW~~ final states and
the invariant mass of two photons and two 7 leptons in bbyy and bbrT, re-
spectively have been used in the final discriminant. In the search for a heavy
resonance, the distributions of invariant masses my,,» and my, have been
used in two channels with largest number of events, while in final states with
photons event counts have been utilised in the fit. The combination results
in a 95% C.L. upper limit of 0.69 pb on the observed cross section of the
non-resonant Higgs boson pair production, while the expected limit is 0.47
pb. The observed upper limit is approximately 70 times larger than the cross
section for Higgs pair production through gluon fusion in the SM. The data
has been interpreted in selected BSM scenarios. One of them, predicting
largest enhancement of Higgs pair producion cross-section with respect to
the SM, is the production of a heavy scalar resonance decaying to a pair of
SM Higgs bosons. In this scenario the observed (expected) upper limit on
production cross-section times branching ratio varies from 2.1 (1.1) pb at the
heavy resonance mass of 260 GeV to 0.011 (0.018) pb at the mass of 1000
GeV. These limits are obtained under the assumption that the Higgs boson
decay branching ratios do not deviate from the SM.

The upper limits for cross-section times branching ratio of a heavy BSM
scalar decaying to a pair of Higgs bosons obtained by ATLAS has been com-
pared with corresponding limits extracted by CMS experiment. It provides
some insight into domains of possible improvements of experimental tech-
niques of both experiments and demonstrates the role of statistical combina-
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tion in maximising sensitivity.

The examples of analyses improvements undertaken in studies using Run
2 data are given in the next Chapter. In particular, developments in the 7
reconstruction and machine learning methods in Run 2 increase this channel
sensitivity to low di-Higgs masses, making its sensitivity competitive with

bbyy.



144 Higgs Pair searches with the Run 1 dataset




7

Combination of Higgs pair searches
with the Run 2 data

This chapter describes a combination of searches of Higgs boson pair produc-
tion using up to 36 fb~! of data collected at centre of mass energy of colliding
protons equal to /s = 13 TeV by the ATLAS experiment. Six channels are

selected for Run 2 Higgs pair searches: bbbb [166|, bbW W~ [167], bbrT [168],
WHW-W*W~= [169], bbyy [163] and WHW v [170]. In this way, more

phase space regions are investigated than in Run 1 described in the previ-
ous chapter. Other advantage with respect to the previous studies lies in
the increase of expected signal event yields. This is due to larger predicted

cross-section through gluon fusion from ~7 fb to ~10 fb |2| with the increase

of centre of mass energy from 8 to 13 TeV on one hand and almost a factor
of 2 increase of integrated luminosity on the other.

In this dataset SM Higgs pair production has been searched for, to-

gether with several BSM models predicting enhancement of the cross-section.
A non-resonant model with anomalous Higgs boson self-coupling modifier

Ry =

BSM

is investigated under the assumption that all other Higgs boson

couplings have their SM values. Resonant models involving a new heavy
particle decaying into a pair of Higgs bosons studied in this analysis in-
clude both generic BSM extensions of the SM featuring an additional scalar
or a spin-2 particle that decays into a pair of Higgs bosons and more spe-

cific theories. Among the specific models probed, Ref. summarises
searches within the two-Higgs-Doublet Model , Minimal Supersymmetric
Standard Model (MSSM) [50-52], and Electroweak Singlet Models (EWK-
singlet) [49,[159-162).

The predictions of these BSM models are expressed in multi-dimensional

parameter spaces. For example, in the EWK-singlet model, a mixing angle «
between the Higgs boson and the additional scalar as well as the ratio of the

145
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vacuum expectation values of the two, tan 5 are free parameters determining
cross-section predictions. Instead of constraining intricate models, the pre-
dictions offering largest cross-section enhancements with respect to the SM
have been chosen to study, as summarised in [2].

In this Chapter I restrict myself to summarising the measurements in-
terpretations in terms of generic models, because they give a good view of
the sensitivity of different channels and their combination to the SM and its
extensions. Analyses strategies in each channel are optimised for different
searches and are presented in the corresponding section.

The statistical combination procedure follows the Run 1 combination de-
scribed in Chapter [6] and can be briefly summarised in the following: The
CLs approach [155] for determining exclusion intervals is applied and asymp-
totic formulae of likelihood-based tests [92] are used. The orthogonality of
signal regions is ensured by harmonised event selection with the exception
of the bby~ signal regions which have negligible overlap. The combination
results are obtained using a fit to the data in all signal regions. The fit simul-
taneously constraints the signal cross-section as well as systematical and sta-
tistical uncertainties parametrised with nuissance parameters. Experimental
systematical uncertainties and uncertainties related to the signal acceptance
are correlated across all channels. Theoretical and modelling systematic un-
certainties of the backgrounds, on the other hand, are not correlated across
different final states because the overlap among background processes to the
different searches is negligible. The impact of each systematic uncertainty
on the obtained limit has been evaluated by recomputing the limits without
the inclusion of this uncertainty.

This Chapter is based on the publication of Ref. [171].

7.1 Upper limits on the SM di-Higgs produc-
tion cross-section

Signal samples are generated using Madgraph5 aMC@NLO [65] matrix el-
ement (ME) with CT10 NLO parton distribution function (PDF) set [145]
and HERWIG++ [172] Parton Shower with hadronisation simulated with the
UE-EE-5-CTEQG6L1 tune [173] set of parameters. Matrix element includes
partial effects of the finite top quark mass in the real-radiation NLO cor-
rections [144|, while the virtual-loop corrections are computed using Higgs



Upper limits on the SM di-Higgs production cross-section 147

effective field theory (HEFT) with infinite top quark mass.

In order to obtain kinematical distributions that are not affected by the
HEFT approximation, the generated events are then corrected with a gener-
ator level bin-by-bin reweighting of the di-Higgs invariant mass distribution,
calculated at NLO with finite top-quark mass [121]. The theoretical uncer-
tainties of the SM signal cross-section are estimated to be less than 10% |[2]
and are neglected in the statistical analysis.

The cross-section measurement is performed in the kinematical region,
where energy of the two Higgses is close to their threshold. Since neither
of the Higgs boson is boosted, their decay products are expected to be well
separated from each other. Jets are reconstructed using anti-k; algorithm [83]
with a radius parameter R = 0.4.

The bbbb analysis selects events, in which four anti-k; jets are recon-
structed with a radius parameter R = 0.4. This is called a “resolved” se-
lection. This channel internally statistically combines different datasets from
2015 and 2016 as they use different b-jet trigger algorithms. In the final
limit-setting fit the distribution of invariant di-Higgs mass, mpypy, is used.

The bbW W™ analysis selects semileptonic decays of the WIW* pair. There-
fore, a light lepton (electron and muon) and four jets (two of them being
b-jets) are expected in the event, together with missing energy due to a neu-
trino. In the SM analysis all jets are reconstructed with a radius parameter
R = 0.4 using anti-k; algorithm. The number of events in the signal region
is used as the final discriminant in the fit.

In the WIW*W W™ study three channels are defined, depending on decay
products of the W bosons: fully leptonic and semi-leptonic with either two
or four jets resulting from hadronic decays of one or two W bosons, respec-
tively. This analysis identifies in total nine signal categories depending on
the number and relative flavours of leptons. Dilepton events are required to
have two leptons of the same charge, either two electrons or two muons (2
signal categories). Three-lepton events are selected if the sum of the lepton
charges is +1. They are further subdivided into three signal categories based
on the number of same-flavour, opposite-charge lepton pairs in the event be-
ing 0, 1, or 2. Four-lepton events are divided into four categories according to
the number of same-flavour, opposite-charge lepton pairs and the invariant
mass (my;) of the four-lepton system. The number of same-flavour, opposite-
charge lepton pairs is required to be less than two or equal to two, and my;
is smaller or larger than 180 GeV.

The WW*~~ analysis selects events in which one W boson decays lep-
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tonically and a second one decays hadronically. Jets from hadronic W decay
are reconstructed using anti-k; algorithm with a radius R = 0.4. Only one
category is used in all the searches, with m., being the final discriminant.

The bbyy analysis searches utilises two event selections: A “loose selec-
tion”, used in the k) study, requires two energetic jets with transverse mo-
menta larger than 40 GeV and 25 GeV, respectively. A “tight selection”,
adopted in the SM HH search, demands that transverse momenta of jets are
larger than 100 and 30 GeV. All jets have a radius parameter R = 0.4. Both
selections are subdivided into two categories requiring one b-tagged jet or
two b-tagged jets. Both these categories in their respective selection are used
to obtain each fit result.

The bbrT analysis selects events with two 7 leptons and two jets with a
radius of R = 0.4, which are b-tagged. One of the two 7 leptons is required
to decay hadronically. Events are categorised according to the decays of the
other 7 lepton into di-hadronic (7p4qThed) and semi-leptonic (7jep7hqq) final
states. In the 7.,7heq channel, events are triggered by single lepton triggers
(SLT), requiring an electron or a muon in the final state, or by the coinci-
dence of a lepton trigger with a hadronic 7 trigger (LTT). In the ThaaThad
channel, events are triggered by single hadronic 7 triggers (STT) or dou-
ble hadronic 7 triggers (DTT). The analysis is divided into three categories
depending on the trigger combination. In order to improve the separation
of signal from background multivariate techniques (BDTs) are used. BDTs
are constructed and trained in each category individually. In the 7,.4Thad
channel they are trained against the largest backgrounds: top quark pairs,
Z — 77 and multi-jet events. In the 7,7heq channel the training against
the dominant top quark pair background is performed. Variables used as
inputs to the BDTs for the three channels differ due to differences in back-
ground composition. In all three channels variables related to the properties
of the di-Higgs final state, such as: invariant mass of the di-Higgs system,
approximate di-7 mass, invariant mass of two b-jets, and radial separation
AR between two 7s and two b-jets provide good discrimination against back-
grounds. The three regions are statistically combined with the BDT score
distributions in the signal regions together with event yields in the control
regions being the input for the fit.

The upper limits at 95% CL on the measured cross-section of the Higgs
boson pair production og,p(pp — hh) resulting from individual and combined
fits are normalised to the SM ggF cross-section 0. They are shown in

g9k
Fig. the upper limits for individual final states are shown above the
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Figure 7.1: Upper limits at 95% CL on the cross-section of the SM HH
production normalised to its ggF SM expectation.

dashed line and the upper limits of their combination below it. Numerical
values of the limits in individual channels and their combination are listed in
columns on the right hand side of Fig.[7.1] In the column labeled “Obs” limits
resulting from data are given. The expected limits are given in two statistical
models: the one in which all systematical and statistical uncertainties are
taken into account (the column labelled “Exp.”) and the one including only
statistical uncertainties (“Exp. stat.”). The three most sensitive channels are
bbbb, bbrT, and bby~y, with limits on the SM cross-section more stringent by
a factor of ~10 with respect to the channels that include WIWW* in the final
state.

The combined observed upper limit on the di-Higgs production cross-
section is 6.9 times larger than its predicted SM value, while the expected
upper limit is 10 times larger. This discrepancy, still within the 20 uncer-
tainty interval, is a result of an observed deficit of events in this dataset.
The main sources of systematic uncertainty are related to the modelling of
the backgrounds, the statistical uncertainty of simulated events and the 7
reconstruction and identification.



150 Combination of Higgs pair searches with the Run 2 data

7.2 Constrains on the Higgs boson self-coupling

The three final states which are most sensitive to the SM di-Higgs production
cross-section are selected to set constraints on the Higgs boson self-coupling
modifier k). The fit is performed under the assumption that all other Higgs
couplings have their SM values.

To make predictions for any value of ) only three LO MC samples with
different values of k) are generated. All other values are obtained as linear
combinations of these three samples. Binned ratios of myy (the generated
(BSM) di-Higgs invariant mass distributions) to the SM distribution are com-
puted for all values of k) using the leading-order matrix elements generated
by (LO) MadGraph5 aMCQNLO [65] with PYTHIA 8.2 |[174] parton shower,
using the A14 tune [68] and the NNPDF 2.3 LO [175] PDF set. These dis-
tributions are then used to reweight the SM di-Higgs signal events generated
at NLO using the full detector simulation. This procedure is validated by
comparing kinematic distributions obtained with the reweighting procedure
and LO samples generated with their corresponding k) values set explicitly
in the LO event generator. The two sets of distributions are found to be
in agreement[l] The reweighted NLO signal sample is used to compute the
signal acceptance and the kinematic distributions for different values of k).

The dependence of the shape of myg distributionon on k) is illustrated
in Figure([7.2|for generator-level pp — hh events. Both the normalisation and
shape of myy are strongly dependent on the interference between the box
and the triangle diagrams, as discussed in Chapter 4. For k) = 0 only the
(dominant) box contribution is present and the cross-section is larger than
in the SM. The mypy distributionon in this case has a peak at the threshold
~ 2m; production. For large positive values of k), such as 5 or 10, the
triangle diagram dominates the cross-section, therefore the distribution peaks
at the 2my threshold. For k) ~ 2 almost maximum destructive interference
between the box and the triangle diagrams takes place, resulting in a deficit
of events betwen my and 2m;. This deficit is more pronounced for k), = 5
making the myy distribution narrower than in the k), = 10 case. In case
of negative values of the Higgs self-coupling the interference is constructive,
leading to the overall growth of the cross-section. Peaks characterictic of

!This procedure assumes that higher order QCD corrections on the differential cross-
section do/dmpgp are independent of k) and that higher order electroweak corrections are
negligible.
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Figure 7.2: Generator-level myy distributions computed for selected values
of ky: 0,2, 51in (a), and -5, 1, 10 in (b).

threshold production in both channels are present, yet smaller relative to
cases with destructive interference.

In the bby~y study, the “loose” jet selection is used in the x, scan. Similarly
to the SM HH search, the di-photon invariant mass m., distribution is used
in the statistical analysis. This distribution, related to a single Higgs boson
and not to the Higgs pair, is independent of the boson’s self-coupling. The
sensitivity of this analysis to k) parameter is due to the signal acceptance,
which varies by about 30% over the probed range of values as shown in
Figure With respect to the analysis publication [42|, the combination
improves the computation od the signal acceptance in this channel by using
the NLO reweighted samples instead of LO ones.

The analysis selection in the bbbb channel closely follows the SM analysis
described above. The final discriminant used in the k) analysis is the di-
Higgs mass mpyp, displayed in Fig. [7.4] (a). The background processes in
the bbbb analysis include multi-jet processes (Multijet), estimated with data-
driven techniques, top quark pairs, in which decays both W bosons decay
hadronically (Hadronic ¢t), top quark pairs with at least one of the W bosons
decaying leptonically (Semileptonic ¢f). A good agreement between data and
the expected background is observed with the exception of a small excess in
the region around 280 GeV. Figures and (a) demonstrate that both
the shape of the mpyy distribution and the signal acceptance strongly depend
on k). The exclusion limits on the cross-section as a function of k is therefore
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Figure 7.3: Signal acceptance times efficiency as a function of k) for all
individual channels: bby~y, bbbb, and bbrT.

determined by the interplay of these effects.

The bbr7 analysis uses both semileptonic, Tje,Thed, and fully hadronic,
ThadThad, final states. The former uses only events that pass the single lep-
ton trigger (SLT), while the events that pass the (LTT) trigger (requiring
the coincidence of a lepton trigger with a hadronic 7 trigger) are not in-
cluded due to their negligible contribution. The main backgrounds in the
bbrT channels are: double and single top quark production (Top-quark), the
background originating from jets misreconstructed as hadronic 7 decays (jet
— Thaa fakes), backgrounds arising from taonic decays of a Z boson, accom-
panied by two heavy-flavour jets (Z — 77 + (bb, bc, cc)), SM single Higgs
boson production (SM Higgs) and other smaller backgrounds (Other). The
Ky analysis uses the same sets of variables to build BDT discriminants as the
SM one described above with the BDTs retrained using the NLO SM signal
sample reweighted with k), = 20. The BDT score distributions, presented in
Fig. [7.4] (b) and (c), for the TheqTiep and ThedThea channels, respectively, are
used in the fit to compute the final results. The shape of the BDT distri-
butions does not depend on k) as strongly as in case of the bbbb final state.
The sensitivity of this analysis is instead affected by a variation in the signal
acceptance, that varies by up to a factor of three over the probed range of
Kk values, as shown in Figure [7.3]

The 95% CL allowed k) intervals are given in Table [7.1} Limits result-
ing from data in individual channels and their combination are listed in the
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Figure 7.4: Final discriminants used in the x, analysis for the bbbb (a) and
the bbr7 channels (b) and (c¢). The shaded area represent the uncertainty
on the total background expectation, including: the statistical uncertainty
of the simulated samples and all experimental and theoretical systematic
uncertainties. The signal distribution is overlaid for selected values of k)
parameter (including the SM value of 1) and is normalised to the expected
yield.
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Table 7.1: Allowed k) intervals at 95% CL for the bbbb, bbrT, bby~ final states
and their combination.

Allowed k) intervals at 95% CL
Final state Obs. ‘ Exp. ‘ Exp. stat. only
bbb | [~10.9,20.1] | [-11.6,18.8] | [-9.8,16.3]
borr | [-7.4,15.7] | [-8.9,16.8] | [-7.8,15.5]
bbyy | [-8.1,13.1] | [-8.1,13.1] [7.9,12.9]
Combined | [5.0,12.0] | [-5.8,12.0] | [-5.3,11.5]

column labeled “Obs”. Like before, the expected limits are given in two sta-
tistical models: the one in which all systematical and statistical uncertainties
are taken into account (the column labelled “Exp.”) and the one including
only statistical uncertainties (“Exp. stat.”). The statistical uncertainties re-
lated to the smallness of expected signal yields are the dominating sources of
uncertainties in all three analyses and in their combination. The inclusion of
systematic uncertainties weakens the ) limits by less than 10%. The final
state, in which systematic uncertainties have the relative smallest impact on
the limits is the bbyy one, while the final state most affected by systematic
uncertainties is bbbb.

Fig. illustrates, how these limits are obtained by presenting the de-
pendence of Higgs pair production cross-section on k) values in the probed
range of [—20,20]. The observed (expected) 95% CL upper limits are shown
as solid (dashed) lines. The lines coresponding to individual channels are
shown without error bands, while the +10 and +2¢ uncertainty bands are
only given for their combination. They are overlayed with theory prediction
for the cross-section as a function of k).

As a result of statistical combination, x, values outside the range —5.0
< ky < 12.0 are excluded at 95% confidence level. This limit is already
competitive with respect to the one obtained in HL-LHC feasibility study,
outlined in Chapter [§] despite ~30 times smaller statistics. The improve-
ments stem predominantly from better reconstruction techniques of photons
and b-quarks, as well as combination of three channels with maximal sensi-
tivities to slightly different regions of k.
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Figure 7.5: Upper limits at 95% CL on the cross-section of the ggF SM
Higgs pair production as a function of x, in individual channels and their
combination. The observed (expected) limits are displayed as solid (dashed)
lines. In the bby~ final state, the observed and expected limits coincide. The
+10 and +20 uncertainty bands (green and yellow, respectively) are only
shown for the combined expected limit. The theoretical prediction of the
cross-section as a function of xy is also shown.
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7.3 Upper limits for resonant BSM Higgs pair
production

These searches are performed in the BSM particle mass range of 260-3000
GeV.

The search for the heavy spin-0 particle decaying to a pair of Higgs bosons
is performed using all six di-Higgs final states. With the exception of bbr7 and
bbbb, all signal samples are simulated at NLO with MadGraph5 aMCQNLO
using the CT10 PDF set. The matrix-element generator is interfaced to
HERWIG++ with the UE-EE-5-CTEQ6L1 tune. The bbrT and the bbbb final
states use both LO ME generated with MadGraphb5 aMCQ@NLO. In the
former the NNPDF 2.3 LO PDF set interfaced to PYTHIA 8.2 with the A14
tune is used, while in the latter ME are interfaced to HERWIG++ with the
UE-EE-5-CTEQG6L1 tune.

Fig. (a) shows the upper limits at 95% CL on the resonant BSM
Higgs pair production cross-section as a function of the resonance mass mg.
Upper limits obtained from individual channels are marked by lines of various
colours, while the combined result is marked by a black line with green
and yellow bands, corresponding to 1o and 20 uncertainty. The vertical
black lines in each pannel indicate mass intervals where different final states
are combined. The WW*y~ and WW*WW* channels are included only in
the range of small resonance masses, 260 — 500 GeV, bbrT and bby~y in the
small and intermediate mg < 1 TeV, bbW W™ in the intermadiate and large
masses, from 500 GeV to 3 TeV. The bbbb channel covers the full range. No
statistically significant excess is observed within the mass range of 260 —
3000 GeV. In the range of small mg the most sensitive channel is bby~.
In the intermediate mass range, from 500 GeV to 1 TeV, the sensitivity of
the combination is influenced mainly due to three channels: bbbb, bbrT and
bby~y. In the mass range above 1 TeV the bbbb channel is the most sensitive.
Systematic uncertainties have a sizeable effect on the upper limits depending
on the probed resonance mass.

Overall the systematic uncertaintes affect the limit by 12% (11%) for a
resonance mass of 1 (3) TeV. The largest systematic uncertainties at 1 TeV
are due to the modelling of the backgrounds and b-tagging. They impact
the upper limit by 7% and 2%, respectively. At 3 TeV, modelling of the
backgrounds changes the upper limit by 9%, while the impact of jet resolution
and energy scale is 2%.
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Figure 7.6: Upper limits at 95% CL on the cross-section of the resonant
Higgs boson pair production for a spin-0 scalar (a), a spin-2 KK graviton
with k/Mp, = 1 (b) and with k/Mp, = 2 (c) as a function of the heavy
particle’s mass mg and mg, .. The observed (expected) limits are shown as
solid (dashed) lines. The +1 and +2 bands are only shown for the expected
limits of the combination.
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The searches for the spin-2 boson are inspired by the Randall-Sundrum
(RS) model of warped extra dimensions [176] that predicts a new spin-2
Kaluza—Klein (KK) graviton, that can decay to the Higgs boson pairs. Con-
trary to the spin-0 singlet, the width of the graviton changes with its mass,
M@, and depends on the parameter k/Mp;, where k denotes the curvature
of the warped extra dimension in the bulk RS model and Mp; is the effective
four-dimensional Planck mass, whose numerical value is Mp, = 2.4 x 10'®
GeV. The search is performed for models with k/Mp; equal to 1 and 2. For
k/Mp; = 1, the graviton’s width ranges from 3% for mg,, = 0.3 TeV to
6% for mq,.,, = 3 TeV, while for k/Mp; = 2 the corresponding ranges are
from 11% to 25%. This model is investigated using three channels: bbbb,
bbW W~ bbrT because they offer best sensitivity in the relevant range of
masses.

Gravitons are simulated using an LO model in MadGraphb aMCQNLO
with the NNPDF 2.3 LO PDF set interfaced to PYTHIA 8.2 with the A14
tune. The upper limits in the KK graviton search are shown as a function of
its mass in Figures and for k/Mp; equal to 1 and 2, respectively.
Again, the uncertainty bands are shown only for the combined result. The
largest observed deviation from the background-only expectation in the com-
bined search have sensitivities below 20. Theory predictions at the Leading
Order are overlaid with an orange line in both plots. Exclusion ranges on
the KK graviton mass are obtained by comparing the upper limit with the
predicted cross section. In the case of k/Mp; = 1, the bulk RS model is
excluded at 95% CL in the graviton mass range from 310 GeV to 1380 GeV.
In the case of k/Mp, = 2, the model is excluded at 95% CL for graviton
masses from 260 GeV, where the scan starts, to 1760 GeV.

The impact of the systematic uncertainties on the upper limits amounts
to ~20% for k/Mp; = 1. In the case of k/Mp; = 2, it ranges from 25% to
29% between mg, ,, ranging from 3 TeV to 1 TeV. The largest systematic
uncertainties are from the modelling of the backgrounds (affecting the limit
by ~15% ). For k/Mp; = 1 other large sources of systematic uncertainties
are due to b-tagging, largest at low graviton mass, and affecting the limit by
3%, and from jet energy scale and resolution at high mass, that affect the
upper limit by 2% — 3%. For k/Mp; — 2, jet energy scale and resolution
impacts the upper limits by 4% — 5%. The systematic uncertainties affect
upper limits more for k/Mp;— 2, due to the width of the signal graviton,
which is four times larger in case k/Mp; = 2 than k/Mp; 1.
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7.4 Constraining the electroweak singlet model

The experimental limits on the cross-section for a spin-0 resonance produc-
tion, discussed in the previous section, can be interpreted as constraints in the
electroweak singlet (EWKS) parameter planes. To do so, the expected values
of cross-section for each point in the parameter space is obtained by scaling
the prediction for heavy scalar production cross-section at NNLO-+NNLL
from Ref. |2| with singlet coupling modifiers and branching fractions com-
puted with sHDECAY [177].

Figure summarises exclusion limits for the EWKS model in two pa-
rameter planes. Figures and show (mg,sin «) planes for tan § = 1
and tan 3 = 2, respectively. The EWKS model predicts that the width
of a resonance with large mg can be sizeable. Therefore, results presented
here and obtained using a narrow width assumption are valid only in re-
gions of the parameter space where the resonance width, I'g, is smaller than
the experimental resolution at the resonance mass mg: I's/mg < 2% for
bbyy, I's/mg < 5% for bbbb and I's/mg < 10% for bbrT. The dotted lines
in Figures and indicate the separation between regions where the
resonance width is larger than 2% and 5% of the resonance mass and the
hatch-marked regions include points where I's/mg > 10% and no exclusion
may be provided with the current analysis setup. Figure shows lim-
its in the (sin«, tan §) parameter space obtained for relatively low mass of
the EWKS, mg = 260 GeV, for which narrow width is a good approximation
and the three searchers can be straightforwardly combined. The indirect con-
traints on |sin a|, originating from SM Higgs coupling measurements [178§],
are also shown, as green horizontal and vertical lines.

The exclusion limits obtained with double Higgs searches improve over
the single Higgs results in regions of parameter space where tan 5 is large
and the mass of the singlet is intermediate.

7.5 Summary

This Chapter presents searches for Higgs boson pair production using six final
states: bbbb, bbW W=, bbrr, WTW-WHW~, bbyy and W+ W~~~ and their
statistical combination. They utilise 36.1 fb~! of proton—proton collision data
at 13 TeV recorded with the ATLAS detector during years 2015 and 2016 of
Run 2.
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Both types of searches, non-resonant and resonant, have been performed
using only gluon fusion production of the Higgs pairs and neglecting other
production channels due to their much smaller cross-sections. No statistically
significant excess of events with respect to the Standard Model predictions is
found. The observed (expected) 95% confidence level upper limit on the SM-
like di-Higgs production cross-section is 6.9 (10) times the Standard Model
prediction. Additionally, upper limits on the Higgs pair production cross-
section are extracted as a function of the Higgs boson self-coupling modifier
Ky, by combining the three most sensitive final states: bbbb, bbrT, and bby~y.
This combination excludes the values of k) outside the range —5.0 < k), <
12.0 at 95% confidence level.

Upper limits are set on the production cross-section of selected resonant
enhancements of the SM cross-sections, such as heavy spin-0 and spin-2 reso-
nances in the mass range 260-3000 GeV, decaying into pairs of Higgs bosons.

The above mentioned three final states are also combined to constrain the
Electroweak Singlet Model in the (mg,sin ) as well as the (sin a, tan §) pa-
rameter spaces. At the current stage Higgs pair searchers have slightly larger
constraining power than searchers probing single Higgs boson production.

Measuring the interval of allowed values of ky, —5.0 < k) < 12.0, is a big
success of the studies presented in this Chapter. The sensitivity using early
Run 2 dataset is, however, still insufficient to exclude a non-self-interacting
Higgs scenario (k) = 0).

There is an interesting line of research connecting properties of the Higgs
boson potential with a speculated electroweak baryogenesis [179]. The evolu-
tion of the Higgs potential with decreasing temperature of the Universe could
enable phase transition between CP-violating and CP-conserving parameter
spaces leading to baryon—anti-baryon asymmetry observed today. For the
electroweak phase transition to meet out-of-equilibrium conditions [180,/181]
required by electroweak baryogenesis models, the Higgs potential (and its
self-coupling!) must deviate from the SM. Current exclusion limits on k) do
not provide sufficient constraining powers for these models, yet the increas-
ing precision of its measurements opens doors to eventually answering this
fundamental question in collider experiments.

Further studies undertaken by ATLAS experiment employing bby~y [182],
bbr [183], multileptonic final states without [184] and with b quarks [185],
that are beyond the scope of this monograph, increase the sensitivity to x
by utilising the full 140 fb=! dataset of in Run 2. The combined result of
Ref. [186] employs all the above final states and obtains allowed range of,
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—1.2 < k) < 7.2. Additionally, this last search employs vector boson fusion
production of the Higgs pairs and constrains also a quartic coupling between
two vector bosons and two Higgs bosons, k9. Probing BSM deviations in
multiple coupling strengths simultaneously is a complicated task, especially
since the correlations between some of them decrease the overall sensitivity.
Such a case was found by CMS experiment when constraining simultaneously
ky and Higgs coupling to top quarks in Ref. [187].

With increasing dataset, in particular during the upgraded High Lumi-
nosity LHC, and the number of analysed production and decay channels, we
expect to constrain Higgs boson potential even better. Some of the possi-
bilities and challenges anticipated at High Luminosity LHC are presented in
the next Chapter.



8  Projections towards the High
Luminosity LHC

This chapter presents the first feasibility study of Higgs pair production and
the measurement of the Higgs trilinear self coupling performed by ATLAS
experiment in view of the High Luminosity LHC (HL-LHC) upgrade pro-
gramme. For this study, a parameterised simulation of the upgraded ATLAS
detector is used and expected pileup conditions are accounted for. This
chapter is is based on two publications: [6] and |18§|, that I co-authored.

8.1 Infrastructure upgrades

8.1.1 Planned accelerator upgrades

After completion of Run 3, major engineering works are foreseen in order
to achieve higher centre-of-mass energies and unprecendented collision rates
of proton bunches of the LHC. This planned new accelerator is therefore
called High Luminosity LHC, or HL-LHC. The upgrade of superconducting
magnets in the LHC tunnel will enable achieving the collision energy of 14
TeV.

The designed instantenuous luminosity of the HL-LHC is 7.5x 103 cm 257!,
which should enable collecting ~3000 fb~! during a period of about 10 years.
Collisions will be recorded at rates up to 40 MHz, with up to g = 200 proton-
proton interactions per bunch crossing. This is a factor of 3—10 more interac-
tions per bunch crossing than during “standard” LHC runs. These conditions
result in highly increased radiation as well as larger pileup. Pileup is related
to difficulties in resolving primary vertices from different interactions due to
large number of collision rate per bunch crossing. As a result, physics objects
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or their parts, such as tracks or energy deposits in calorimeters, from one in-
teraction might be wrongly attributed to another. Pileup is a complication
present already during the current runs of the LHC and it is being mitigated
with constantly improved software modeling of the detector working condi-
tions as well as reconstrution algorithms. For the HL-LHC, in addition to the
dedicated software, important upgrades in detector hardware are planned.

8.1.2 High Luminosity upgrade of the ATLAS detector

The change of collision rates between the LHC and HL-LHC from p = 60 to
200 require redesigning detectors. The foreseen improvements of the ATLAS
detector are described in the Letter of Intent [189], where various layout
options are considered, summarised in the Scoping Document [190] (2015).

In the trigger and data acquisition system two-level hardware trigger with
LO output rate up to 1IMHz and L1 up to 400 KHz is forseen together with a
High-Level Trigger with 10 kHz output (permanently recorded data). Cus-
tom hardware triggers will enable for data streaming at rates 1 — 40 MHz.
New readout systems in the Inner Tracker, Calorimeters and Muon Spectrom-
eter will be installed, in order to maintain the detector performance. Physics
goals require to maintain efficient triggers for isolated electrons, muons pho-
tons and 7 leptons with transverse momentum thresholds around 20 GeV.

The ATLAS inner tracker, now consisting of pixel and strip silicon sub-
detectors and transition radiation tracker, will be replaced with a new, all
silicon detector. This material ensures maintaing tracking performance in
conditions of high occupancy as well as long-term operations in the much in-
creased radiation environment. Its pseudorapidity coverage will be increased
with respect to the current from 2.4 to 4 by the addition of 4 pixel discs in
the forward region.

Improvements in the forward regions of the calorimeters are foreseen to
cope with cell noise. Liquid Argon (LAr) forward electromagnetic calorimeter
with be replaced by a higher granularity detector (sFcal). Additionally, High
Granularity Timing Detector will be installed in front of LAr end-caps, at
pseudorapidity region 2.4 < |n| < 4.3. Readout electronics of LAr and Tile
Calorimeters will be replaced. Additionally, new elements called Resistive
Plate Chambers (RPC) are expected in the muon detector.

Software developments are ongoing continuously since Run 1 with the
foreseen major milestones including:
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e reconstruction of charged particles using the information from the tracker
and from the calorimeter simultaneously (the so-called “particle flow”
algorithms),

e improved track association to jets and flavour tagging,

e many algorithms will be improved using informations from previous
runs and improved MC simulations,

e the usage of machine learning techniques in: pileup mitigation/subtraction
and tagging short-lived heavy particles.

8.2 Feasibility of observing Higgs boson pairs
in the bbyy channel

In this study the dominant di-Higgs production process, gluon fusion, was
explored. The final state was chosen to be bbyy, following phenomenologi-
cal studies [1,|132}/133,/191] predicting reasonable sensitivity to observe this
process.

This analysis is based upon software and detector modelling available in
2014, thus does not include updates in reconstruction techniques described
in the previous Chapter.

8.2.1 Monte Carlo samples

The processes constituting irreducible backgrounds in this channel are: con-
tinuum (non-resonant) bbyy production, as well as single Higgs decaying to
a pair of photons and produced in association with two top quarks, Z boson
and two b quarks, ttH(— ~v), Z(— bb)H(— ~7) and bbH(— 77), respec-
tively. In addition to irreducible backgrounds, whose experimental signatures
are identical to the signal signature, reducible contributions originate from
final states, in which one or more objects are misidentified. For example: a
light flavour jet or c-jet is sometimes mis-identified as a b-jet, or an electron
or jet initiated by a light flavour quark (j) is wrongly identified as a pho-
ton. The possible contribution from each of these processes depends on the
mis-identification probability (“fake rate”) for each type of an object. There-
fore, based on the estimated magnitude of the various fake rates and the
cross sections of the processes, the following final states were considered as
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the most significant background contributions in the present analysis: jjv7,
ccyy, bbyg, tt and tty. There may possibly be other processes which con-
tribute to reducible backgrounds. This analysis neglects for instance the
effect of multiple interactions per bunch-crossing, during which some objects
may be produced in one collision and other may arise from another, with
two primary vertices indistinguishable from one another. These effects of
multi-parton interactions were not included due to lack of detailed studies
on the future performance of the upgraded detector and large theoretical
uncertainties in modelling these processes.

This analysis is performed using events simulated using Monte Carlo
(MC) methods. Signal processes were generated, at the leading order, em-
ploying finite top quark mass approximation, using Madgraph5 “SM” model [144].
For the Higgs boson decays and parton showering PYTHIA 8 [63] was used.
The event yields were normalised to the NNLO cross-section calculations of
Refs. [192,/193| (utilising infinite top quark mass). The signal samples were
generated with the values of the Higgs self-coupling strength: Ag;, resulting
in k), € {0,1,2,10} .

The majority of background processes were generated with Madgraph 5
matrix elements matched to PYTHIA 8 parton showers. The top quark pair
production was generated with MCQNLO matrix elements and HERWIG [172]
parton shower at the NNLO.

Multi-jet processes: bby~y, bbyj, bbjj, ccyy and jjvy (j denoting a light
flavour and ¢ a c-quark jet) were simulated inclusively (e.g. allowing for an
additional jet in the tree-level matrix element) at the leading perturbative
order in QCD. A threshold on the jet and photon transverse momenta was
set at 20 GeV. Events originating from jjvyvy samples, that through showering
acquire heavy flavour quarks in the final state, are removed to avoid double
counting of events with b and ¢ quarks.

For generation of single Higgs processes various generators were used, all
providing NLO accuracy. The Z(— bb)H(— ~7) proces was generated with
PyTHIA 8. For ttH(— ~v) POWHEG |147| was used. bbH(— v7y) was gen-
erated with Madgraph 5 and showered with PyTHIA. The normalisation of
single Higgs cross-sections follows LHC cross-section working group recom-
mendations [131},/148,149]. They are normalised to NNLO with exception of
ttH and bbH , for which only NLO cross-sections were available at that time.
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8.2.2 Object definitions

This sensitivity study was performed using simplified simulation of detector
performance. The modeling of expected performance of the ATLAS detec-
tor was done by randomly distorting the four vectors of final state particles
obtained in the simulations using the so-called smearing functions. Smear-
ing functions were derived from the full detector simulations for benchmark
processes, using p = 140 [194},/195].

Photons are defined as with pr > 30 GeV and || < 1.37 or 1.52 <
In| < 2.37 to match the detector coverage. EI The photon smearing functions
have been updated with respect to those described in Refs [194,/195]: the
smearing in the azimuthal angle has been replaced with a smearing of 10
mrad/+/E[GeV]. Photons must be isolated with respect to all jets in the
event, which means that there are no jets within an annulus of 0.1 < AR <
0.4 around the photon candidate, and any jet reconstructed within a cone
of AR < 0.1 must have an energy within 15% of the photon energy. In the
latter case, a jet is accociated with the QED radiation from a photon. The
identification of photons is modelled with a function dependent on its trans-
verse momenta, that reaches a plateau efficiency equal to 76% for photons
with transverse momenta larger than 80 GeV.

Jets are identified using anti-kr algorightm with a cone size R = 0.4 and
are required to have transverse momenta pr > 25 GeV and |n| < 2.5. Truth
b-jets are identified by finding a truth b-hadron within a cone of 0.4 around
the jet direction. The b-tagging performance for these jets is then modeled by
applying an efficiency function, at a working point corresponding to a mean
efficiency of 70%. This means that on average 70% of b-jets are correctly
identified.

It was found that the reconstructed invariant mass of b-quark pairs, my,
in the signal samples had a maximum at around 113 GeV, significantly below
the generated Higgs mass of 125 GeV. This effect is attributed to radiation of
partons outside the jet cone as well as semi-leptonic b-hadron decays resulting
in measuring only a fraction of the energy of a b-jet. Consequently, the
acceptance of signal events was drastically decreased. Therefore, a correction
was derived as the ratio of the energy of a b-quark and that of a full jet.
Following application of this correction to the truth jets, the most probable
value of my, in signal improved from 113 GeV to 127 GeV, much closer

Extension in the tracker coverage to || <4 was not accounted for in the present study.
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to the expected value. This correction is similar to an experimental Jet
Energy Scale correction, here applied in a simplified way since the detector
performance is not known. The transverse momentum of the jets is smeared
by 10 — 25% using the parametrization that depends on both pseudorapidity
and transverse momenta.

For leptons an isolation requirement is applied: there should be no jets
with pr > 10 GeV within the isolation cone 0.1 < AR < 0.4 from any lepton.

The misidentification probabilities for: jet — photon, light flavour jet
— b-jet and c-jet — b-jet are provided by the so-called fake rate functions,
derived from simulation. They are of the order 0.25%, 1% and 30% respec-
tively. These numbers were derived based on qualities of flavour taggers
developed in Run 1 [150|. The electron — photon fake rates were obtained
for the barrel and endcap calorimeters separately, assuming the current level
of detector performance. The mis-identification probability is of 2% in the
barrel (|n| < 1.37) and 5% in the endcap (1.37 < |n| < 2.37).

In order to ensure that there is no duplication in the final-state objects,
the so-called overlap removal is applied.

8.2.3 Signal selection

A cut-based signal selection was performed. In order to choose best phase
space cuts, several kinematical variables have been studied. Figures
and present b-quark jets and photons in the SM signal and backgrounds.
Distributions related to the di-Higgs system are displayed in Fig. and
jet multiplicity in Fig. [8.4] In all these figures part of the jjvyvy backgrounds
featuring lighter flavour jets are not displayed because they largely resemble
the dominant bbvyy process.
Events are required to pass the following criteria:

e There are at least 2 isolated photons present in the event.

o At least 2 jets must be identified as b-jets with leading (subleading)
transverse momenta of 40 (25) GeV and pseudorapidity |n| < 2.5.

e There are no isolated leptons with transverse momenta larger than 25
GeV and |n| < 2.5.

e The total number of jets in the event must not exceed 6.
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Figure 8.1: Signal and background distributions for transverse energy of a b-
quark jet (top left), transverse momentum of the b-quark pair (bottom left),
angular separation between the two b-jets (top right), and invariant mass of

the two b-quarks (bottom right).

e [solation requirements are applied between decay products of either of
the Higgs boson: ARy, > 0.4, 0.4 < AR, < 2.0,

e Minimal isolation between decay products of the two Higgs bosons:

ARbfY > 0.4.
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Figure 8.2: Signal and background distributions for E7. (top left), AR, (top

right),

pr’ (bottom left), and m.. (bottom right).

e I[nvariant masses of the di-photon and di-b systems must fall within their
respective windows: 123 < m., < 128 GeV and 100 < my, < 150 GeV.

e Transverse momenta of the di-photon and di-b systems must be suffi-

ciently large: pJ., p% > 110 GeV.

Selection criteria based on angular separation were inspired by Ref. [191].
Optimisation studies of these cuts were performed here independently and on
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Figure 8.3: Signal and background distributions for my,., (top left) , ARy,
(top right), pr,,  (bottom left), and 7y, (bottom right).

a wider range of backgrounds than in Ref [191]. It was found that tightening
the separation of b-jets to ARy, < 2.0 further improves signal significance and
this requirement was added. Vetoing isolated leptons proved useful for de-
creasing the contribution from (semi-)leptonically decaying top quark pairs.

Some of the criteria above might need to be further optimised once pile-up
contamination is rigorously taken into account. For example, selection based
on transverse momenta of a combined bb object might result in accepting
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Figure 8.4: Jet multiplicity distribution in signal and backgrounds.

events consisting of one very high-pr jet from a genuine background process
paired with a soft jet from pile-up. Likewise, the upper cut on the number
of jets, justified by Figure [8.4] can only be done under assumption of an
efficient pile-up suppressing algorithm, such as Jet Vertex Tagging, decribed
in Ref [86]. It is worth noting, that at the time this study was performed, the
estimate on the number of jets in the signal sample varied between versions
6 and 8 of the PYTHIA generator used in the simulations. Since PYTHIA 8
predicts larger jet multiplicity, this parton shower generator was chosen in
order to provide a conservative estimation of sensitivity.

8.2.4 Results

The number of events in selected SM and BSM signals (parametrised by
values of k), with k5 = 1 corresponding to the SM) and backgrounds that
pass selection criteria are summarised in Table [8.1] Events are split into two
categories: the first one with both photons in the barrel (|n| < 1.37) and
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the second with at least one photon in the endcap part of the calorimeter
(1.52 < |n| < 2.37). This procedure takes advantage of different signal-to-
background ratios as well as photon misidentification probabilities in these
regions and improves the expected significance. The uncertainties that are
listed in Table BRIl result from the available Monte Carlo statistics. Back-
ground labels are meant exclusively: the bbyy events contain at least two
b-jets, the ccyy contain two ¢ jets and no b-jets, and so on, to avoid multiple
counting of the same event. The expected SM signal yield is 6.7 (1.8) events
in the barrel (endcap) and the corresponding expected background yield is
29 (19) events. The final rows shows the resulting signal significance, S/v/B,
that yield 1.2 and 0.4 in the barrel and endcap, respectively. Combining
these significances in quadrature leads to the combined significance of ~1.3.
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Figure 8.5: The distributions of my, and m,,. Histograms representing all
processes are stacked. All selection criteria except for my, and m.., require-
ments are applied.

Figure 8.5 shows the distributions of invariant masses of reconstructed di-
b and di-photon systems, my, and m.,.,, after applying all the selection criteria
except for my,/ m.,. To obtain a better statistics, the individual shape is
obtained using the events before the mass and angular cuts are applied, but
normalized to the number of expected events.

An upper limit on the number of total di Higgs signal events is set based
on the simulated dataset corresponding to 3000 fb~!. It is assumed for sim-
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Table 8.1: The number of events in SM (k)=1) and BSM (k) = 0, 2, 10)
signals and background processes expected in 3000 fb~! passing selection
requirements.

Samples Expected Events in | Events

number of events | the barrel | in end-caps
H(bb)H(yvy)(ky=1) |84 +0.1 6.7+ 01 |1.8+0.1
H(bb)H (y7v)(ky=0) | 13.7 £ 0.2 10.7 £ 0.2 | 3.1 £ 0.1
HbO)H (yy)(ky=2) | 4.6 £0.1 3.7+£01 [09+£0.1
H(bb)H (vv)(ky =10) | 36.2 £ 0.8 2719 +£0.7(82+04
3377 74+ 18 52+ 15 [22+1.0
ceyy 70+ 1.2 41+09 |29+£08
bby~y 9.7+ 1.5 52+ 1.1 |45+ 1.0
bbyj 84+ 0.4 43+0.2 |41+0.2
bbjj 1.3 £0.2 09+01 |04+£0.1
tt(> 1 lepton) 0.2+£0.1 0.1+01 |[01+£0.1
tty 3.2+22 16+16 |[1.6+1.6
ttH () 6.1 +£0.5 49+04 |12+£02
Z(bb)H () 2.7+ 0.1 1.94+0.1 | 08%0.1
bbH () 1.2 £0.1 1.0£+£0.1 [ 03+0.1
Total Background 47.1 £ 3.5 29.1 £2.7|18.0 £ 2.3
S/VB (ky=1) 1.3 1.2 0.4
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plicity that the signal acceptance does not depend on the Higgs self-coupling
modification k,. In the case of systematic uncertainties being negligible with
respect to statistical ones, as is considered in this study, the number of Higgs
pair events depends quadratically on k). The CLg technique [155] is used
leading to the exclusion at 95% C.L. of models with k) < —1.3 and &) > 8.

8.3 Summary

This Chapter presents the first feasibility study, performed by ATLAS exper-
iment, of measuring Higgs boson pairs at the upgraded ATLAS detector at
the HL-LHC. A single h(— bb)h(— v7) final state is employed. Conservative
estimates on efficiencies of reconstructing photons and b-quarks are adopted
in order to account for high pile-up conditions foreseen at the HL-LHC.

The analysis described in this Chapter reports observation of Higgs pairs
at the sensitivity of about 1o, and sets broad limits on the Higgs boson self-
coupling Az,. It demonstrates, how challenging it is going to be to observe
this process even with huge statistics of HL-LHC. In the time of publishing,
this result stood in contrast to phenomenological studies performed at the
same time, such as those described in [116,/132,|133|, that reported signifi-
cantly higher signal significance (S/v/B) than obtained here. In particular,
in Ref. [116] it is predicted that the Higgs boson self-coupling might be mea-
sured within a factor of two in the h(— bb)h(— ~7) channel at HL-LHC.
The cause of discrepancies is related to a more optimistic assumptions on
the hh — bb mass resolution than adopted here, which allows the mass of
the bb sytem to become a much more powerful discriminant. Additionally,
the phenomenological studies do not consider the full range of background,
omitting for example top quark production processes, that are accounted for
in this study.

Experimental study presented in this Chapter does not fully account for
systematical uncertainties. The assumptions on pileup are included in the
distortion of four-momenta of reconstructed objects and assume no event
overlap. Likewise, it is assumed that by the time of the HL-LHC all back-
grounds will be well understood through studying their dedicated control
regions, and therefore background normalisation uncertainties are neglected.
Such improvement in constraining background processes is demonstrated in
the early studies of this process in Run 1 data [139|, performed in parallel
with HL-LHC analysis, and later, in Run 2 studies reported in Ref. [171].
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On the other hand, the study described in this Chapter may have not em-
ployed the optimal suppression of the dominant jjvvy backgrounds. The 70%
flavour tagging working point is utilised, that gives large signal acceptance
at the cost of large fake rate. In later analyses performed in data a more
detailed optimisation of the flavour tagging working point was carried out
resulting in a better background suppresion. Additionally, the full detector
coverage of the modernised tracking detector, |n| < 4, was not taken into
account. This improvement will likely result in a better signal acceptance
through better reconstruction and identification of forward jets.

This analysis focuses on optimising angular separation variables. A num-
ber of observables, such as the sub-leading photon transverse momentum,
have not been used in the event selection because of their insufficient discrim-
inating power. Such obervables, however, could be included in algorithms
employing Machine Learning algorithms: boosted decision trees (BDT) or
neural networks, and used to further enhance the signal significance.

A more recent study of HL-LHC prospects of measuring di-Higgs produc-
tion in the bbyy channel performed by ATLAS [196], is conducted using a
different methodology than described in this Chapter. It is based on extrap-
olations of the Run 2 results, obtained with 139 fb=!, in which signal-like
events are divided into four categories based on the value of a BDT dis-
criminant and reconstructed di-Higgs invariant mass. To account for the
increased luminosity and center-of-mass energy at the HL-LHC, dedicated
multiplicative scale factors are used. Additionally, experimental and theo-
retical systematic uncertainties are scaled with respect to their Run 2 values.
Most experimental uncertainties are expected to be reduced relative to their
Run 2 values due to both detector upgrades and improved understanding of
its performance. Theory systematics are halved with respect to their Run 2
estimates. The extrapolated precision on the signal strength measurement
with (without) systematic uncertainties is 50% (46%), with a corresponding
signal significance of 2.20 (2.30). Assuming SM values of all other cou-
plings, the 1o confidence interval constraining r, is projected to be [0.3,1.9]
([0.4,1.8]) with (without) systematic uncertainties. This study shows that
sensitivity of Higgs pair production in the bbyy channel at the HL-LHC will
rely on proper control of the background modeling.

Higgs pair production remains one of the most exciting processes to be
observed, and is crucial in driving the design of next generation high energy
physics experiments.
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This monograph summarises studies of Higgs boson properties in its decays
to pairs of W or Higgs bosons and searches for beyond Standard Model
interactions.

Higgs boson has been for many years a missing piece of the quantum
field theory description of unified electro-magnetic and weak interactions.
Its discovery marks a completion of the electroweak theory and at the same
time opens up a new direction in investigating the properties of elementary
particles. Studying Higgs boson properties has become a pursuit of many
analyses by the ATLAS and CMS experiments. The mass, spin and CP
properties, as well as coupling strengths to the electroweak bosons, third and
second generations of quarks and leptons have been measured. These studies
have confirmed the Standard Model (SM) nature of the new particle.

This monograph presents two experimental studies of the Brout-Englert-
Higgs (BEH) mechanism, aiming at either confirming the SM picture of elec-
troweak symmetry breaking or finding beyond SM effects. The first line of
analyses targets Higgs boson production in vector boson fusion and measures
its couplings to electroweak bosons, with the emphasis on disentangling cou-
plings to longitudinally and transversally polarised W and Z bosons. The
second set of analyses searches for pair-produced Higgs bosons, with the aim
of constraining its trilinear self-coupling. In this way, the shape of the Higgs
boson potential can be experimentally measured.

Presented studies include measurements of inclusive cross-section of Higgs
boson production via the gluon—gluon fusion (ggF) and vector-boson fusion
(VBF) at v/s = 13 TeV, using the fully leptonic Higgs boson decays via WV*.
The VBF production is further utilised to perform a measurement of Higgs
boson coupling-strengths to longitudinally and transversely polarised W and
Z bosons. In this way Higgs boson couplings to longitudinally polarised
bosons are scrutinised and compared with the BEH mechanism predictions.

177
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Measurements using polarisations of electroweak bosons, such as the one
described in this monograph, are not confined to the Higgs physics. The
other manifestation of longitudinal degrees of freedom of electroweak bosons
is the behaviour of their scattering amplitudes at energies ~ 1 TeV. If the
Higgs boson coupling to longitudinally polarised W bosons matches the value
predicted by the BEH mechanism, the cross-section for scattering of the
longitudinally polarised W bosons decreases with energy. Possible deviations
should manifest themselves by increased values of cross-sections. ATLAS has
observed production of W*+W ™ boson pairs in association with two jets [197]
and measured the cross-section for this process to be in agreement with
the Standard Model predictions. With the full Run 2 dataset of 140 fb~*,
polarisation-sensitive measurements in di-boson final states at high energies
are also starting to be statistically significant: [198,199].

In the domain of Higgs pair production, this monograph summarises both
theory developments in calculating Higgs pair production in the SM, and my
own phenomenology studies related to maximising sensitivity to Higgs trilin-
ear coupling using LO predictions. These works have led to establishing the-
ory predictions and recommendations for experimental studies, summarised
in a dedicated chapter of CERN Yellow Report 4 |2| that I coordinated within
the Higgs Cross Section Working Group.

Experimental Higgs pair searchers presented in this monograph were per-
formed using Run 1 and early data of Run 2 of the LHC. The emphasis is
put on statistical combination of several search channels. In Run 1 four final
states were studied: bbbb, bby~y, bbrT, and WW~~. In Run 2 two more chan-
nels were added: bbW W~ and WHTW-WHW . Neither dataset is sufficient
to observe SM Higgs pair production. Therefore, several generic beyond Stan-
dard Model theories, predicting enhancement of the rates for this process,
have been constrained. In particular, constraints on triple Higgs self-coupling
have been established, providing first measurements of the Higgs boson po-
tential. Other generic models, for example these predicting BSM heavy scalar
or spin-2 particles have been probed. Further studies performed by ATLAS
include additionally VBF production and more di-Higgs final states. Even-
tually, these studies will enable an assessment of anomalous interactions by
probing all coupling strengths involved in the double Higgs boson production
within a unified framework of effective field theory operators (for example
SMEFT, [200]).

The first feasibility study of measuring Higgs pair production at the High
Luminosity LHC by the ATLAS experiment is also presented in this mono-
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graph. This analysis is restricted to the bby~y final state and uses Monte Carlo
simulations and parameterised efficiencies and resolution to approximate the
expected performance of the upgraded ATLAS detector under HL-LHC con-
ditions.

With successfully ongoing Run 3 and well advanced constructions for the
High Luminosity LHC, it is crucial to gradually improve analysis strategies
to obtain best possible results. This monograph presented only the beginnig
of efforts directed at measuring the Higgs potential. They will pave the road
ahead to the next generations of particle physics experiments.
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