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Abstract

The Large Hadron Collider is the largest and most powerful accelerator in the world. Proton bunches are accelerated to
6.5 TeV inside the LHC ring in opposite directions and are then collided at four different points around the ring with an
energy of 13 TeV. The ATLAS detector is a general purpose particle physics detector built around one of the collision
points and is used to study the products of the high energy proton-proton collisions. The identification of jets containing
b-hadrons (b-jets) is an important part of many physics analyses, including those presented in this thesis. The calibration
of the b-jet identification algorithms is performed with data. The first paper of this thesis describes the method to calibrate
the probability of a light jet to be mistakenly identified as a b-jet. The second paper presents a search for new phenomena
in events with top quark pairs and large missing transverse energy. No evidence for physics beyond the Standard Model is
found and the analysis is instead used to exclude various extensions of the Standard Model. The third paper describes the
search for Higgs boson pair production in a final state with two photons and two b-jets and the fourth paper a novel Effective
Field Theory interpretation of this search. Finally, a search for models with beyond the Standard Model Higgs bosons,
X and S, in a final state with two photons and two b-jets is presented. The signal targeted by this search is the resonant
production of an X boson that decays to an S and the Standard Model Higgs boson H. This search is under development
and the results have not yet been published. All papers included in this thesis use data recorded by the ATLAS detector
between 2015 and 2018, during the Run 2 of the Large Hadron Collider.
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Errata

e Page 3. The graviton has spin 2.

e Page 10. The Higgs potential has a maximum at ¢ = 0 and is
"bound from above".

e Page 13. The coupling constant ag for QCD decreases with
energy.

e Page 26. The x —y plane, also referred to as the transverse plane.

e Page 81. BSM diagrams in Figure 7.5.
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Abstract

The Large Hadron Collider is the largest and most powerful accelerator
in the world. Proton bunches are accelerated to 6.5 TeV inside the LHC
ring in opposite directions and are then collided at four different points
around the ring with an energy of 13 TeV. The ATLAS detector is a gen-
eral purpose particle physics detector built around one of the collision
points and is used to study the products of the high energy proton-proton
collisions. The identification of jets containing b-hadrons (b-jets) is an
important part of many physics analyses, including those presented in
this thesis. The calibration of the b-jet identification algorithms is per-
formed with data. The first paper of this thesis describes the method to
calibrate the probability of a light-flavour jet to be mistakenly identified
as a b-jet. The second paper presents a search for new phenomena in
events with top quark pairs and large missing transverse energy. No evi-
dence for physics beyond the Standard Model is found and the analysis is
instead used to exclude various extensions of the Standard Model. The
third paper describes the search for Higgs boson pair production in a
final state with two photons and two b-jets and the fourth paper a novel
Effective Field Theory interpretation of this search. Finally, a search for
models with beyond the Standard Model Higgs bosons, X and S, in a
final state with two photons and two b-jets is presented. The signal tar-
geted by this search is the resonant production of an X boson that decays
to an S and the Standard Model Higgs boson H. This search is under
development and the results have not yet been published. All papers in-
cluded in this thesis use data recorded by the ATLAS detector between
2015 and 2018, during the Run 2 of the Large Hadron Collider.






Acknowledgments

Esta tesis es el resultado de cinco anios de duro trabajo. No ha sido un
camino facil pero estoy feliz de haber escogido este sendero que tantas
cosas buenas me ha traido. Quiero agradecer a mis padres que siempre
me han apoyado. Me han dado confianza en mi misma y ensenado a
volar. Sin vosotros no serfa la persona que soy hoy ni habria llegado hasta
aqui. Quiero agradecer también a mi hermano Yago, mi companero de
juegos. T me mantienes con los pies en la tierra y me recuerdas lo que
es verdaderamente importante. A mis amigas, Clara y Nerea, gracias por
seguir estando en mi vida a lo largo de los anos y a pesar de la distancia.
Sois un tesoro. No pueden faltar palabras de agradecimiento para mi
amor, Ajinkya. There are no words to describe how important you are
to me and how much you have helped me during these five years. Thank
you for taking care of me and making sure I don’t skip a meal while
writing this thesis, for always listening when I want to discuss my work
and even giving me insightful suggestions about neural networks. More
importantly, you have been my rock during the many hard times and
have always found a way to make me laugh. This thesis is also yours.

I would like to express the deepest appreciation to my supervisor Sara
Strandberg. She believed in me and gave me the tools to become the in-
dependent researcher I am today. Thank you for always being supportive
on all of my projects, having the patience to explain the concepts I did
not understand and providing detailed feedback on my scientific texts. |
want to believe that your insightful comments have made me not only a
better physicist but also a better writer. I would also like to thank my
deputy supervisor, Olof Lundberg. It has been a pleasure working with
you, from the long discussions about neural networks to your insight-
ful comments on this thesis. This thesis would not have been possible
without Sara and Olle’s help and support.

The work presented in this thesis would also have not been possible with-
out the work of the many physicists and engineers that have designed,

iii



built, and now run the Large Hadron Collider and the ATLAS experi-
ment. [ have so much to acknowledge to my colleagues at CERN for.
Paper I is the result of several years of collaboration with the awesome
people in the b-tagging group, a special thanks goes Andy Chisholm,
Angela Burger, Laura Barranco, Bingxuan Liu and Dominik Duda. For
my contribution in Paper II I want to thank the SUSY group, but in par-
ticular my supervisor Sara Strandberg, Christophe Clement, Patrawan
Pasuwan and Stefio Yosse. Paper III is the result of the great work of
many people in the amazing HDBS group, thank you for being so wel-
coming and organising the best social activities. For Paper IV, I want
to give a special thanks to Christina Dimitriadi who started this work
from scratch with me. Finally, Chapter 8 would have not been possible
without the awesome SH analysis team and the support of the HH con-
veners. A special thanks goes to my co-analysis contact Elisabeth Petit,
I learn so much from you.

To the members of the elementary particle physics group at Stockholm
University, thank you for the fruitful discussions, fikas and fun times.

To Aishwarya, thank you for this beautiful cover. You have been able to

illustrate the content of this thesis better than I could have ever dreamed
of.

I also want to thank my bestie Vipin for feeding me more chai than I
could ever return and my friends Ana, Vivek, Johanna, Kunal, Prim,
Connor, Neeraj and Sree. You are my family here in Stockholm and a
big reason why I am still sane despite a world pandemic and the Swedish
winters. Thank you for always being there.

v



List of Papers

Paper I: ATLAS Collaboration. Calibration of the light-flavour jet
mistagging efficiency of the b-tagging algorithms with Z +jets events us-
ing 139 fo=' of ATLAS proton-proton collision data at \/s =13 TeV,
accepted for publication in the European Physical Journal C (EPJC),
arXiv:2301.06319, 2023.

Paper Il: ATLAS Collaboration. Search for new phenomena with top
quark pairs in final states with one lepton, jets, and missing transverse
momentum in pp collisions at \/s = 13 TeV with the ATLAS detector,
JHEP 04:174, 2021.

Paper Ill: ATLAS Collaboration. Search for Higgs boson pair produc-
tion in the two bottom quarks plus two photons final state in pp collisions
at /s = 13 TeV with the ATLAS detector, Phys. Rev. D, 106(5):052001,
2022.

Paper IV:  ATLAS Collaboration. HEFT interpretations of Higgs boson
pair searches in bbyy and bbrT final states and of their combination in

ATLAS, ATL-PHYS-PUB-2022-019, 2022.


https://arxiv.org/abs/2301.06319




Preface

Symmetries play a crucial role in our Universe. The Standard Model
of particle physics, a quantum field theory that describes the most fun-
damental forces and particles in the Universe, is built on symmetries.
Emmy Noether was the first to realise the fundamental relation between
the presence of a differentiable symmetry in a Lagrangian, and the con-
servation of a quantity. Her theorem describes the conservation of electric
charge as the result of the symmetries of the electromagnetic Lagrangian,
which make it invariant under gauge transformations.

If symmetries are the foundation of the Universe, it is the spontaneous
breaking of a symmetry that makes it what we know today. It was only
after a phase transition in the early Universe, referred to as spontaneous
breaking of the electroweak symmetry, that most particles acquired mass
and the Higgs boson was generated.

The Standard Model is a powerful theory that has been widely challenged
by many precision tests and searches and which holds to an extremely
impressive accuracy. But even with all its success the theory has some
limitations.

Broken symmetries are also fundamental in theories for new physics be-
yond the Standard Model that try to describe some shortcomings of
the Standard Model by predicting new particles. This is the case for
supersymmetry, where a breaking of the supersymmetry at a high en-
ergy scale postulates heavy new particles that have yet to be observed.
Furthermore, deviations in the electroweak symmetry breaking from that
predicted by the phase transition in the Standard Model, could for exam-
ple explain the matter-antimatter asymmetry in the Universe or predict
additional Higgs bosons that could play a role in Cosmology.
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Thesis Outline

This thesis describes different analyses of data from proton-proton col-
lisions at a centre-of-mass energy of 13 TeV recorded by the ATLAS
detector during the Run 2 of the Large Hadron Collider.

During the almost five years of my PhD, I have contributed to several
searches for beyond the Standard Model physics, all of which contain
beauty (or b-) quarks from the decay of Higgs bosons or top quarks. In
particular I have contributed to a search for the supersymmetric part-
ner of the top quark and two searches for beyond the Standard Model
Higgs bosons. The nature of these beyond the Standard Model par-
ticles is strongly influenced by the breaking of the supersymmetry or
electroweak symmetry, respectively. Therefore the title, The Beauty in
Broken Symmetries, nicely encompasses the work that is presented in
this thesis.

Chapter 1 gives an introduction to the theoretical concepts necessary to
understand the thesis. The Standard Model of particle physics and its
limitations are presented and some theories for new physics beyond the
Standard Model are introduced. Chapter 2 describes the ATLAS detec-
tor and the Large Hadron Collider. Chapter 3 describes the analysis tools
used in the data analyses presented in this thesis. Chapter 4 introduces
the particle identification and object reconstruction techniques, which
make it possible to identify the hits observed in the detectors as the par-
ticles or physics objects introduced in Chapter 1. Special focus is put on
the reconstruction and identification of b-jets. Chapter 5 describes the
mistag rate calibration, a correction to the rate at which light-flavour
jets are misidentified as b-jets. This work is published in Paper I. Chap-
ter 6 describes a search for supersymmetry and Dark Matter, published
in Paper II. The search focuses on signatures with a pair of top quarks
and missing transverse energy, compatible with the production of super-
symmetric top-quark partners, in a final state with one charged lepton.
Chapters 7 and 8 present searches for multiple Higgs bosons in a final
state with two photons and two b-jets. Chapter 7 describes a search for
non-resonant H H production, published in Paper III, and its interpre-
tation in the Effective Field Theory framework, published in Paper IV.
Chapter 8 presents a search for resonant multi-Higgs boson production
that has not yet been published.
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Sammanfattning pd Svenska

Large Hadron Collider &r en partikelaccelerator beldgen vid det eu-
ropeiska kirnforskningscentret CERN utanfor Genéve. Det ar den storsta
och mest kraftfulla partikelaccelerator som négonsin konstruerats. I
Large Hadron Collider kolliderar protoner med en masscentrumsenergi
pa 13 TeV, vid fyra olika detektorer som placerats runt acceleratorn. En
av de detektorerna &r ATLAS, som anvénds for att studera produkterna
fran de hogenergetiska protonkollisionerna. I denna avhandling presen-
teras ett antal studier som alla behandlar data insamlad med ATLAS
under aren 2015-2018.

Att korrekt kunna identifiera hadronskurar, s.k. jets, som innehaller b-
hadroner ar en viktig del av ménga analyser av ATLAS-data, inklusive
de som presenteras i denna avhandling. Foér att kalibrera de algoritmer
som anvands for att identifiera dessa b-jets anvénds data fran kollisioner.
Kapitel fem i denna avhandling beskriver en metod for att berdkna san-
nolikheten for att en jet som inte innehéller b-hadroner felaktigt identi-
fieras som en b-jet, och presenterar resultaten av dessa berdkningar.

I kapitel sex presenteras en sokning efter ny fysik i kollisioner dér det ska-
pats par av toppkvarkar tillsammans med en stor méngd sa kallad saknad
transversell rorelseméngd (ett tecken pa att det skapats partiklar som ar
osynliga for detektorn). Eftersom ny fysik bortom partikelfysikens stan-
dardmodell inte kan pavisas anvinds analysen istédllet for att utesluta
delar av det tillatna parameterrummet fér utvidgningar av Standard-
modellen.

Kapitel sju innehéaller en analys dar parproduktion av Higgsbosoner stud-
eras i den specifika sonderfallskanal diar den ena Higgsbosonen sonder-
faller till tva b-kvarkar och den andra sonderfaller till tva fotoner. Avhan-
dlingen presenterar en tolkning av en sokning efter sadana héndelser,
hér inom ramen for en effektiv féltteori. Resultatet dr nya granser for de
tillatna tvérsnitten for olika s.k. benchmark-modeller - detta &r forsta
gangen som ATLAS-kollaborationen sétter sidana grénser.
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Kapitel atta beskriver en sokning efter fysikmodeller som innehéaller flera
Higgsbosoner utéver Standardmodellens enda. Denna sokning ar speci-
fikt inriktad pa ett sluttillstand med tva fotoner och tva b-jets. Signalen
utgors av en resonant produktion av en ny X-boson som sonderfaller
till en S-boson och standardmodellens Higgsbosoner. I sfkningen trénas
ett s.k. parametriserat neuralt natverk for att skilja bakgrundshandelser
fran signalhéndelser. Detta ar en fortsatt pagaende analys och resultaten
har &nnu inte publicerats nar denna avhandling gar till tryck.
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Chapter 1

Theoretical Overview

1.1. General Overview of the Standard Model of
Particle Physics

The Standard Model (SM) of particle physics is a relativistic quantum
field theory that describes most fundamental forces in the Universe and
the way in which they make the matter particles and force carriers in
the model interact. It was developed during the 20*" century based on
the concepts of symmetry and unification of the different fundamental
forces of nature. This theory describes how the field carriers or quantas
(bosons) of the electromagnetic, weak and strong forces interact with the
matter particles (fermions) and each other. Gravity is the only known
fundamental force that is not included in the SM.

Figure 1.1 summarises the fundamental particles that, together with
their antimatter counterparts', make up the SM. Bosons have integer
spin and follow Bose-Einstein statistics. The spin 1 bosons are field car-
riers of the different fundamental forces: 8 gluons for the strong nuclear
force, the photon (v) for the electromagnetic force, the W*/~ and Z
bosons for the weak force and, outside the SM, a theorised force carrier
for the gravitational force; the graviton. The only scalar (spin 0) particle
included in this theory is the Higgs boson, which is described in detail in
Section 1.2.4. Fermions are half-integer spin particles that follow Fermi-
Dirac statistics and hence Pauli’s exclusion principle. All fundamental
fermions have spin = % and can be divided in two types: quarks and
leptons. Quarks couple to the strong force and therefore cannot exist as
free particles in nature but must instead combine to form hadrons (i.e.

! Antimatter particles have the same properties as their matter counterparts but
opposite charge.
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Figure 1.1.: Classification of particles in the Standard Model of particle
physics [5].



CHAPTER 1. THEORETICAL OVERVIEW

protons and neutrons). On the contrary, leptons do not interact via the
strong force and can therefore exist in isolation. Both quarks and leptons
are divided in three generations that differ only by their masses. The
first family contains the lightest particles that form every-day matter;
up quarks, down quarks and electrons.

1.2. Building the Standard Model

The SM is a gauge quantum field theory (QFT) that contains the internal
symmetries of the unitary group SU(3) x SU(2) x U(1) and describes
the fundamental forces in nature with the exception of gravity. The
Lagrangian follows a global Poincaré symmetry and hence its terms must
be both gauge and Lorentz invariant. This means that translational and
rotational symmetries, as well as the inertial reference frame invariance
defined by special relativity must be fulfilled. The SM was developed
over several years in many steps. This section presents the chronology
of the pieces that had to be put together to build the theory we have
today. More information on this topic can be found in [6], [7] and [§].

1.2.1. From Maxwell’s Equations to QED

Quantum electrodynamics (QED) is the relativistic QFT that describes
the interactions of the electromagnetic force at quantum level. These
interactions can be described at the classical level through Maxwell’s
equations.

Even though a deep explanation of Maxwell’s equations is beyond the
scope of this thesis, it is important to notice that the first successful at-
tempt to unify two interactions was achieved by Maxwell in 1865, when
he proved that electricity and magnetism can be unified into a single the-
ory involving a vector field interacting with charged particles. Maxwell’s
formulation was also the first field theory to introduce a gauge symme-
try, even though the importance of it was unnoticed at the time. It was
not until 1954 that gauge symmetry was generalised mathematically by
Mills and Yang [9] in an attempt to describe strong nuclear forces. It
later found an application in QFT and the unification of the weak and
electromagnetic interactions.
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Gauge Invariance in QED

The simplest example of global gauge invariance can be given for electro-
magnetism (EM). It can be proven that the Dirac Lagrangian (Equation
1.1), which describes the free fermionic fields ¥(z), is invariant under
global U(1) transformations given by Equation 1.2, where @ is the elec-
tric charge and 6 is a scalar constant.

Pivac = V() (id — m)¥(z) (1.1)

U(z) — 0 (x) (1.2)

Noether’s theorem [10| states that for every differentiable symmetry
which leaves the Lagrangian of a physical system invariant, exists a cor-
responding conserved current. In the case of EM, global gauge invariance
results in electric charge conservation.

EM is also invariant under local gauge transformations, where 6 is no
longer a constant but depends on the position 6(x). At first glance, if
we try to apply local gauge invariance to Equation 1.1, we observe that
the Lagrangian is not invariant under local transformations because the
partial derivative of W(x) yields extra factors when 6(z) depends on the
position. This can be solved by introducing a gauge vector field A, (x)
(already used by Maxwell in his equations) and defining a new covariant
derivative given by Equation 1.3, where e is a dimensionless numerical
constant and A, (z) transforms as shown by Equation 1.4.

Oy — Dy =0, —ieQAu(x) (1.3)

Au(z) = Au(x) — 0,0() (1)

The addition of A,(x) (the photon field) and the new covariant derivative
results in a transformation of the Dirac Lagrangian (Equation 1.1) to the
QED Lagrangian given by
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Zaep = V(2) (i —m)¥(z) — iF,wFl“’ _

U(2)(id — m)¥(z) + e¥ ()" QU () A, (x) — iFWF‘“’. (1.5)

The first term of the Lagrangian (Dirac term) describes the kinematics
of free fermions. The second term, obtained from imposing local gauge
invariance, describes the photon-fermion interactions. Furthermore, due
to the addition of the vector field A,(x) in the interaction, a kinetic
term for A, (x) needs to be added, this is given by the third term, where
F., = 0,A, — 0,A,. The kinematic term for A,(x) is invariant under
U(1) local gauge transformations. A mass term for this vector, given by
m?A, A*(x), would however not fulfil the invariance. This imposes the
photon to be massless.

1.2.2. Weak Interactions

The weak interaction was first described by Enrico Fermi in 1933 to
explain beta decay as a direct interaction of four fermions [11]. Fermi’s
theory of the weak interaction can now be considered an Effective Field
Theory (EFT) of the current theory for the weak interaction, where beta
decay is mediated by a virtual W~ boson rather than a direct point-like
interaction. This means that Fermi’s theory is able to describe weak
interactions at low energy, but the use of a more complex theory is
needed to describe higher energy interactions. An important difference
between EM and the weak interaction is that, unlike the photon, the
W/~ bosons need to be massive. If W*/~ bosons were massless they
would be directly produced in nuclear decays mediated by the weak
interaction, a process that has not been observed.

Weak interactions can partially be described as a Yang-Mills theory
with an SU(2) symmetry of the so-called weak isospin. This symme-
try is inspired by the strong isospin described in Section 1.2.5. It can
be proven that the Dirac Lagrangian (Equation 1.1) is invariant under
global isospin transformations similar to Equation 1.2 but with vectors
instead of the scalar ). The existence of weak neutral currents which
are compatible with EM currents, required the development of a more
complicated model which included both weak and electromagnetic inter-
actions.
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1.2.3. Weinberg-Salam Model

The theory of electromagnetic and weak interactions was developed by
Glashow [12], Salam and Weinberg [13, 14] in the 1960s. It describes
the two interactions as different low energy manifestations of a single
electroweak (EW) interaction. At high energies, the EW interaction
is described by a SU(2); group of weak isospin, where the subscript
indicates that the weak interaction only couples to left-handed fermions,
and a U(1)y group of weak hypercharge (Y'). This symmetry is invariant
under global gauge transformations but unlike QED), it runs into some
problems when imposing local gauge invariance:

e Massive gauge bosons are forbidden by local gauge invariance. This
was also the case for the photon field 4, in QED but, as described
in Section 1.2.2, the W/~ bosons mediating the weak interaction
were already known to be massive.

e Due to left- and right-handed particles behaving differently under
weak isospin rotations, a mass term for fermions which would be
invariant in QED is not invariant in the EW theory.

e The EW theory is not renormalizable, meaning that it suffers from
divergencies (infinities) that forbid calculations. The divergencies
appear e.g. in the calculations of some production cross sections
(o) that are proportional to the energy squared, such as o(WW —
zZ7).

1.2.4. Electroweak Spontaneous Symmetry Breaking

The problems described can be solved by introducing a new field with a
potential that keeps the Lagrangian invariant under local SU(2); x U(1)
transformations but makes the vacuum not invariant. This method is
known as spontaneous symmetry breaking (SSB).

The idea to explore SSB stems from condensed matter physics, where it
had already been successfully used to explain superconductivity as the
formation of a charged Bose-Einstein condensate that breaks the global
U(1) symmetry. The superconductivity theory of 1957, named BCS after
its authors [15], has many similarities with the EW symmetry breaking
(EWSB) described by R. Brout, F. Englert [16] and P. Higgs [17] in 1964,
which is referred to as the Higgs or BEH mechanism.
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Figure 1.2.: Illustration of the Higgs potential with u? < 0. [18]

A good way to visualise SSB is to imagine a pencil standing on its tip.
At this position it is in a rotationally invariant state with respect to the
z-axis along which the pencil stands, however it is also in a very un-
stable position. When the pencil drops to one side, it goes to a stable
ground state, but the symmetry is spontaneously broken. Such a sys-
tem can be described by the "Mexican-hat" shaped potential shown in
Figure 1.2, where the potential is rotationally invariant, i.e. has a local
maximum at ¢ = 0 and a ring-shaped minimum at ¢ # 0. The state at
¢ = 0 is unstable, and the system will spontaneously transition to the
ground state and thereby acquire a non-vanishing vacuum expectation
value (vev) since the field ¢ is non-zero at the minimum.

The BEH or Higgs mechanism introduces a scalar field ¢ in the form
of a complex doublet of the weak isospin SU(2) symmetry described
by Equation 1.6. This field needs to have a potential V(¢) given by
Equation 1.7 that will break the symmetry spontaneously.

(oY _ 1 (1 +id
¢= <¢>°> = <¢3+z¢4) (16)
V(6) = k2(616) + A(610)? (1.7)

For the potential to have the shape shown in Figure 1.2 and SSB to occur,
1% must be negative and A must be positive. If u? would be positive,
the potential would have a minimum at ¢ = 0 and the symmetry would
be conserved. On the other hand, if both px? and A were negative, the
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potential would have a maximum at ¢ = 0 and be "bound from below",
resulting in all symmetries being broken. The Lagrangian of the new
scalar field is therefore given by Equation 1.8, where D), is the covariant
derivative associated to SU(2); x U(1)y.

L = (D"$)!(Dygp) — V() (1.8)

If we focus on one of the components of the scalar doublet ¢, for example
the second, we can see that there is an infinite number of vacuum states
that satisfy

2
v=y/ed+¢3 =/ - (1.9)

By convention the vacuum state corresponding to ¢3 = v and ¢4 = 0 is
chosen.The vacuum ¢q of the full doublet is chosen as ¢1 = ¢o = ¢4 and

$3 =v.

Spontaneous Symmetry Breaking of a Global Gauge Symmetry: the
Goldstone Theorem

It is instructive to focus on the second component of ¢ to describe the
breaking of a global symmetry in a more comprehensive way. Dropping
the covariant derivative terms not needed for the global gauge invariance,
the Lagrangian of the scalar field ¢ can be written in terms of ¢35 = v
and ¢4 =0 as

(63,60) = 5003 + 5002 + 5p(3+ 6D) — (NG + 6. (1L10)

The first two terms describe the kinematics of the field components, the
third is a mass term and the fourth a self-interaction term.

To study perturbations around the minimum, shifted fields n = ¢3 — v
and & = ¢4 are introduced, leading to the new field definition

¢0 = —=(n+v+if) (1.11)

Sl

10



CHAPTER 1. THEORETICAL OVERVIEW

Equation 1.11 can be used to re-write the Lagrangian given by Equation
1.10 in terms of the shifted fields:

L, &) = %(877)2—(Av2)772+%(8§)2+0-§2+higher order terms (1.12)

From Equation 1.12 two particles can be identified, a massless £ and a
massive 7 with mass m, = V2?2 = /—2u2 > 0.

The Goldstone theorem is key in the EWSB. It states that massless
scalars (also called Goldstone bosons) occur whenever a continuous sym-
metry is not present in the ground state. If a Lagrangian with a degen-
erate ground state is invariant under global gauge transformations, and
hence the symmetry has been spontaneously broken acquiring a vev, then
for every generator of the symmetry not leaving the vev of the field in-
variant, a massless boson exists. For the simplified case described above
a Goldstone boson ¢ and a massive scalar n are produced due to the
SSB.

For the case of a SU(2); x U(l)y symmetry, where the full ¢ dou-
blet should be used, there are four original generators, three for the
weak isospin (71,72,73) and one for Y. Apparently all four generators
are broken by the SSB, however it can be proven that the combination
T3 —Y = @ remains invariant. Thus electric charge (Q)) remains a con-
served quantity and the SSB results in only three massless Goldstone
bosons.

Spontaneous Symmetry Breaking of a Local Gauge Symmetry:
Higgs Mechanism

If a similar process described for global gauge invariance is applied to
a local gauge, using covariant derivatives and introducing gauge fields,
new terms containing (90*¢) will appear in .Z(n,&). These terms can be
re-written by choosing the so-called unitary gauge, which corresponds
to defining the phase a(x) from the local gauge transformations as o =
—&/v to remove all terms involving the £ field. Choosing this gauge also
transforms the scalar field ¢y

bo — e~i€/0 gy = e—i{/v\g(v o 4if) = —(v+h) (1.13)

Sl

11
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where a real scalar field h has been introduced. The scalar doublet ¢
then becomes:

¢ = \}5 (v f: h> (1.14)

It has already been stated that global EW SSB results in three Gold-
stone bosons due to the fact that only electric charge is conserved in the
symmetry breaking. Furthermore, in local EW SSB, four gauge fields
(Wy, Wa, W3, B) are generated, which will mix to produce the three
massive weak bosons W1/~ Z and the massless QED gauge boson 7.

The remaining degree of freedom is used to give mass to the Higgs field
h.

SSB has allowed us to maintain local gauge invariance in the EW La-
grangian, at the expense of adding the Higgs field and spontaneously
breaking its potential. This does not only solve the massive weak boson
problem but also the renormalisability of the EW Lagrangian by mak-
ing it local gauge invariant. Furthermore fermions can acquire mass by
interacting with the Higgs field, resulting in a fermion-mass term:

Lermion-mass = _)\f[\IJLﬁb\IJR + @R&\IIL] (115)

The Weinberg-Salam model with EWSB results in the SU(2); x U(1)y
part of the SM symmetry and fully describes EM and weak interac-
tions.

1.2.5. The Strong Interaction

The strong interaction is responsible for the stability of the atomic nu-
cleus and is described by Quantum Chromodynamics (QCD). The first
steps towards this theory came from the observed similarities between
neutrons and protons. In 1932, Heisenberg [19] introduced the concept of
(strong) isospin to explain symmetries between the two particles which
have very similar masses. Isospin allows to rotate the neutron into a
proton by treating both particles as different states of the same object:
the nucleon.

In 1961, Murray Gell-Mann [20] and Yuval Ne’eman [21] independently
generalised the (strong) isospin symmetry with an octet or SU(3) sym-
metry. Colour was first introduced by Greenberg [22] in 1964 to account

12
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for the apparent violation of the Pauli exclusion principle for certain
hadrons. He suggested the existence of an extra degree of freedom which
differentiated quarks. He postulated the existence of three colours and
that free particles need to be colour singlets. In 1973, the concept of
colour as a symmetry, analogous to QED, was developed by Murray
Gell-Mann and Harald Fritzsch [23]. In QCD, global gauge invariance of
the SU(3) symmetry implies the conservation of colour and local gauge
invariance implies the existence of eight massless gauge bosons, the glu-
ons. The QCD Lagrangian is given by

1
— GG, (1.16)

ZLoop = Vi(2)(iD)4; — mdij) V()
where W;(x) is the quark field, D,, the covariant derivative and GY,, the
gluon field strength tensor, analogous to F},, in QED.

In 1973, David J. Gross, Frank Wilczek [24] and David Politzer [25]
discovered asymptotic freedom while evaluating effects of vacuum polar-
isation in QCD. Vacuum polarisation exists for both QED and QCD,
however, the fact that gluons themselves carry colour charge in contrast
to the photon which is electrically neutral has very important conse-
quences for quark-gluon interactions. Gross, Wilczek and Politzer inde-
pendently found that virtual gluons tend to stick to quarks generating
a charge that grows with the distance. Contrary to QED, the strength
of the coupling constant ay for QCD is inversely proportional to energy,
resulting in an asymptotic freedom behaviour at high energy (small dis-
tances), where the coupling becomes negligible and quarks and gluons
can move like free particles. On the other hand, at low energies (large
distances), the coupling becomes very large and perturbative treatment
is no longer valid. It is at these distances that the process of hadronisa-
tion takes place. Hadronisation is the process of formation of colour-less
hadrons out of quarks and gluons which, due to the colour confinement
characteristic of QCD, cannot exist as isolated particles. A consequence
of hadronisation is the formation of jets, objects that will be extensively
studied in this thesis.

1.2.6. The Standard Model: Piecing it all Together
The combination of the EW SU(2); xU(1)y, and QCD SU(3) Lagrangians

form the full Lagrangian of the SM of particle physics. The final confir-
mation of the validity of the Standard Model arrived in 2012 when the

13



Sec. 1.3.  Shortcomings of the Standard Model

ATLAS and CMS experiments announced independent observations of
a particle with a mass of 125 GeV compatible with the Higgs boson [26],
[27], the last missing piece of the model. This discovery earned Frangois
Englert and Peter Higgs the Nobel Prize in Physics in 2013 for their
theoretical prediction.

Some models suggest that analogous to the EM and weak interactions
being described by the same interaction at higher energies, the strong
interaction could also be unified with the other fundamental forces, re-
sulting in a grand unified theory [28]. Maybe with time one could even
include gravity and therefore complete the very ambitious goal to for-
mulate a "theory of everything".

1.3. Shortcomings of the Standard Model

The Standard Model is a powerful theory that has been widely challenged
by many precision tests and searches and which holds to an extremely
impressive accuracy. But even with all its success the theory has some
limitations.

Perhaps the most obvious shortcoming is that gravity is not included in
the SM. For this reason, the SM is only valid up to the so-called Planck
scale ~ 10" GeV, where gravity is expected to become as strong as the
other forces. Some extensions of the SM include the graviton, the gauge
boson postulated to mediate gravity, but such a particle has not been
observed experimentally.

The SM describes neutrinos as neutral, massless particles which only
interact weakly. They were predicted by Pauli to appear in beta de-
cays which are governed by the weak interaction, and therefore only
left-handed neutrinos are predicted. There is however a strong obser-
vational evidence for neutrino oscillations from several experiments in-
cluding SNO and Super-Kamiokande [29] [30]. Neutrino oscillations are
quantum mechanical phenomena which occur when a neutrino originally
created with a specific lepton flavour e.g v, is later measured to have
a different flavour e.g. v,. For this process to occur, neutrinos must
have mass since the transition probabilities depend on the squared mass
differences between the neutrino mass eigenstates.

The current Standard Model of Cosmology assumes that our Universe
originated from a hot, compressed state also known as "Big Bang". Ex-
perimental evidence suggest that the Universe is composed of about 68%

14



CHAPTER 1. THEORETICAL OVERVIEW

dark energy, 27% Dark Matter (DM) and 5% ordinary matter. The SM
of particle physics only describes the 5% of ordinary matter. DM was
first suggested in 1933 by Fritz Zwicky to explain a discrepancy in the
velocity dispersion of some galaxy clusters [31]. He suggested that there
must be some mass in the systems which emits no EM radiation and
is therefore invisible to us, hence the name DM. At the Large Hadron
Collider (LHC) several analyses search for DM particles, one such search
is presented in Chapter 6.

The SM predicts matter and antimatter to be produced in equal amounts,
and that matter and antimatter particles annihilate each other if they
interact. Therefore one would expect the Universe to be composed of the
same amount of matter and antimatter. However most of our Universe
is made of matter so one must wonder, where did all the antimatter
go? An asymmetry in charge and parity, known as CP violation, is one
of the necessary conditions for a matter-antimatter asymmetry to arise,
but it is only present in the SM in very small amounts and hence cannot
explain the asymmetry observed in the Universe.

A problem of a different kind is the so-called naturalness problem. In the
SM, the mass of the Higgs boson is not stable under radiative corrections
since it is not protected by a symmetry. Therefore particles coupling to
the Higgs boson induce large loop corrections, making the Higgs mass
quadratically dependent on the energy cut-off of the theory. For the
theory to be completely natural, a beyond the SM (BSM) extension
with new physics around or below the TeV scale would be needed. A
more comprehensive description of the naturalness problem and possible
solutions can be found in [32].

1.4. Extensions Beyond the Standard Model

There are many theories that try to solve some of the shortcomings
described above while maintaining the carefully tested predictions by
the SM. BSM theories can be divided in two groups, models which are
ultraviolet (UV) complete, i.e. valid up to an arbitrarily high energy
scale, and EFTs, which are valid only up to a specific energy scale or

cutoff (A).

Perhaps the most famous UV-complete extension of the SM is Supersym-
metry (SUSY) [33], for which there were great experimental expectations
during the first run of the LHC. No observations of SUSY particles have
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been claimed so far, however SUSY is still being tested because there
are many regions of the parameter space where realisations of this the-
ory could be hiding. There are other extensions of the SM, which will
not be explained in detail in this thesis, like composite Higgs models [34]
or Two-Higgs-Doublet models (2HDM) [35] which also reproduce the al-
ready tested physics of the SM, but predict some new phenomena that
are being searched for experimentally.

EFTs are low-energy approximations of more complex UV-complete the-
ories. They are characterised by including only the strictly necessary
degrees of freedom, while additional substructure and higher degrees of
freedom needed to describe processes at higher energies are ignored. An
example of an EFT was already introduced in Section 1.2.2. Fermi’s
theory was able to describe the weak interaction at low energies, but the
full electroweak theory is needed to describe the interactions with the
W# and Z bosons at the energies that we reach today at the LHC. In a
similar sense, the SM can also be considered an EFT of a more complete
theory which should ideally explain the shortcomings described in Sec-
tion 1.3. EFTs therefore present an alternative way to approach BSM
physics and complement theories like SUSY.

1.4.1. Supersymmetry

SUSY is one of the most tested BSM theories at the LHC. It solves
the naturalness problem by adding an extra symmetry that protects the
Higgs mass. SUSY introduces a fermion-boson symmetry, where each SM
boson has a fermionic BSM partner and vice versa. This symmetry thus
results in at least twice as many particles. The new bosonic particles are
named by the prefix "s" and the fermionic partners by the suffix "ino".
The supersymmetric partner of the top quark is hence a boson, called
stop. The minimal supersymmetric extension of the Standard Model
(MSSM) [36] requires, other than the already described particles, two
Higgs-doublets instead of one.

The new fermion-boson symmetry, can also make the coupling constants
of the different forces unify, i.e. become of the same strength, at a certain
energy scale. In the MSSM one can naturally get the unification of all
three couplings at an energy of 2 x 10'® GeV. In contrast, for the SM
case the gauge coupling strengths become comparable but do not fully
coincide at an energy of ~ 104 GeV.
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The biggest drawback of a theory like SUSY is that it predicts many new
particles that in principle should have masses similar to the SM particles
but which have never been detected. To account for this, there must be
a breaking of the fermion-boson symmetry, similar to what occurs in the
SM for the Higgs mechanism. The fermion-boson symmetry would break
at a scale higher than the EW, resulting in much higher masses for the
supersymmetric particles compared to the SM counterparts. It should
be noticed that to keep SUSY natural, the energy of the SUSY breaking
and hence the masses of the new particles cannot be much higher than
the TeV scale.

Last but not least, the most relevant characteristic of SUSY for the
scope of this thesis is R-parity conservation. Baryon and lepton number
conservation is a characteristic of the SM that has been throughly tested
experimentally to high precision. In the MSSM however, these quantities
are no longer conserved, so R-parity needs to be introduced in order not
to conflict with experimental data. Due to this characteristic, SUSY par-
ticles cannot decay uniquely to SM particles or vice-versa. The lightest
supersymmetric particle (LSP), which should be neutral, cannot decay
to other SUSY particles since it is the lightest and R-parity conserva-
tion forbids its decay to SM particles. This makes it stable and a great
candidate for DM. Chapter 6 presents a search for supersymmetry and
DM in a final state with jets, one charged lepton and missing transverse
energy.

1.4.2. Effective Field Theories

Assuming that the SM is only valid up to a scale A, a valid theory above
A needs to fulfull the following requirements:

e Its gauge group should contain the SU(3), x SU(2);, x U(1)y sym-
metry of the SM.

e All the SM degrees of freedom should be incorporated as funda-
mental or composite fields.

e At low energies, it should reduce to the SM.

In most BSM theories, the reduction to the SM at low energies proceeds
via decoupling of heavy particles with mass of order A or larger. This
was the case of the weak bosons and Fermi’s theory. Hence an extension
of the SM, which is characterised by having dimension 4 operators, leads
to the appearance of higher-dimension operators in the SM Lagrangian
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that are suppressed by powers of A. An EFT extension to the SM can
be described by

1 1 1
Lo =L+ 2 GO+ 52 G000 + O(5) + . (117)
k k

where Q) are the dimension i operators and C9) are the correspond-
ing Wilson coefficients which can be determined by integrating out the
heavy fields. It should be noted that from all possible dimension 5 oper-
ators, only one fulfils the SM gauge symmetry constraints, namely @Q,,
which generates neutrino masses and mixings solving one of the described
shortcomings of the SM. For this reason, further EFT extensions to the
SM consider mostly dimension 6 operators [37|, which are expected to
dominate over operators of even higher dimensions.

1.4.3. Effects of BSM Physics on the Higgs Potential

As already described in Section 1.2.4, the SM predicts the existence of the
so-called Higgs field ¢ with a potential V'(¢). In the early Universe V(¢)
had a minimum at ¢ = 0 and all particles were massless, but a few pico-
seconds after the Big Bang the Universe underwent a phase transition
to a new ground state where ¢ # 0. Due to this phase transition, also
known as SSB, a massive scalar boson known as the Higgs boson (H)
was generated and most particles acquired mass.

Beyond the mass-generation mechanism, the shape of the Higgs poten-
tial has implications in cosmology where it determines the stability of
our Universe [38]. According to current constraints on the top quark
and Higgs boson masses, we could live in a metastable Universe if the
minimum reached after SSB is not the true minimum. In the SM, the
SSB occurs in a smooth way with a second-order transition, however a
strong first-order transition could also have occurred. A first-order tran-
sition could explain the matter-antimatter asymmetry in the Universe.
Several BSM models predict such a transition and the existence of an
extended Higgs sector which could include the cosmological inflaton as
an additional scalar to the Higgs boson. Furthermore, the Higgs boson
could be a portal to a dark sector under the reasonable assumption that
DM, like visible matter, obtains its mass by interacting with the Higgs
field [39]. These different scenarios would have an effect on the shape of
the Higgs potential.
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In the SM, the Higgs potential, after the transformation given in Equa-
tion 1.14, is defined as

1
V(h) = im%,hz + Agvh® + O(h?). (1.18)

The first term is determined by the Higgs mass (mpg) ~ 125 GeV, a
value which was only found experimentally when the Higgs boson was
observed. The second term is given by the triple Higgs self-interaction
(A3), which has never been measured experimentally. Measuring this
coupling is crucial to understand whether the shape of the potential
is compatible with the SM predictions or if BSM physics is needed to
explain the measured shape.

Given the current sensitivity to A3, and lack of sensitivity to higher
order self-interactions, variations of the shape of the Higgs potential from
the SM prediction are still compatible with experimental constraints as
shown in Figure 1.3. The red line indicates the predicted shape of the
potential by the SM. The blue line shows an alternative potential which is
compatible with the current experimental knowledge obtained from the
measured my and the current constraints on A3. Deviations in the SM
prediction could arise from the existence of new particles not predicted
in the SM.

An alternative
potential

Standard Model
potential

Vg)

Higgs field value
in our Universe

Current
experimental
knowledge
—
0 1
¢

Figure 1.3.: Shape of the Higgs field potential V' (¢) in the SM (red) and
alternative possible shape also allowed by current experi-
mental constraints (blue) [38].
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Because of the unknown mass of the hypothetical new particles comple-
mentary search strategies need to be pursued. If the BSM particles are
heavy and cannot be produced at the LHC energies, EFT frameworks
can be used to search for them. Light BSM particles that could be pro-
duced at the LHC energies can instead be targeted by dedicated searches.
Both approaches are studied in this thesis. Chapter 7 presents the EFT
interpretation of a search for non-resonant Higgs pair production. Chap-
ter 8 presents a search for resonant multi-Higgs boson production. Both
searches are performed in a final state with two jets and two photons.
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Chapter 2

Experimental Overview

2.1. The Large Hadron Collider

The LHC is a circular accelerator where proton bunches are collided at
unprecedentedly high energies. It is located at the European Organisa-
tion for Nuclear Research (CERN) in Geneva, Switzerland. The tunnel
housing the LHC has a circumference of 27 km and was previously used
to collide electron and positron bunches at the Large Electron-Positron
Collider from 1989 to 2000.

Protons are generated from hydrogen gas by ionisation: An electric field
is applied to strip the electrons from the hydrogen atoms yielding pro-
tons. A set of accelerators (shown in Figure 2.1) is used to accelerate the
protons until they are injected into the LHC where they are brought to
collide. Protons are first accelerated to 50 MeV using the Linac 2 linear
accelerator. Then the proton beam is injected into the ring of the Pro-
ton Synchrotron Booster that accelerates the protons to 1.4 GeV. The
proton beam is accelerated further to 25 GeV by the Proton Synchrotron
before it is injected into the Super Proton Synchrotron (SPS), where it
is accelerated to 450 GeV in a last step before being transferred to the
LHC ring.

The LHC is composed of two different beam pipes where proton bunches
circulate until they are ready to be collided. Protons from the SPS are
injected in the two beam pipes of the LHC in opposite directions and a set
of radio-frequency cavities and magnets are used to accelerate and focus
the proton bunches. Once the required energy per beam is reached, the
proton bunches are collided in four interaction points housing different
detectors. The proton-proton (pp) collisions recorded by the ATLAS
detector during the Run 2 of the LHC, which are analysed in this thesis,
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Figure 2.1.: The CERN accelerator complex [40].
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have a centre-of-mass energy /s = 13 TeV. The LHC can also be used
to collide heavy ions (e.g. Pb-Pb) or to collide protons with heavy ions
(e.g. p-Pb). The collision energy for heavy-ion collisions can vary but is
often set to 5.02 TeV.

Four different experiments are located at the LHC interaction points;
ATLAS, CMS, LHCDb and ALICE. The first two are general-purpose de-
tectors. They were designed mainly to discover or rule out the existence
of the Higgs boson but also pursue a wide program of measurements of
SM observables and searches for BSM physics. LHCb is a smaller asym-
metrical detector specialised in flavour physics and ALICE is a heavy ion
detector that studies the heavy-ion collisions, for instance the formation
of quark-gluon plasma.

2.1.1. Luminosity

An accurate measurement of the amount of pp collisions in the LHC
is crucial to draw clear conclusions from the experimental results. The
predicted number of events of a certain physics process, i.e. pp — X,
can be obtained as

t1
Nevents(pp — X) = z(t)dt X U(pp — X) = Znt X U(pp — X)a

v (2.1)

where the production cross section o(pp — X) is related to the likelihood
of producing X in the pp collision and the instantaneous luminosity .Z
is related to the rate of pp collisions. The instantaneous luminosity can
be integrated over time to give the integrated luminosity %y, which is
related to the total number of pp collisions in a certain interval. The
integrated luminosity is measured in inverse barn (b~!), where 1b =
1072%m?,

The searches presented in this thesis are performed using data collected
during the Run 2 of the LHC by the ATLAS detector. Figure 2.2 shows
the integrated luminosity delivered by the LHC (green), recorded by the
ATLAS detector (yellow) and certified to be good quality data (blue)
during stable beams for pp collisions at /s = 13 TeV between 2015
2018. The total integrated luminosity that is valid for physics is 139 fb~1.
The integrated luminosity differs between years. The LHC achieved its
highest peak luminosity for Run 2 .Z = 21.0 x 10?3 cm™2s~! in 2018.
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Figure 2.2.: Overall integrated luminosity delivered by the LHC (green),
recorded by the ATLAS detector (yellow) and certified to be
good quality data (blue) during stable beams for pp collisions
at /s = 13 TeV during the Run 2 of the LHC [42].

The analysis presented in Chapter 8 of this thesis uses the most recent
luminosity calibration, for which the integrated luminosity of the Run 2
dataset is 140 fb~! and the uncertainty is significantly reduced [41].

2.1.2. Pileup

At the LHC, the number of interactions per bunch crossing p is usually
larger than 1 and the main high energy collision or hard scattering that
is interesting for physics needs to be separated from the additional softer
un-interesting interactions, referred to as pileup. This is due to the fact
that multiple protons are collided in each bunch crossing. The average
number of interactions per bunch crossing (u) recorded by ATLAS during
the individual years that make up the Run2 weighted by the integrated
luminosity is shown in Figure 2.3.

The instantaneous luminosity is given by the sum of the luminosity per
bunch crossing %, over all colliding bunches ny

() fr

Oinel

ny
K = Zfb =1y (2.2)
b=1
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Figure 2.3.: Average number of interactions per bunch crossing weighted
by the integrated luminosity for the individual years in the
Run 2 of the LHC as well as for the entire period [42].

where f,. the revolution frequency of the bunches, and oy,e is the cross
section of the inelastic pp collision.

2.2. The ATLAS Experiment

ATLAS stands for A Toroidal LHC ApparatuS, and is a massive detector
shown in Figure 2.4 located 100 meters underground. It is a cylindrical-
shaped experiment with a diameter of 25 meters, a length of 44 meters
and a mass of 7000 tons.

The ATLAS collaboration comprises over 5000 members and almost 3000
scientific authors from around the world that work together to build,
upgrade and operate the detector and analyse its data.

The proton beams travel along the axis of the cylinder and collide in the
middle of the detector. The experiment is built up of several subdetec-
tor systems around the collision point to detect the different particles
produced in the collisions. The different detecting technologies used in
each subdetector allow to reconstruct the charge, momentum, energy and
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Figure 2.4.: The ATLAS detector and its components [43]

mass of the produced particles. This information is used to make pre-
cise measurements of SM processes or search for characteristic signatures
predicted by BSM models.

Two coordinate systems are used in ATLAS, cartesian and polar. Figure
2.5 shows the layout of these coordinate systems in the ATLAS detector.
Due to the cylindrical shape of the detector, the polar coordinates are
more commonly used.

The origin is chosen as the pp collision point or interaction point located
in the centre of the detector. In cartesian coordinates, the z-axis is
defined along the beam pipe with positive values towards the side A
of the detector, the y-axis points upwards and the z-axis is oriented
horizontally towards the centre of the LHC ring. The polar coordinate
system shares the same origin and z axis. The radial distance r and
the azimuthal angle ¢ are defined in the & — y plane, also referred to as
the longitudinal plane, with ¢ ranging from 0 to 27w. The polar angle
ranges between 0 and 7 with 0 along the z-axis. As will be seen in the

7
different analyses described in this thesis, pseudorapidity n = —ln(tan§)

is often used instead of 6. Positive values in n correspond to the positive
direction along the z-axis, while n = 0 (or 8 = 90°) corresponds to the
transverse plane. Objects with small n values are referred to as central,
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T (center of LHC)

Figure 2.5.: ATLAS coordinate system [44]

while objects with large || values are referred to as forward. Forward
particles with || > 2.5 (# < 9° from the z-axis) go undetected because
detectors cannot be located inside the beam pipe. The four-momentum
of a particle inside the detector is described in the coordinates p =(pr,
7, ¢, m), where pr= psin @ is the transverse momentum and m the mass
of the particle. The distance between two systems of particles in the

detector can be defined as AR = \/Ag¢? + An?.

The three main subdetectors in ATLAS are the inner tracking detector,
the calorimeters and the muon spectrometer. The characteristics of each
of the subdetectors will be described in this section.

2.2.1. The Inner Detector

The Inner Detector (ID) [45, 46] is a tracking device that makes up the
innermost subdetector system located closest to the beam pipe. The ID
is surrounded by a solenoid magnet with a magnetic field of 2 T which
deflects the charged particles. The curvature of the tracks can be used
to determine both charge and momentum of the particles. Furthermore
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primary and secondary vertices, which will be described in Section 4.1
can be reconstructed in the ID.

The ID geometry, which consists of several barrel layers around the col-
lision point and end-cap disks at larger values of z, allows to detect
particles with |n| < 2.5. Different technologies need to be used in the ID
depending on the radial distance r to the beam line in order to optimise
the detector performance and obtain a detector design that can sustain
the high radiation produced in the collisions. For this reason the ID is
made up of several subdetectors: The Pixel detector, the Semi-conductor
tracker (SCT) and the Transition radiation tracker (TRT).

Pixel Detector

The innermost ID subdetector is based on pixelated silicon technology
providing high granularity. It is composed of almost 100 million pixels or
read-out channels located in four barrel layers and three end-cap disks.
The pixel detector extends from r = 33.25 mm up to r = 122.5 mm and
its proximity to the interaction point makes it crucial for a precise re-
construction of the impact parameters of tracks from long-lived particles
such as b-hadrons. As shown in Figure 2.6, the closest layer to the beam
line is called the IBL or Insertable B-Layer [47]. This layer was added
during the first long shut-down of the LHC. It was installed in the small
space between the existing pixel detector and the beam pipe in order to
improve the tracking by reducing the distance between the interaction
point and the first detector layer for the Run 2. The pixels in the IBL
have a size of 50 yum x 250 pm and an intrinsic resolution of about 8
pm x 40 pm, while the other detector layers have a size of 50 pym X
400 pym and an intrinsic resolution of about 10 ym x 115 ym. When a
charged particle passes through the pixel material it produces electron-
hole pairs. The electrons then drift in an externally applied electric field
towards the read-out system. A hit occurs if the resulting current passes
a predefined threshold. Each track has an average of 4 hits in the pixel
detector.

Semi-Conductor Tracker

The SCT is a silicon micro-strip tracker with 6 million read-out channels
located in the the intermediate region of the ID. It spans a radial distance
of about 20 cm, starting from r = 299 mm. Composed of silicon strips
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Figure 2.6.: Detailed layout of the ATLAS inner detector [48].

modules instead of pixels, the SCT has a similar function to the pixel
detector but with coarser granularity. It consists of four rectangular
barrel layers in the central region and nine trapezoidal disks on each
end-cap. The silicon micro-strip modules have a mean strip pitch of 80
pm, while for the end-cap modules the strip pitch varies between 56.9
pm and 94.9 pm. Each module features two layers of sensors that are
glued back to back with a small stereo angle of 50 mrad to allow a 2D hit
reconstruction in the module plane. The modules provide an intrinsic
resolution of 17 x 580 ym?. Each track has an average of 8 hits in the
SCT.

Transition Radiation Tracker

The TRT is the largest and outermost subdetector of the ID. The barrel
covers a radial distance of around 50 cm, starting from r = 554 mm. In
this volume 50,000 gas-filled straw tubes are installed, each with a gold
plated tungsten wire in the middle of the tube. When a charged particle
crosses the tube, the gas is ionised and the electrons drift towards the
wire, where the signal is read out. The straw tubes have a diameter
of 4mm and provide an intrinsic resolution of 130 pum via drift time

29



Sec. 2.2. The ATLAS Experiment

measurements. Each track has an average of 36 hits in the TRT, allowing
for a precise track reconstruction and momentum measurement.

Furthermore, the TRT allows to differentiate between electrons and pi-
ons or other massive hadrons. Relativistic particles produce transition
radiation when crossing the foils and polymer fibers located between the
wires. The amplitude of this radiation is inversely proportional to the
mass of the particle resulting in stronger emission of light from electrons
in comparison to hadrons.

2.2.2. The Calorimeters

Calorimeters are designed to stop and absorb most particles generated in
a collision and measure their energy. Particles interact with the calorime-
ter material producing particle showers and depositing all their energy
within the detector. ATLAS uses sampling calorimeters where layers
of absorber material to induce the particle showers are alternated with
active media to provide a detectable signal.

The calorimeter system is located outside the solenoid magnet which
surrounds the ID. It consists of several specialised calorimeters with two
different technologies. The layout of the calorimeter system is shown
in Figure 2.7. Liquid Argon (LAr) is used as the active medium in the
electromagnetic barrel and end-cap calorimeters but also in the hadronic
end-cap calorimeter and the Forward Calorimeter due to the high radia-
tion environment in those regions. The rest of the hadronic calorimeters,
referred to as the Tile calorimeter, are located further away from the
beam pipe and consist of the Tile barrel and the Tile extended barrel.
The Tile calorimeter uses scintillating plastic tiles as active material.

The EM Calorimeter

The LAr EM calorimeter [50] is used to measure the energy of electrons
and photons by exploiting the fact that they produce an EM shower.
Positrons, electrons or photons with energies of above a few MeV undergo
mainly two dominant types of interactions with matter:

e Pair production, corresponding to a photon interacting with a nu-
cleus producing an electron positron pair.

e Bremsstrahlung, corresponding to electrons or positrons emitting
a photon.
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Figure 2.7.: Detailed layout of the ATLAS calorimeter system [49].

The alternation of these two processes produce particle showers which
end when the photon’s energy falls below the pair production energy
threshold and other processes start to dominate.

In ATLAS, lead or stainless steel and liquid argon are interspaced to
build the EM calorimeters. The lead has a short radiation length which
initiates a particle shower. The secondary electrons produced in the
shower ionise the narrow gaps of liquid argon inducing a signal via the
released electrons. This allows to absorb the EM shower and measure
the energy of the original particle which induced the shower.

The Hadronic Calorimeter

Hadronic showers are drastically different from EM showers. They are
longer and start later, hence the hadronic calorimeter is located further
away from the collision point, after the EM calorimeter. They are also
much more complicated than EM showers since a certain fraction of
the energy is fundamentally undetectable and the EM showers are also
produced within the hadronic showers.

Hadrons, which are sensitive to the strong force, interact with the nuclei
in the calorimeter material (nuclear interactions) producing pions and
other hadrons. This is the start of a hadronic shower. Different types of
interactions and energy depositions can occur inside the shower:
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Figure 2.8.: Composition of the ATLAS Tile calorimeter [52].

e Nuclear interactions: These include ionising particles (e.g. protons
or pions) and neutrons.

e EM interactions: Approximately 1/3 of the pions produced in
hadronic showers are neutral 7° which quickly decay to a pair of
photons generating EM showers.

e [nvisible component: Some energy of the hadronic showers is fun-
damentally undetectable. For example, muons created as decay
products of pions or kaons, which deposit a very small part of
their energy in the calorimeter, and long lived or stable neutral
particles like KOL or neutrinos.

The hadronic Tile calorimeter 51|, shown in Figure 2.8, uses steel plates
as absorber and plastic scintillating tiles as the active material. The light
from these tiles is transmitted by fibers to photo multiplier tubes, which
produce electronic signals.

2.2.3. The Muon Spectrometer

As mentioned in the previous section, muons escape the calorimeters
without depositing much of their energy so a specific system needs to
be used to detect and measure these particles. The muon spectrometer
(MS) [53] is composed of three large superconducting magnet systems,
high resolution tracking chambers and a fast triggering system.
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Eight toroidal superconducting coils are used to bend a muon’s path and
a total of 4000 individual muon chambers are used to measure its cur-
vature and hence calculate the muon’s direction and momentum. The
muon chambers are constructed using four different technologies depend-
ing on the location and the purpose of the system. The Thin Gap and
Resistive Plate Chambers are part of the trigger system and they are
used, respectively, in the forward regions of the detector (high |n|) where
there is no bending from the magnets, and the central region. The Mon-
itored Drift Tubes (Cathode Strip Chambers) are used to measure the
muon momentum with high precision, by measuring the track trajectory
with a spatial resolution of 80 pum (60 pm), in the central (forward)
regions.

2.2.4. Triggering and Data Acquisition

Proton bunches collide at the centre of the ATLAS detector 40 million
times per second. Out of the 40 million events per second only a few
are interesting enough to be used in physics analyses. To handle the
challenges posed by such large amounts of data, ATLAS makes use of a
trigger system in order to find and save only those events that might be
interesting for further analysis.

The trigger system is composed of two consecutive stages. First the level
one (L1) trigger reduces the number of events per second from 40 million
to 75 thousand. L1 is a real time hardware trigger, which means that
certain detector components are designed to flag events that leave certain
signatures in the detector. The second step is the high level trigger (HLT)
which further reduces the number of events to approximately a thousand
events per second. HLT is a software trigger composed of a large farm of
CPUs which are used to perform a detailed analysis of the events selected
by the L1 trigger. This is done by looking at the event as a whole or
using data in smaller isolated regions of the detector. It is in this step
that objects are reconstructed by using all the detector information and
events with reconstructed electrons, muons or jets are saved.

A thorough work has to be done at both levels of the trigger system to
optimise the thresholds of the hardware trigger and the algorithms of the
software trigger to ensure that interesting events are not discarded.
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Chapter 3

Analysis Tools

3.1. Simulation of pp Collisions

Computer programs based on Monte Carlo (MC) methods are widely
used in particle physics. These simulations are used together with data
in order to test the different physics models as will be described in Chap-
ters 5-8. In this section, the the introduction to QCD that was given in
Chapter 1 is completed with a detailed description of the simulation of
pp collisions.

Due to the complexity of QCD, several steps are needed to define pp
collisions [54]. The main collision event, also referred to as the hard
scattering, is illustrated in Figure 3.1. It occurs when two partons from
the protons collide, interacting at very short distances. The remnants of
the original protons are no longer colour singlet states and will therefore
interact with each other, presumably softly, generating an underlying
distribution of soft partons known as the underlying event. Prior to the
hard scattering, partons can emit radiation resulting in initial state radi-
ation (ISR). After the hard scattering, the resulting particles are emitted
in different directions. All resulting particles carrying colour charge can
emit quarks or gluons in so-called final state radiation (FSR).

The full simulation of the pp collisions can be divided in two blocks:
The high energy hard scattering collision which can be described by
perturbative QCD, and the parton shower and hadronisation process
which occurs at lower energies and hence needs to be described by a
phenomenological model.
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Figure 3.1.: Pictorial representation of a hard scattering event [55]

3.1.1. Hard Scattering

The total cross section from the hard scattering can be factorised into
two parts: The Parton Distribution Function (PDF) and the Matrix
Element (ME) calculation. The PDF encodes the information about
the distribution of partons within the proton and is therefore needed to
describe the initial conditions of the process. The ME or hard scattering
cross section is computed analytically from the Feynman diagrams of
the hard scattering using QFT. This calculation is performed up to a
fixed order in perturbation theory e.g Leading Order (LO) or Next-to-
Leading Order (NLO), and hence results in infinites and divergencies. If
the ME was calculated at infinite precision the divergences originating
from loops would exactly cancel against those from real emission. The
renormalisation procedure removes these divergencies by absorbing them
into definitions of physical quantities that depend on the renormalisation
scale. The PDF and the ME depend on the so-called factorisation scale
which separates the soft processes described e.g. by PDFs from the hard
processes described by perturbative QCD calculations.

3.1.2. Parton Shower and Hadronisation

All partons generated in the hard scattering, or as a result of ISR or
FSR, behave as free particles at short distances but undergo an increase
in their coupling strength at larger distances (lower energies). During
the transition from the high energies of the hard scattering to lower
energies, the colour charged partons radiate additional quarks and gluons
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resulting in parton showers. The radiation process continues until the
partons reach an energy scale Q ~ 1 GeV and the resulting partons
recombine to form stable colourless hadrons. This stage is referred to as
hadronisation.

The parton shower is approximately simulated by the successive emission
of quarks and gluons from initial or final state partons. Parton showers
are included in the MC simulations to account for the rest of higher order
contributions not included in the ME calculation. Hadronisation models
are used to describe the evolution of the collision for Q% < 1 GeV. The
most used hadronisation models are the string fragmentation [56] and
the cluster hadronisation [57] models.

3.1.3. Monte Carlo Generators

The MC generators can be divided in two groups, those that can describe
the full simulation chain (muti-purpose generators) and those that can-
not (ME generators). Examples of multi-purpose MC generators are
Pythia [58], Herwig [59] and Sherpa [60]. The ME generators, such as
MadGraph [61] and Powheg [62] only describe the hard scattering up
to the ME and hence need to be interfaced with for example Pythia
or Herwig to simulate the additional parton shower and hadronisation
model.

Some generators may describe a specific process better than others and
hence MC simulations are compared to data to find which generator
best describes the process. An uncertainty, referred to as a modelling
uncertainty, is derived by comparing the prediction from different MC
generators and parton shower models in order to account for possible
mismodellings by the generators.

3.1.4. Detector Simulation

The MC generators simulate the particles present in the event at the
so-called truth level. In order to compare these simulations to the data
recorded by the ATLAS experiment, the detector response to the truth
particles needs to be simulated. The detector simulation models the
interaction of the particles with the detector. The detector simulation
software GEANT4 [63] is used to obtain a detailed simulation of the AT-
LAS detector (full simulation). Alternatively, a less refined simulation
that requires less CPU time can be obtained with the Atlfast-II or AF2
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simulation software [64] (fast simulation). The output of the detector
simulation resembles the raw data that is read out from the ATLAS de-
tector. The last step is to reconstruct the simulated data with the same
software as used for the real data. The combination of the MC generator
with the detector simulation and data reconstruction results in simulated
events at the so-called reconstruction level.

3.2. Statistical Analysis

In particle physics the discovery or exclusion of a new physics model is
performed using hypothesis testing. The null or background-only hy-
pothesis (Hp) describes the known physics processes (SM). The alterna-
tive hypothesis, known as the signal-plus-background hypothesis (H;)
includes the new phenomena (BSM). The level of compatibility of the
observed data with each of the two hypotheses is used to make a state-
ment about the validity of the SM or the new physics model. The two
hypotheses can be commonly described by introducing a signal strength
modifier (u), which acts as a multiplicative factor for the signal cross
section. The signal-plus background hypothesis corresponds to u = 1
and the background hypothesis corresponds to p = 0.

3.2.1. Signal and Control Regions

In order to detect a specific signal a set of selection criteria, referred to
as a signal region (SR), is defined with the aim to retain the highest
possible number of signal events with as few background events as pos-
sible. The background events originate from SM processes that result in
similar signatures in the detector and therefore pass the selections of the
SR. Different methods can be used to define the SR, some analyses take
advantage of machine learning techniques to best separate signal from
background while others use the so-called "cut & count" approach. The
latter involves applying cuts to a set of variables for which the shape
differs between signal and background. Examples of both approaches
are presented in this thesis: A "cut & count" selection is used in Chap-
ters 5 and 6 while machine learning techniques are used to separate signal
and background in Chapters 7 and 8.

Although the SRs are defined to select signal events, some amount of
background events is expected to pass the selections. The background
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events are either estimated purely from MC simulations or from MC
simulations that are further corrected using data. The correction is per-
formed by defining a control region (CR), a set of selection criteria similar
to the SR but altered to ensure orthogonality to the SR and high purity
of a certain type of background events. In the CR, a correction factor
(normalisation factor, NF) for the corresponding background is derived
by scaling the number of simulated events of that background so that
the total number of simulated events matches the number of data events
in the CR. Several CRs, defined to correct different backgrounds, may
be defined and a global fit is performed to simultaneously obtain all
corresponding NFs and apply them to the SR.

3.2.2. Likelihood Function

The probability that the observed data originates from the tested hy-
pothesis is calculated using the likelihood function L. Considering the
minimum division in which the observed data is classified, i.e. one single
histogram bin for each region, the expected number of events in the bin
1 can be written as

E; = ps; +b; (3.1)

where s; and b; correspond to the expected number of signal and back-
ground events respectively in the ¢-th bin. This expectation has to be
compared to the observation of n; events in data. Assuming that the
data follows a Poisson distribution, the likelihood for the observed data
to be produced by hypothesis H, is

(us; + b;)™

- e~ (ksitbi) (3.2)

Li(p) =

The prediction of the model however, is affected by systematic and sta-
tistical uncertainties. The effect of these uncertainties on the predictions
can be modelled through nuisance parameters (NPs) 6. A variation in
a NP produces a change in the expected number of events, s;(6) and
b;(0), therefore the maximisation of the likelihood leads to adjustments
of the NPs in order to improve the agreement of the expectation with the
observed data. A NP is characterised by a probability density function
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p(0), encoding the information about its best estimate and width, which
is related to the size of the uncertainty. Gaussian functions are used
for the different systematic uncertainties, whereas Gamma functions are
used for the statistical uncertainties and log-normal functions for the
normalisation uncertainties.

The final likelihood function can be written as

N M
= I[H e [ oo 53)

where the index ¢ runs over the N measurement bins and the index k
runs over the M NPs. The likelihood function can be globally maximised,
which includes fitting both the signal strength and the NPs to obtain the
so-called maximum likelihood estimator or best fit value.

3.2.3. Profile Likelihood Ratio

As demonstrated by the Neyman-Pearson lemma, the optimal discrimi-
nator when testing an hypotheses H,, (which can be either Hy or Hy) is
given by the profile likelihood ratio A(u), which is defined as

Ly, 0(1))
A = " 3.4
=" pt 3.4
where the numerator contains the conditional maximum likelihood L (g, 0(1))
i.e. the best fit value for a given u, and the denominator contains the
unconditional maximum likelihood L(fi,0) i.e. the overall best fit value.
The profile likelihood ranges from 0 < A < 1. Values of A ~ 1 imply
good agreement between the data and the hypothesis H,.

3.2.4. Hypothesis Testing

In ATLAS, the compatibility of the observed data with a given hypoth-
esis is quantified using the test statistic g,,, defined from the profile like-
lihood ratio as
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qu = —2InA(p) (3.5)

The probability that the observed data originates from the considered
hypothesis, also known as p-value (p,), is computed as

P = /q T Fauln)da, (3.6)

u,0bs

where a low enough p,, indicates that the tested hypothesis is false. The
conventions used in the field to make this statement are defined in the
next sections.

Testing for Discovery

The first step in hypothesis testing is to calculate the compatibility of the
Hj hypothesis to data. The pg gives the probability that the background-
only hypothesis generates a number of events at least as large as the
observed number. In this sense a high py value indicates that the ob-
served number of events is compatible with the background expectation,
making any discovery unlikely. On the other hand, a pg very close to
0 would reject the Hy hypothesis and therefore indicate evidence for or
even discovery of new physics.

The pg can be converted into the corresponding significance Z, defined as
the number of standard deviations (o) that correspond to an upper-tail
probability pg for a Gaussian-distributed variable. The significance 7 is
defined as

Z =" (1~ po) (3.7)

where ®~! is the inverse Gaussian Cumulative Distribution Function.
For large enough datasets where the so-called asymptotic approximation

is valid Z = \/qo [65].

The conventions used in particle physics to reject the Hy hypothesis as a
function of the p-value and significance are summarised in Table 3.1.

A significance Z > 30 is required to claim evidence for new physics while
a significance of Z > 50 is required to claim discovery of new physics.
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Table 3.1.: Conventions for discovery tests as a function of the signfifi-
cance Z and p-value

Conclusion Z | 1—po (%) Do
Not signficant 20 95% 0.05
Evidence for new physics | 30 99.7% 0.003
Discovery of new physics | 50 | 99.9997% | 3-10~7

If Z < 30 the deviation from the Hy hypothesis is considered to not be
significant and the H; hypothesis is tested.

Testing for Exclusion

If Hy cannot be rejected because no significant evidence of signal is found,
the H,, hypothesis is tested to set upper limits to u. The p,, gives the
probability that the signal plus background hypothesis with a signal
strength = p generates a number of events at least as large as the ob-
served number. By convention, a probability p, < 5%, equivalent to
a Z > 20, is considered low enough as to exclude the existence of new
physics with a given u. If 4 = 1 is excluded then the new physics model
can be considered to be falsified.

The p,, value extracted from the observed data can lead to unphysical
exclusions due to statistical fluctuations when a downward fluctuation
in the observed number events occurs. In order to avoid exclusions of
values that the search is a priori not sensitive to, the CLs method [66] is
used. The CLs value is defined as a ratio of probabilities

Du
CLs = —— 3.8
1 —po (3:8)

where p,, and pg quantify the compatibilities between the data and the
Hy or Hy hypotheses respectively. For searches at the LHC, the CLs
value is used instead of p, to set upper limits. This convention is also
referred to as 95% confidence level (CL). If CLs < 0.05, the signal-plus-
background hypothesis with a signal strength p is excluded at 95% CL.
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3.2.5. Blinding and Asimov Dataset

All searches for new physics performed by the ATLAS experiment are
blinded in their development stage. This means that no data is used
in the SR until the analysis strategy has been fixed and the dominant
uncertainties have been evaluated. In a blinded analysis real data is used
in the CRs and pseudo-data is used in the SRs. This allows to correct the
MC-based background prediction with data from the CRs and evaluate
the expected performance in the SR without being biased to possible
statistical fluctuations from the data in the SR.

The so-called Asimov dataset, a pseudo-dataset where the number of
events is equal to the background expectation value, is used to evaluate
the expected significance and upper limits to a given signal. For some
tests, e.g. the signal injection tests that will be described in Chapter 8,
the predicted signal can also be included in the Asimov dataset.

Once the analysis strategy is fixed and the analysis is unblinded, the
Hy and H; hypothesis are tested using real data in the SR. These are
referred to as the observed results. Both expected and observed results
give relevant information about the analysis and are therefore presented
in all ATLAS searches.
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Chapter 4

Particle Identification and Object
Reconstruction

In order to study the pp collisions produced at the centre of the detector,
several physics objects need to be reconstructed. Hits in the tracking de-
tector, energy deposits in the calorimeters and hits in the MS are used to
reconstruct the particles produced in the collision. These reconstructed
physics objects are later employed in the physics analyses. This chapter
describes how the different objects, used in Chapters 5-8 are section.

4.1. Tracks and Vertices

Charged particles with pseudorapidities of |n| < 2.5 produce hits in
the ID as they traverse the active measuring elements. These hits or
clusters of signals in the silicon pixel, micro-strip sensors and TRT are
used to identify trajectories of charged particles usually referred to as
tracks. Track reconstruction requires several steps: Cluster information
is used in an iterative combinatorial track-finding algorithm to recon-
struct all possible track candidates. These tracks are later processed at
an ambiguity-solving stage to remove overlaps and only the track candi-
dates that pass the quality criteria are retained. A Neural Network (NN),
trained to identify merged clusters, is used to aid the ambiguity solver
[67] and minimise the loss of efficiency. Finally, a high resolution fit is
performed with all available information. The tracks which pass through
the ambiguity-solving without modification are added to the final track
collection |68].

Two or more tracks can be used to reconstruct their origin or interaction
point known as a vertex. The precision of the reconstructed vertex po-
sition improves with increasing track multiplicity. The primary vertex
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(PV), corresponding to the position of the hard scattering pp collision,
is chosen as the candidate that maximises the p?r of the sum of associ-
ated tracks [69]. Secondary vertices (SV), coming e.g. from decays of
particles with long lifetimes, can also be reconstructed.

4.2. Electrons and Photons

Electrons and photons deposit their energy entirely or mostly in the EM
calorimeter in the form of EM showers. The shower, which was described
in Section 2.2.2, is reconstructed from groups of calorimeter cells referred
to as topological clusters. The calorimeter cells must have an absolute
energy at least 4 standard deviations above the average noise to be part
of the topological cluster. Superclusters, formed by a seed topological
cluster with associated satellite topological clusters, are reconstructed
independently for photons and electrons [70]. An object might be recon-
structed both as a photon and an electron supercluster. These cases are
marked explicitly as ambiguous, allowing the final classification of these
objects to be determined based upon the specific requirements of each
analysis.

Electrons are charged particles and can therefore be distinguished from
photons by the tracks they form in the ID. Electron reconstruction re-
quires the match of a supercluster to at least one track in the ID. If no
tracks can be associated to the electromagnetic shower, the object can
be reconstructed as a photon. About 20% of the photons at low n and
up to about 65% at |n| = 2.3 pair-produce an et e~ pair within the
volume of the ID resulting in two tracks with close trajectory. These
photons are referred to as converted and the vertex reconstructed from
the decay tracks is referred to as a conversion vertex. Converted photons
are reconstructed by matching a supercluster to at least one conversion
vertex. Un-converted photons are reconstructed from superclusters that
do not match to neither a track nor a conversion vertex. Converted pho-
tons may be misidentified as electrons if one of the components of the
et e pair is not recognised.

The energy of the reconstructed electrons and photons is calibrated fol-
lowing the procedure described in [71]. Different selection criteria that
differ on the purity of the selected electron and photon objects, are
provided to satisfy the varied requirements from physics analyses. In
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electron identification, four operating points are defined to cover vari-
ous possible electron selection efficiencies and their corresponding back-
ground rejection efficiencies, these operating points are referred to as
Tight, Medium, Loose and VeryLoose, where all electrons passing the
Tight criteria also satisfy the other criteria [72]|. In photon identification
only two levels of identification are considered, Tight and Loose. This is
described in detail in |73].

4.3. Muons

Muons are characterised by escaping the calorimeters and leave hits in
the MS. Therefore their reconstruction is based on tracks reconstructed
in the MS but complemented with information from the ID, and the
calorimeters. Three different types of reconstructed muons are consid-
ered. Standalone muons are reconstructed linking tracks in the MS to the
interaction point taking into account the energy loss in the calorimeters.
Combined muons are reconstructed using their full track by matching
the standalone muon tracks to the tracks in the ID. Muons with low
pr which do not have enough momentum to reach the muon system are
reconstructed using calorimeter information and tracks in the ID and are
referred to as calorimeter-tagged muons. Four muon identification selec-
tions, Tight, Medium, Loose, and High-pr, are provided [74] to be used
depending on the specific requirements of different physics analyses.

4.4. Jets

As introduced in Section 3.1, the partons produced in the hard scatter-
ing and their radiated partons interact to form different hadrons. The
hadrons interact with the detector material, as described in Section 2.2.2,
producing hadronic showers in the calorimeters. Since the full process
leading to hadronisation begins with an outgoing parton of the hard
scattering with a relatively high momentum, the hadrons tend to be pro-
duced in the same direction as the outgoing parton resulting in groups
of collimated particles (jets).

The ATLAS experiment uses the so-called anti-k; algorithm [75] to re-
construct jets. This is a successive recombination algorithm which iter-
atively merges pairs of objects according to a pre-defined distance be-
tween them and their pp. Jets can be reconstructed using information
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from the calorimeter, tracks in the ID or both. The so-called topo jets
are reconstructed using information from the topological clusters |71].
The particle flow (pflow) [76] jets, which are an improved version of the
topo jets, use both topological clusters and track information as input
to the jet reconstruction algorithm. These methods can reconstruct jets
with pr> 20 GeV. Lower pr jets can also be reconstructed using track
information only, these are referred as track jets. In this thesis, jets
are reconstructed using the anti-k; algorithm with the distance param-
eter set to 0.4. The search in Chapter 6 uses topo jets while the more
modern pflow jets are used in all other chapters.

Jet reconstruction algorithms are required to perform well when con-
fronted with possible QCD divergencies. The jet algorithm should there-
fore be able to reconstruct the same jet with the presence or absence of
soft radiated particles. This is known as infrared safety. It should also
be insensitive to replacing one particle with two collinear particles. This
is known as collinear safety. Furthermore, the jet algorithm is expected
to be independent of the input type and reconstruct the same final state
from simulated partons, simulated particles or energy deposited in the
calorimeters.

The ATLAS experiment has what is called non-compensating calorime-
ters, which means that the response to hadrons is lower than the re-
sponse to particles interacting electromagnetically and this is corrected
through the so-called jet energy scale (JES) calibration. Furthermore,
energy from the underlying event and pileup can sometimes be included
in the jet reconstruction. To account for these and other effects, the
reconstructed jets need to be corrected through different calibration pro-
cedures [77].

4.5. B-tagging

Top quarks and Higgs bosons as well as many hypothetical BSM parti-
cles often decay to b-quarks which hadronise to form b-hadrons. A jet
containing a b-hadron is referred to as a b-jet, a jet containing a c-hadron
but no b-hadron is referred to as a c-jet, while a jet containing neither a
b-hadron nor a c-hadron is referred to as a light-flavour jet.

The identification of b-jets, referred as b-tagging, is an important tool
used in the ATLAS physics program. The b-tagging algorithms exploit
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the characteristic features of b-hadrons: long lifetime, high decay mul-
tiplicity and high mass. Due to the long lifetime of b-hadrons, b-jets
are characterised by being spatially matched to a SV which is displaced
from the PV. The SV is the point where the the b-hadron decays. The
transverse (dp) track impact parameter (IP) is defined as the distance of
closest approach from the track trajectory to the PV in the transverse
plane. The longitudinal track IP (zp) is defined as the distance in the
z-direction between the PV and the track trajectory at the point of clos-
est approach in the x — y plane. The presence of the SV results in a
high IP of the tracks originating from the b-hadron decay, as illustrated
in Figure 4.1.

IP >0

IP < 0\‘ primary vertex

Figure 4.1.: Graphical illustration of the signed IP of tracks in the jet.

The decay point of the b-hadron must lie along its flight path, hence
the IP components are signed to discriminate between tracks produced
in a b-hadron decay and those that are reconstructed with a large IP
but actually originate from the PV. Tracks are assigned a positive IP
if the angle between the jet direction and the line joining the PV and
the point of closest approach to the track is less than 7/2 and negative
otherways [78]. Tracks from decays of long lived particles have large
positive IP making the signed IP a suitable discriminating variable for b-
tagging. The decay length significance, defined as the distance between
the PV and the SV vertex divided by the uncertainty, is also a good
discriminant between b-jets and light-flavour jets. This variable is signed
with respect to the jet direction in the same way as the track IP is.
Vertices are assigned a positive decay length if the angle between the
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jet direction and the line joining the PV to the SV is less than 7/2 and
negative otherwise.

Different low level taggers have been developed to focus on specific
flavour-tagging sensitive features [79]. The large IP of tracks originating
from the b-hadron decay are exploited by the IP2D and the IP3D algo-
rithms [80]. The track IP correlations are exploited by the track-based
recurrent NN (RNNIP) [81]. The SV algorithm [82] attempts to reconstruct
the SV from the b-hadron decay and the JetFitter algorithm [83] fo-
cuses on the topological decay structure of weak decays of b-hadrons.
These low level taggers are later used as input to more complex high
level taggers which result in significantly improved b-jet identification
performance.

The analyses described in this thesis use either the MV2 [80] or the
DLir [84] high level taggers. Both algorithms are trained on a hy-
brid sample of simulated jets where b-jets are considered signal and
c- and light-flavour jets are considered background. Furthermore, they
use the information from the low level algorithms IP2D, IP3D, SV1 and
JetFitter together with the jet variables pr and 7 as input to the al-
gorithms. The MV2 tagger is a Boosted Decision Tree (BDT) algorithm
which is trained using the ROOT Toolkit for Multivariate Data Analysis
(TMVA) [85]. Specifically the widely used MV2c10 algorithm contains
10% of c-jets in the background sample. The DL1r tagger is an arti-
ficial deep NN trained using Keras with the THEANO [86] backend.
Its topology consists of a mixture of fully-connected hidden layers and
maxout layers. Additionally to the already described input, DL1r uses
the RNNIP algorithm as input to the NN, as well as a set of variables to
discriminate against c-jets. The background sample used to train this
algorithm contains a fraction f. =1.8% of c-jets. The DL1r tagger has a
multidimensional output corresponding to the probabilities for a jet to
be a b-jet, c-jet or light-flavour jet. The final b-tagging discriminant is
given as

Py

DL1r discriminant = In
Jepe+ (1 - fc) * Plight

(4.1)

The performance of the b-tagging algorithms is estimated by the b-
tagging efficiency (€%), c-tagging efficiency (e°) and light-jet tagging ef-
ficiency or mistag rate (¢€h*). The different tagging efficiencies depend
on the jet kinematics and are defined as
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o # taggeq f-jets (4.2)
# f-jets

where f = b, ¢, light. A high €’ is essential to correctly identify b-jets, but
low €© and €8Pt are required to avoid large c- and light-jet contamination.
Jets are considered b-tagged if the output score of the high level algorithm
is above a certain threshold. This threshold is referred to as a operating
point (OP). The OPs are chosen such that each of them result in a
desired b-tagging efficiency. The tightest is the 60% OP which tags only
60% of the b-jets but in turn has very low mistag rate. The loosest OP
corresponds to a b-tagging efficiency of 85% and intermediate OPs of 70%
and 77% b-tagging efficiency are also defined. The intervals between the
OP boundaries are referred to as pseudo-continuous OPs.

The b-tagging algorithms are trained using simulated events which may
not predict data perfectly. A calibration is performed to correct possible
mismodellings of the algorithms. The calibration of the mistag rate is
described in detail in Chapter 5. The b-tagging and c-tagging efficiencies
are calibrated using data samples of b-jets and c-jets from top quark
decays (87, 88|.

4.6. Missing Transverse Energy

Some particles escape the detector volume without being detected, this
is the case for e.g. neutrinos and hypothetical DM particles. To infer
the presence of these invisible particles, energy and momentum conser-
vation can be exploited. The longitudinal momentum of the partons
before the collision is not known and the outgoing particles close to the
beam axis cannot be detected, making the reconstruction of the missing
longitudinal momentum impossible. On the other hand, the transverse
component of the particles momentum before the collision is zero. It is
therefore possible to calculate the negative vectorial sum of the transverse
momenta of all reconstructed particles and detector energy deposits in a
given event, referred to as missing transverse momentum vector (pp™iss).
The magnitude of pp™, referred to as missing transverse momentum
(Emiss) is a measure of the sum of the pr of all undetected particles
created in the collision [89].
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Chapter 5

Mistag Rate Calibration

This chapter describes the calibration of the light-flavour jet mistagging
efficiency of the b-tagging algorithms with Z-jets events using 139 fb~*
of ATLAS pp collision data at /s = 13 TeV [1|. The calibration is
performed on different jet collections and algorithms but only the results
for pflow jets and the DL1r algorithm are shown here.

5.1. Introduction

The most common source of light-flavour jet mistags is the finite res-
olution of the ID that can cause tracks that originate from the PV to
get reconstructed with large IPs or form fake SVs. The mistags of light-
flavour jets can also be caused by the presence of tracks from particles
with long lifetimes (e.g. K9 or AY) and material interactions (hadronic
interactions and photon conversions).

To properly evaluate and correct the performance of b-tagging algorithms
MC simulations which describe known physics processes are used to-
gether with the data recorded by ATLAS. The flavour-tagging efficiency
in data (egata) is compared to the efficiency in simulation (61]:/[0) and scale

factors (SF), defined as

f
SF/ = “data (5.1)
M

are extracted and used to calibrate the b-tagging algorithms. The SFs
are measured for each jet flavour and b-tagging OP.
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The DL1r algorithm rejects 97.52% (99.96%) of the light-flavour jets at
the 85% (60%) OP. Since the fraction of mistagged light-flavour jets is
so low, egi,};; cannot be measured directly with enough precision. Two
alternative methods can nevertheless be used to calibrate the eight: The
negative-tag method and the adjusted MC method [78]. The former
measures egi?; using a modified version of the DL1r algorithm that has a
higher fraction of mistagged light-flavour jets. This method is thoroughly
described in Section 5.3. The latter estimates egil; using MC simulations
that have been modified to reproduce data. Accurate measurements of
track performance are made for both data and MC and this information
is used to modify the MC simulation. The SF'gb is then obtained using
the modified MC as a proxy for data, eliminating the problem of limited

statistics.

5.2. Samples and Event Selection

The €elight calibration is performed using a sample of Z bosons produced
in association with jets (Z+jets). Events with two central same-flavour
opposite-sign leptons (I = e or ) compatible with the decay of a Z boson,
i.e. with a di-lepton invariant mass (my;) of 81.0 GeV < my; < 101.0 GeV,
and pp(Z) > 50 GeV are selected. Electron (muon) candidates must have
|n| < 2.47 (2.5) and the leading (sub-leading) lepton is required to have
pr > 28 (18) GeV. Furthermore, all events must have at least one jet
with pp > 20 GeV and || < 2.5.

MC samples of Z+jets events are simulated with two different gener-
ators. Nominal samples are generated using Sherpa [60]. Alternative
samples, used to estimate systematic uncertainties and MC efficiencies,
use the MadGraph [61] event generator interfaced with Pythia8 [58] for
the parton shower. Other processes that pass the event selection are also
simulated. The ZZ and ZW production are generated with Sherpa. Di-
leptonic top-quark pair production ¢t samples are generated using the
Powheg Box v2 [90] generator interfaced with Pythia8 for the parton
shower.

Comparisons between data and the simulation for the most relevant kine-
matic variables are shown in Figure 5.1. The normalisation of the simu-
lated Z+jets events is adjusted to make the number of events in the MC
simulation match the data to better appreciate any discrepancies in the
shape of the distributions. The discrepancies in the leading jet pt and
SV mass (mgy) distributions are mitigated with a binned fit to data
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which will be described in detail in the next section. The mgy is defined
as the invariant mass of the set of tracks selected by the SV algorithm.
Negative mgy values indicate that no SV is found in the jet.
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Figure 5.1.: Comparisons between data and simulation for the most rele-
vant kinematic variables after event selection [1]. The shaded
area corresponds to the statistical uncertainties of the MC
simulations.
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5.3. Negative-Tag Method

The negative-tag method calibrates the €'8" in data using a modified

version of the DL1r algorithm called DL1rFlip. Tracks matched to light-
flavour jets typically have nearly symmetric signed IP and signed decay
length distributions. On the other hand, tracks matched to b- and c-
jets tend to have distributions with positive tails. This is illustrated in
Figure 5.2 which shows the dy and zy components of the IPs of tracks
matched to jets. The DL1rFlip algorithm uses the same training and
OP-threshold as the DL1r but it inverts the sign of the IP of tracks, and
decay length of vertices achieving a lower € to 8" ratio than the DL1r
without significantly modifying €82, This is shown in Figure 5.3, where
the distributions of the DL1r and DL1rFlip discriminant are compared
for b-jets and light-flavour jets respectively. The distributions are simi-
lar for light-flavour jets but significantly differ for b-jets. The DL1rFlip
algorithm can therefore be used to calibrate €'8" in data. A jet that
satisfies the normal output discriminant criteria of a flipped algorithm
is considered to be negatively tagged. The distributions for the DL1ir
and DL1rFlip discriminants are shown in Figure 5.4. These compar-
isons show that the fraction of light-flavour jets is much higher for high
DL1rFlip values than for high DL1r values. At the 85% (60%) OP, 25%
(1%) of the jets selected by the DL1ir algorithm are light-flavour jets,
while at the same OP, 38% (6%) of the jets selected by the DL1rFlip
algorithm are light-flavour jets.
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Figure 5.2.: Normalised signed IP distributions for tracks associated to
light-flavour, c- and b-jets in multijet events generated with
the Pythia8 event generator [1].
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Figure 5.3.: Comparison of the DLir and DL1rFlip discriminant for dif-
ferent jet flavours. The dashed vertical lines indicate the
boundaries of the pseudo-continuous OP intervals [1].
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Figure 5.4.: Comparisons between data and simulation for the discrimi-
nant distributions of the b-taggers [1]. Statistical uncertain-
ties of the yields are shown.

In order to account for the pr dependence of eight the calibration is

performed independently in intervals of the leading jet pr distribution.
The SFUght and SF? are then measured in data through a simultaneous
binned fit to the mgy distribution in pseudo-continuous intervals of the
DL1irFlip discriminant. Exploiting mgy to measure SF®, in addition
to SFlight considerably reduces the uncertainties arising from the heavy
flavour contamination with respect to the previous published calibration
[78]. Unfortunately the fit does not have enough discriminating power to
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Sec. 5.3. Negative-Tag Method

calibrate all three flavours and the SF¢ needs to be estimated separately
and given as inputs to the fit. Figure 5.5 shows the DL1rFlip discrim-
inant and the mgy template for the 77-70% pseudo-continuous OP in
the 50 < jet pr < 100. GeV interval.

T R e B
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ERRRRRRE
ATLAS + Data
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Figure 5.5.: Distributions of the fit templates for the 77-70% OP [1].

For a given interval of jet pr, the expected number of jets for a given
pseudo-continuous OP interval i is given by

Ni(mSV) = Ni,MC x C' x Z Ff X SFZf X G{,MC X Pif(ms\/) R
f=light,c,b

where V; vic is flavour inclusive event yield in the i*h DL1rFlip interval
predicted by MC; C is a common NF; F/ are the jet flavour fractions;
Pif (mgy) is the mgy probability density function for jet flavour f in
the 4th DL1rFlip interval. N;mc and eI{/IZC are fixed to the predictions
from MC and SF¢ is set to 1.0 £ 0.3. The C, F/, SF? and SF?ght are
free parameters that are allowed to float in the fit. The constraints
Flight — 1 _ pb_ pe and Z?:l e;Mmc X SF; = 1, where the contributions
to the first bin are allowed to vary such that unitarity is preserved, are
also applied. The parameters of interest, i.e. the SFUght are obtained
for the DL1rFlip algorithm. The calibration of the DL1rFlip algorithm
is then applied to the DL1r. An extrapolation uncertainty is added to
account for the differences between these algorithms.
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Sherpa Z+jets events are used to build the mgy and DLirFlip dis-
criminant templates because this MC sample better models the data.
However, 6£ mc s extracted from MadGraph Zjets events interfaced
with Pythia8 for the parton showering. The SFs that are provided by
the calibration should therefore be considered as corrections to €8 in
samples produced with MadGraph+Pythia8 parton shower. To correct
MC samples produced with other event generators and parton shower
models, additional MC-to-MC corrections needs to be applied.

5.4. Uncertainty Estimation

Several sources of uncertainty are considered in this calibration. The aim
of this section is to give a brief introduction to the different uncertainties
that are included in the results.

The ‘Flip’ extrapolation uncertainty accounts for the differences be-
tween calibrating the DL1rFlip and DL1r algorithms. The adjusted MC
method, described at the beginning of this chapter, is used to extract
pr-dependent SFs for both algorithms. The ratio between the different
SFs is taken as the extrapolation uncertainty. The largest value among
all jet pr intervals is used for the final uncertainty estimate.

The MC modelling uncertainty accounts for differences between MC gen-
erators in the modelling of parton showers, hadronisation and the matrix
element calculation. Fits using Z-+jets events simulated with Sherpa or
MadGraph-+Pythia8 are performed and the absolute difference between
the two SFs is used as an uncertainty.

The c-jet SF uncertainty accounts for the effect of the 30% uncertainty
in SF¢. This uncertainty is estimated from the € calibration of the
DL1rFlip on tf events with one lepton [91]. The effect on the SFlght
measurement is evaluated by shifting the SF¢ to 1.3 and 0.7 and taking
the SF¢ uncertainty to be the mean impact on SFieht from the two
variations.

The impact parameter (dy, zp) uncertainty accounts for modelling un-
certainties in the tracking parameters. A correction factor is estimated
from tt and applied to templates similar to those in Figure 5.5. The
impact of extracting SF'8" from the fits to the corrected templates is
used as an uncertainty.

59



Sec. 5.5. Results

The impact of the statistical uncertainties of the data and MC templates
on SFUgMt are also taken into account. These are implemented following
the Beeston-Barlow method [92]. Cross-check studies are also performed
using a ‘toy’ approach. More information can be found in [1].

5.5. Results

This section summarises the light-flavour jet scale factors for DL1ir ob-
tained with the negative tag method applied to the Z+jets sample. The
85%, 77% and 70% OPs are successfully calibrated. However, even when
using the negative tag method, there are not enough b-tagged light-
flavour jets to calibrate the 60% OP. Due to this limitation, and given
that the SFs for the 77% and 70% OPs do not show significant devia-
tions from unity, the SF for the 60% OP is set to 1. The extrapolation
uncertainty, which is expected to be dominant, is derived specifically for
the 60% OP and found to the slightly larger than for the 70% OP. The
other uncertainties, which are expected to be sub-leading and suffer from
large uncertainties when evaluated for the 60% OP, are assumed to be
identical to the 70% OP.

The results for the light-flavour jet calibration of the DLir algorithm
using pflow jets in Run 2 data in terms of the SFs for the different jet
pr intervals and OPs, are shown in Figure 5.6. Furthermore, Figure 5.7
and Tables 5.1-5.4 show the impact of the different uncertainties for each
jet pr interval and OP. The total uncertainties range from 11% to 23%
and do not have a strong dependence on the jet pp.

Table 5.1.: SFUg uncertainties for the 85% efficiency DLir OP as a func-
tion of the jet pr [1].

Relative uncertainties [%], 85% SFlight single-cut OP

pt bin [ GeV] 20< pr <50 50< pr <100 100 < pt <150 150 < pt <300
c-jet SF 6.1 5.9 6.2 53

‘Flip’ extrapolation 9.7 9.7 9.7 9.7

MC modelling 0.38 2.4 4.4 1

Impact parameter (dy, z) 1 1.3 1 1.2

Total systematic uncertainty 11 12 12 11

Data statistical 0.52 0.56 1.1 1.4

MC statistical 0.88 0.84 0.72 0.4

Total statistical uncertainty 1.1 1 1.4 1.6

Total uncertainty 12 12 12 11
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Figure 5.7.: Uncertainties on the DL1r SF'8" for the different OPs [1].
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Table 5.2.: SFlight yncertainties for the 77% efficiency DL1r OP as a func-
tion of the jet pp [1].

Relative uncertainties [%], 77% SFlght single-cut OP

pr bin [ GeV] 20< pr <50 50<pr <100 100 < pt <150 150 < pt <300
c-jet SF 6.4 6.6 8.2 7.8

‘Flip” extrapolation 11 11 11 11

MC modelling 3.1 39 1.4 22
Impact parameter (dy, zq) 4.8 6.5 24 2.1

Total systematic uncertainty 14 15 14 14

Data statistical 1.3 1.5 3.1 4.1

MC statistical 5.1 52 4.5 2.7

Total statistical uncertainty 5.2 54 5.5 5.1

Total uncertainty 15 16 15 14

Table 5.3.: SFUgh® uncertainties for the 70% efficiency DLir OP as a func-
tion of the jet pr [1].

Relative uncertainties [%], 70% SFlight single-cut OP

pr bin [ GeV] 20< pr <50 50 < pt <100 100 < pr <150 150 < pt < 300
c-jet SF 7.8 6.9 8.2 8.8

‘Flip” extrapolation 11 11 11 11

MC modelling 11 5.3 4 2.6
Impact parameter (dy, z) 9.3 14 3 2

Total systematic uncertainty 20 20 15 15

Data statistical 2.6 3 6 8.8

MC statistical 9.3 12 10 6.3

Total statistical uncertainty 9.7 12 12 11

Total uncertainty 22 23 19 18

Table 5.4.: SFUght uncertainties for the 60% efficiency DL1r OP as a func-
tion of the jet pr [1].

Relative uncertainties [%], 60% SFlight single-cut OP

pr bin [ GeV] 20< pr <50 50<pr <100 100 < pt <150 150 < pt <300
c-jet SF 7.6 6.8 10 9.5

‘Flip’ extrapolation 12 12 12 12

MC modelling 11 5.2 5 2.8
Impact parameter (dy, zg) 9.1 13 3.8 2.2

Total systematic uncertainty 20 20 17 16

Data statistical 2.6 3 7.6 9.5

MC statistical 9 12 13 6.8

Total statistical uncertainty 9.4 12 15 12

Total uncertainty 22 23 23 20
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The obtained SFs have central values close to one, which indicates that
only a small correction is needed to properly model the tagging of light-
flavour jets in data with the DLir algorithm. Furthermore, since most
SFs have values slightly larger than one, we can conclude that the DL1r
algorithm slightly under-predicts the amount of light-flavour jets in data
in comparison to simulation. The calibration is currently limited by
the extrapolation uncertainty for all OPs, however a relatively large MC
statistical uncertainty is also observed for the tighter OPs, where less
events with a light-flavour jet are selected.

The calibration presented in this Chapter has been used by all ATLAS
publications that use data recorded between 20152018, including those
presented in Chapters 6-8. The light-flavour jet scale factors are applied
to correct the performance of the b-tagging algorithms and their uncer-
tainties are included as systematic uncertainties in the analyses. The
calibration of the light-flavour jet mistag rate is crucial for analyses that
select b-jets using a loose OP. For these analyses, which are characterised
by having a large fraction of light-flavour jets, a large uncertainty on
SFlight could hide the targeted signal. For analyses that require tighter
b-tag OPs, and hence have a very low fraction of light-flavour jets in the
SR, a precise mistag rate calibration is less crucial.

63






Chapter 6

Search for New Phenomena in Events
with Top Quark Pairs

This chapter presents parts of the ATLAS publication [2| on the search
for new phenomena with top quark pairs in final states with one charged
lepton, jets and missing transverse momentum.

6.1. Introduction

As discussed in Chapter 1. SUSY can provide solutions to many of the
shortcomings of the SM by introducing supersymmetric partners to the
SM particles. In this chapter an analysis which targets the most minimal
unconstrained supersymmetric model, known as the MSSM, is presented.
In this model the superpartners of the left- and right-handed top quarks
(t1,tR) mix to form two mass eigenstates #; and fo, where #; is the lighter
of the two. In a similar way, the charged (neutral) SUSY partners of the
Higgs and electroweak gauge bosons mix and their linear superposition
forms the chargino Xi  (neutralino X12 3.4) mass eigenstates. In R-
parity conserving SUSY models (like the MSSM) the LSP, usually the
neutralino (X9), is a DM candidate.

Many SUSY models predict that ¢; should be among the lightest SUSY
particles [93] and could therefore be one of the first to be discovered
at the LHC. The analysis presented in this chapter includes a search
for direct #; pair production where each #; decays to t+xY, resulting in
a final state similar to ¢ production but with larger Efl?iss because of
the neutralino pair. A similar final state can be produced by models
where a single spin-0 mediator (¢ or a) is produced together with a
pair of top quarks and decays to a pair of light DM particles (y). The
Feynman diagrams for both models, which are referred to as signals, are
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shown in Figure 6.1. Top quarks are massive and decay quickly to a W=+
boson and a b-quark. W can decay either leptonically (W* — I*v) or
hadronically (W* — g¢’). The search presented in this chapter focuses
on the specific case when one top quark decays hadronically and the
other leptonically resulting in a final state with one charged lepton (u or
e), jets and EsS,

E(b
; 8 ()
’ 4«6 ¢
t _- )2(1) ¢/ﬂ X
- ot
T~o . X
t X(1)
p
. g 0
(a) stop (b) DM

Figure 6.1.: Representive Feynman diagrams illustrating the considered
signals for the thrE%‘iSS search: stop production where the
stop decays into a top quark and the lightest neutralino and
DM s-channel production via a spin-0 mediator. [2]

Due to the fact that SUSY is a broken symmetry, the masses of the
supersymmetric particles are unknown. This analysis assumes that the
t1 is relatively light and decays directly to the LSP ¥, however, different
decay modes are possible depending on the masses of t; and xY, as shown
in Figure 6.2, and specific search strategies need to be defined for each
case. For the specific case where the mass difference (Am) between the
stop and the neutralino (mfl'mi?) is larger than the top mass (my),
which is the focus of this chapter, the stop undergoes a 2-body decay
t1— tX} as shown in Figure 6.1.

6.2. Signal Regions

In order to detect detect the 2-body stop decay and DM, a set of SRs
are defined using a "cut & count" approach. An iterative optimisation
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Figure 6.2.: Illustration of the dominant stop decay modes in the plane
spanned by the masses of the stop (£;) and the lightest neu-
tralino (yV), where the latter is assumed to be the lightest
supersymmetric particle. Stop decays into supersymmetric
particles other than the lightest supersymmetric particle are
not considered [|94].

algorithm [95], that selects the distributions and cuts that yield the best
discovery significance, is used to define a total of 3 SRs. The SRs are
characterised by requiring events to pass the so-called hard lepton prese-
lection defined in Table 6.1 (which is also applied prior to optimisation)
and the set of cuts selected by the iterative algorithm which are defined
in Table 6.2. Details on the SR selection are described in [2]. Two SRs
are defined for the 2-body stop decay signal targeting medium (tN _med)
and high (tN _high) stop masses. A single SR is defined for the DM sig-
nal. Both targeted signals are characterised by large XS from the LSP
or the DM particles and therefore a trigger requiring large Eﬁ?iss at the
HLT [96], is used to select events in the SR. The b-jets are reconstructed
with the MV2c10 algorithm at the 77% OP.

The expected background composition in the three SRs is shown in Fig-
ure 6.3. CRs are defined for the largest backgrounds in each SR in order
to ensure the best possible background prediction. The MC predictions
of these large backgrounds are corrected using the NFs that are extracted
in the CRs. The smaller backgrounds are estimated purely from MC. The
largest background contamination in all SRs comes from top quark pairs
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Table 6.1.: Preselection criteria used for the hard lepton signals described

in this chapter.

Selection hard-lepton

Trigger
Data quality
Second-lepton veto

ET*® triggers only
jet cleaning, primary vertex
no additional baseline leptons

Number of leptons, tightness =1 ‘loose’ lepton

Lepton pr|GeV] > 25
Number of jets >4 (25 GeV)
Number of b-jets >1
Emiss [GeV] > 230
mp|GeV] > 30
|AG(jr,2, D7) > 0.4
mraT > 80

Table 6.2.: Summary of the selection criteria defining the DM,
tN_med and tN_high SRs.

Selection DM tN_med tN _high
Preselection hard-lepton
Njet7 Nb*jet > (472) > (47 1)
jet pr [GeV] > (80,60,30,25) > (100,90,70,50) > (120,50, 50,25)
b-jet pr [GeV] - >80
B [GeV] > 230 > 230 > 520
ER [GeV] - > 400 -
HPS: > 15 > 16 > 25
mr [GeV] > 180 > 220 > 380
topness >8 >9 >8
miecustered [Gev] > 150
AR(b,1) - <238 < 2.6
Ag(jet;, PR, i € [1,4] >0.9 - -
Ap(l, pT™) >1.1 - ]

produced in association with Z bosons (ttZ). The CR for this back-
ground is described in the next section. CRs are also defined for the
top quark pair production (¢t) background, which is a large background
in all SRs. The tN_ med and tN_high SRs also have a relatively large
contamination from Wjets and single top-quark production, therefore
specific CRs for those backgrounds are also defined for those SRs.
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Figure 6.3.: Relative background composition for the different SRs.

6.3. Control Region for the ¢tZ Background

The main background in the tN_med, tN _high and DM SRs is t£Z pro-
duction with the Z boson decaying to two neutrinos. The process, shown
in Figure 6.4, has very similar characteristics to the targeted signals.
The Efrniss associated with the neutrinos from the Z decay cannot be
distinguished from the Effniss associated with the x{ (%) production in
the SUSY stop (DM) signal, making t¢Z(— vv) an irreducible back-

ground.

Figure 6.4.: Feynman diagram for ¢¢Z(— vv) production.

Due to the large contamination of t¢Z(— vv) events in the SR, a CR
needs to be defined. But because it is an irreducible background and
because CRs must be orthogonal to SRs (no events should pass both
selections) it is impossible to define a CR which has a sufficient ttZ(—
vv) purity. Instead, the similarities in event kinematics between ttZ(—
vv) and ttZ(— Il) (where | = e or u) production are exploited. A CR
for ttZ(— 1), which is referred to as the TZCR, requiring three charged
leptons is therefore used to obtain the t¢Z NF. The branching fraction
for ttZ(— 1) is comparatively low and requires a looser CR selection,
but provides a high purity sample.
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Contrary to ttZ(— vv) events, which can be selected by the EXN® trigger,
ttZ(— 1) events need to be selected with another trigger. In the TZCR,
events are selected using a logical OR of a single electron[97] or muon
trigger [98] and are required to have exactly 3 signal leptons, > 4 signal
jets, and > 1 or > 2 b-jets depending on the SR selection requirements.
The lepton pr is required to be 25 GeV for one of the leptons (imposed
by the trigger) and 15 GeV for the rest. For events with electrons, at
least one is required to pass the ‘Tight’ identification criterion. The two
leptons with an invariant mass closest to the mass of the Z boson, i.e.
81 < my < 101 GeV, are selected as the Z(— [l) leptons, and the other
lepton as originating from the top decay.

To mimic the EX of the t#Z(— vv) events, the leptons from the Z de-
cay are treated as invisible and a modified missing transverse energy
(EXiss) is calculated by adding the pgl) from Z(— 1) to the original
E%ﬁss. A cut on E%iss> 230 GeV is applied to define all three CRs.
This cut is the same as that in the corresponding SR except for the
tN_high-TZCR that uses a looser cut in order to reduce the statistical
uncertainties in the CR. The SR jet pr selection criteria are also used to
construct the corresponding TZCR. Furthermore, a 80 GeV pr require-
ment is also applied to the leading b-jet in the DM TZCR. The main
selection criteria for the TZCR (except trigger and lepton identification
requirements) are summarised Table 6.3.

Table 6.3.: Selection criteria used to define the TZCR for the DM,
tN_med, and tN_high SRs.

TZCR | DM tN_med tN_high
Number of b-jets >2 >1
Jet pr [GeV] | >(80,60,30,25) >(100,90,70,50) >(120,50,50,25)
Leading b-jet pt [GeV] >80 >0
my; [GeV] >81, < 101
Emiss [GeV] >230
Lepton pr [GeV] >(25,15,15)

The purity of ttZ events in the TZCR varies. The TZCR for the tN re-
gions, characterised by > 1 b-jets, have a ttZ purity around 60% with
large multiboson contamination around 20%. The TZCR for the DM re-
gion on the other hand, characterised by > 2 b-jets, has a ttZ purity
above 75% with a small multiboson contamination around 7%. Table 6.4
shows the yields in each of the TZCRs. The background composition can
be found in Figure 6.5.
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Table 6.4.: Background composition in the TZCR for DM, tN _med, and

tN_high SRs.

TZCR | DM tN_med tN_high

ttZ 49.88 + 0.56 41.99 +£ 0.56 83.94 + 0.75

Diboson 543 + 0.17  13.72 +£ 0.24 34.49 4+ 0.40

tWZ 5.18 £ 0.32 5.52 + 0.34 10.43 + 0.49

t+ X 410+ 0.16  3.58 £ 0.15  6.90 + 0.21

Z+jets 1.05 + 0.21 1.77 £ 0.23 4.73 + 0.48

tt 1.15 £ 029 233 +0.63 5.39 4+ 0.94

tt+W 0.51 £ 0.06 0.45 £+ 0.06 0.89 + 0.08

Single top | 0.01 £ 0.01  0.03 + 0.02 0.29 + 0.18

W +jets 0.00 £ 0.00 0.00 £0.00 0.00 £ 0.00

Total SM | 67.32 £ 0.78 69.39 4 0.98 147.05 £ 1.47

Data 75 65 135

NF 1.11 1.07 0.92

Vs =13 TeV, 139.0 fb* =:dzul(“7:£:|) ©1%) Vs =13 TeV, 139.0 fb* =&Zul("6;)ozi:‘2 (19.8% Vs =13 TeV, 139.0 fb™* =;Zu|(t:;00/':(23_5%,
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Figure 6.5.: Relative background composition for the different TZCRs.

The possibility to define a multiboson CR from the TZCR by requiring
zero b-jets was also studied. The purity of multiboson events in such
region is around 80% independently of the jet pp requirements. This
CR would be used to correct the MC prediction of the multiboson back-
ground in the TZCRs. Some studies were performed for tN high, since
it has the largest multiboson contribution in both the SR and the TZCR,
but no benefit was observed from the use of a multiboson CR and the
option was discarded.

The post-fit distributions and data-to-simulation comparisons of the
Emiss distributions for the DM and tN_high TZCR are shown in Fig-
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ure 6.6. For the DM tZCR plot, the requirement on ErTniSS is removed and
the arrow indicates the final selection on that variable. Good agreement
is observed between data and prediction, within uncertainties.
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Figure 6.6.: Data-to-simulation comparison of the E%liss distributions [2].
The hashed band includes statistical and systematic uncer-
tainties. The lower panel shows the ratio of data events
to expected events. The distributions shown are post-fit,
i.e. each background is scaled by a NF obtained from a
background-only likelihood fit to the CRs. For (a) the re-
quirement on E{’Jiss is removed and the arrow indicates the
final selection on that variable.

6.4. Systematic Uncertainties

Several sources of systematic uncertainties affecting the signal and back-
ground estimates are considered. These uncertainties can arise from
the theoretical modelling of the relevant processes or be of experimen-
tal origin. They can affect the background estimates in the SR via the
theoretical cross section calculations, via the fraction of MC simulated
background events entering the SR or via the extrapolation between
the CR and SR (the so-called transfer factor). Table 6.5 summarises
the dominant systematic uncertainties of the total predicted background
yield in the SR, obtained from the background only fits.

Experimental uncertainties arise from imperfect modelling of the detec-
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Table 6.5.: Summary of the dominant systematic uncertainties in %
of the total predicted background, obtained from the
background-only fits.

SR Uncertainty (%) tN_med tN_high DM
tt normalisation 4.4 2.7 2.1
ttZ normalisation 9.0 6.8 8.0
W 4jets normalisation 3.0 4.8 -

single-top normalisation 2.8 3.4 -

tt modelling 3.0 9.1 6.1
ttZ modelling 7.7 7.1 3.3
W +jets modelling 2.3 3.8 -

single-top modelling 0.5 0.8 4.2
JER 10.9 5.1 8.3
Effniss experimental 0.7 0.4 1.9
b-tagging experimental 1.7 3.6 4.2
JES 6.0 2.5 2.5
Leptons experimental 1.0 1.6 1.2
Pile-up 1.1 1.2 1.4
Theory 0.9 1.3 1.1
Monte Carlo statistics 4.1 6.6 3.2
Total 19.0 17.2 23.1

tor response and object reconstruction. One example is the b-tagging
experimental uncertainties such as the uncertainty on the light-flavour
jet mistag rate introduced in Chapter 5. Other experimental uncertain-
ties include lepton and EEFiSS reconstruction, JES, jet energy resolution

(JER) and pile-up.

Theoretical uncertainties are related to the ability of the MC simula-
tions to describe the data, both in terms of event properties (i.e. shapes
and kinematic distributions) and the overall normalisation. Different un-
certainties are considered depending on whether the backgrounds have a
defined CR or not. For backgrounds that are estimated directly from MC
simulation using a theoretical cross section, e.g. W+jets and single-top
for the DM SR, a theory uncertainty from the cross-section calculation
and other MC-related characteristics, such as parton distributions, nor-
malisation and factorisation scales, is considered. For the backgrounds
estimated using a CR, e.g. ttZ and tt, modelling uncertainties which
affect the transfer factors and normalisation uncertainties arising from
limited statistical precision in the CRs are considered. The sources of
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modelling uncertainties vary depending on the process, but generally in-
clude the choice of MC generator, the amount of ISR and FSR and the
choice of renormalisation and factorisation scales. Due to the focus of
this thesis on the ttZ background and the definition of its CR, the esti-
mation of the ¢t¢Z modelling uncertainties’ impact on the transfer factor
is described in detail.

ttZ Uncertainties

Modelling uncertainties on the ttZ background only enter in the SR
through the transfer factor TF = yieldgy /yieldcg, therefore the uncer-
tainties (orp) are estimated as

TFNorn - TFAlt

6.1
TFNom ( )

OTF =

where Nom refers to the default ¢¢Z simulation used for the analysis
(aMC@NLO matrix element generator and Pythia8 parton shower), and
Alt refers to alternative MC simulations (either a different choice of ma-
trix element generator or parton shower model, or different choices of
parameters within aMC@NLO).

For ttZ, the considered modelling uncertainties are the renormalisation
and factorisation scales, and the amount of ISR and FSR. To calculate
the modelling uncertainty, the following variations are used as alternative
to the nominal MC:

e Renormalisation scale (ugr) and factorisation scale (up) variations
[2]: The nominal renormalisation and/or the factorisation scales
are scaled with x2 and x0.5. The obtained transfer-factor uncer-
tainties for different combinations are shown in Table 6.6.

e Radiation uncertainty: Alternative samples with more (Var3Up) or
less (Var3Down) ISR and FSR than the nominal sample are used
to obtain the TF ;. Table 6.7 shows the estimated transfer-factor
radiation uncertainty.

The largest of the obtained ¢tZ renormalisation and factorisation and
radiation uncertainties for each SR are selected and used as NPs in the
fits. Table 6.8 shows the pre-fit tZ modelling uncertainties used as
input to the fits. These NPs are pulled and constrained during the fits
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resulting in lower post-fit uncertainties, which were already summarised
for the background-only fits in Table 6.5. ttZ modelling uncertainties on
the transfer factor from the TZCR to the other regions used in the fit
are also estimated.

Table 6.6.: Impact of using alternative renormalisation and factorisation
scales on the transfer factor from the TZCR to the SR. Only
the largest variation, which is obtained when multiplying
both pr and pgr with 0.5, is chosen as renormalisation and
factorisation scale uncertainty. For pup x 0.5, no events pass
the CR selection and the TF cannot be estimated.

OTF (%) (MF&NR) X 2 (/LF&,LLR) x 0.5 HE X 2 MR X 2 MR X 0.5 HE X 0.5
DM 1.2 -2.4 0.2 1.1 -1.7 -
tN_med 1.7 -34 0.8 1.1 -1.9 -
tN_high 1.8 -24 -0.7 1.0 1.7 -

Table 6.7.: Impact of using alternative high (Var3Up) and low
(Var3Down) ISR and FSR scenarios on the transfer factor
from the TZCR to the SR. Only the largest variation for
each SR is chosen as the radiation uncertainty.

orr(%) | Var3Up Var3Down
DM 13.9 -9.6
N med | -18.9 15.2
tN_high | 13.2 -16.7

Table 6.8.: ttZ modelling uncertainties on the transfer factor used as
input to the fits. Two NPs are introduced, one for the renor-
malisation and factorisation scales (R&F) and one for the
amount of ISR and FSR.

Modelling ttZ uncertainty (%) | R&F radiation
DM -2.4 14
N med 34 -19
tN_high 24 -16.7

6.5. Results

For each SR, a background-only likelihood fit is performed to determine
the SM background yield in the SR. The number of observed events and
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the predicted number of SM background events for each SR are shown
in Table 6.9, together with the resulting NFs for each background. Fur-
thermore, the py values (capped at 0.5), which assess the compatibility
of the observed events with the background-only hypothesis are shown
for all SRs.

A good agreement is observed between data and the SM background
estimate in all SRs. The largest excess is observed for the tN _high,
where pg = 0.01. As it was described in Section 3.2.4, a py < 0.003
(Z > 30) is needed to claim evidence of new physics. The small excess in
the tN_high SR is therefore compatible with the SM hypothesis. Since
no evidence of new physics is found, this result extends previous upper
limits on stop pair production models and spin-0 mediator models. The
exclusion tests are however not part of this thesis. Detailed results can
be found in [2].

Table 6.9.: Number of observed events and the predicted number of SM
background events, background NFs and pg-values obtained
from the fit for each SR.

tN__med tN _high DM
Observed 21 17 56
Total SM 21 +4 9.5+ 1.6 56 + 8
tt 72+1.2 2.0+ 1.0 14+4
ttz 8.3+25 3.5+ 1.0 2946
single-top 0.4J_r8:2 0‘2741834% 7T+4
W tjets 2.5+ 2.3 23+10 2564024
Multiboson | 1.49+0.21  1.06 +0.16  1.31 +0.18
Other 0.78+0.06 0.320+0.024 2.15+0.16
tt NF 0987017 0904012  1.12701
t{Z NF 0.957022 0924017  1.1875%
single-top NF | 0.117049 0.22702 -
Wtjets NF | 0967035  0.86+0.17 -
Do 0.49 0.01 0.50




Chapter 7

EFT Interpretation of the Non-Resonant
HH Production Search

This chapter summarises the EFT interpretation of the search for Higgs
boson pair production in the bbyy final state [4]. The search strategy and
event selection, published in [3|, are briefly summarised in Section 7.2.
The H — ~7 decay, one of the channels used for the original Higgs boson
discovery [26, 27|, has a very low branching fraction but benefits from the
very clean discrimination between signal and background provided by the
sharp m,, peak. The H — bb decay has the largest branching fraction
but is harder to discriminate from other backgrounds with jets. The
HH — bbyy decay combines both characteristics, resulting in a clean
final state with a branching fraction of 0.26%. Despite its relatively low
branching fraction, the bby~y is among the most sensitive final states that
can be used to try to measure HH production.

7.1. Introduction

The A3 coupling, introduced in Section 1.4.3, can be accessed by ob-
serving Higgs pair production (HH). The leading production mode,
gluon-gluon fusion (ggF), is described in the SM by the Feynman di-
agrams shown in Figure 7.1. Destructive interference between the two
diagrams results in a very small production cross section a%fg =31.05fb
at /s = 13 TeV, making it an extremely challenging measurement. In
fact, this process has not yet been observed by any experiment.

Measuring A3 and comparing to the SM prediction )\?S)M is one of the high-
est priority physics goals for ATLAS in the coming decade. Searches in
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g H 9 «t H

Figure 7.1.: Feynman diagrams for HH production through ggF in
the SM [3]. The vertex sensitive to the triple Higgs self-
interaction A3 is indicated by the k) coupling modifier.

multiple Higgs decay channels are performed by the ATLAS collabora-
tion in order to try to measure the production cross section and devia-
tions from the SM prediction of the Higgs self-coupling (r) = A3/A3M).
By construction, k)y = 1 in the SM. Since A3 influences the shape of
the Higgs potential, as it was shown in Equation 1.18, measuring de-
viations from k) = 1 would indicate that the true shape of the Higgs
potential is different from that predicted by the SM. As discussed in Sec-
tion 1.4.3, the shape of the Higgs potential has implications in the early
Universe electroweak phase transition which could for example explain
matter-antimatter asymmetry.

7.2. Search for Non-Resonant HH — bbyy
Production

A summary of the search for Higgs boson pairs in a final state with two
b-jets and two photons, described in [3], is provided in this section. This
search has been optimised to try to measure U?fg and k).

Events are required to satisfy the preselection given in Table 7.1. The
shape of the myg distribution in HH production is determined by the
interference between the two H H production diagrams shown in Figure
7.1. And since k) only affects one of the two diagrams, this distribu-
tion is therefore sensitive to variations of k). The mpgpy distribution
is experimentally accessed through the modified invariant mass of the
bbyy system, My = Mbbyy — (myy — 250 GeV) , which can be used
to define two orthogonal regions that target SM or BSM HH produc-
tion. The high (low) mass regions are defined by the events that pass the
My, = (<) 350 GeV selection. Independent BDTs are then trained to
discriminate the main backgrounds ttH, ggF H, ZH and ~vy-jets from
the SM or k) = 10 signal, respectively, for the high mass (HM) and low
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mass (LM) regions. The BDT score in each region is then used, together
with the m;;b,w selection, to define a total of 4 categories as shown in
Table 7.2.

Table 7.1.: The preselection of the HH — bbyy search.

Preselection

Number of ‘Tight’” and isolated photons >2
My~ |GeV] € [105,160]
Number of leptons ==0
Number of central jets € [2,5]
Number of b-tagged jets @ 70% WP >1

Number of b-tagged jets @ 77% WP ==

Table 7.2.: The selection criteria for the four HH — bbyy categories.

Category  Selection Criteria

HM Tight mj;, > 350 GeV, HM BDT score € [0.967, 1]
HM Loose mj, > 350 GeV, HM BDT score € [0.857,0.967]
LM Tight m;;b,wg 350 GeV, LM BDT score € [0.966, 1]
LM Loose  my,,,< 350 GeV, LM BDT score € [0.881,0.966]

An unbinned likelihood fit to the m,, distribution is performed to mea-
sure the HH production cross section. The non-resonant background is
parametrised as an exponential function for which the shape and nor-
malisation are obtained from a fit to data in a region excluding the signal
peak at m,, € [120, 130] GeV.

This search is optimised to target ggl' HH production. However, since
the sub-leading HH production mode, vector boson fusion (VBF), is
also sensitive to Az, both ggF and VBF HH production are considered
as signal. The Feynman diagrams for VBF HH production are shown
in Figure 7.2.

This search sets an observed (expected) upper limit to J%’TIS+VBF of

4.2 (5.7) times the SM prediction at 95% CL. In terms of hypothe-
sis testing, this result can be understood from the exclusion test de-
scribed in Section 3.2.4: the observed (expected) signal strength modi-
fier p88F VB = 4.2 (5.7) is excluded at Z = 20, using the CL method,
with real (Asimov) data. The sensitivity to SM HH production is cur-
rently very low and hence no discovery test, i.e. pg measurements, are
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q q

Figure 7.2.: Feynman diagrams for VBF H H production [3]. The vertex
sensitive to the triple Higgs self-interaction Az is indicated
by the k) coupling modifier.

performed.

The Higgs self-coupling A3 is studied through the so-called kappa frame-
work, where all parameters and couplings are set to their SM values
except for k). The observed (expected) limits of the triple-Higgs cou-
pling modifier k) are shown in Figure 7.3. The theory prediction curve
is shown in red. As already discussed, variations of k) affect the in-
terference pattern between the two ggF HH production Feynman di-
agrams shown in Figure 7.1. The interference is maximal, and hence
the predicted cross section is minimal, for k) ~ 2. The solid 1gdanshed
black line indicates the observed (expected) upper limit on o%f +VBF
peeFFVBE o %§+VBF M at 95% CL for different Ky values. The ob-
served (expected) limits on k) are given by the intersection between the
theory prediction and the observed (expected) limit lines. Values outside
the —1.5 (—2.4) < k) < 6.7 (7.7) range are excluded at 95% CL by this
search. This range includes the SM prediction (k) = 1) but still allows
relatively large deviations with A3 up to ~ 7 times larger than the value
predicted by the SM.

7.3. HH in the EFT Framework

EFT frameworks, which were introduced in Section 1.4.2, allow the
parametrisation of effects of BSM physics at high energies in terms of
effective couplings. Contrary to the kappa framework, BSM physics may
play a role in multiple interaction vertices in EFT frameworks. These
frameworks can therefore be used to make a more general measurement
of A3 than the kappa framework, which was used in the previous sec-
tion. Dimension 6 EFT operators introduce new BSM H H production
modes.
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Figure 7.3.: Observed and expected limits at 95% CL on the cross section
of non-resonant Higgs boson pair production as a function
of the Higgs boson self-coupling modifier ) [3]. The theory
prediction curve represents the scenario where all parameters
and couplings are set to their SM values except for k) and
includes the uncertainty on the cross section. The star marks
the cross section ate the k) value predicted by the SM.

Two different EFT formalisms may be used when studying HH produc-
tion: The SM EFT (SMEFT) [99] and Higgs EFT (HEFT) [100, 101].
In SMEFT, also known as linear EFT, the EFT extension is performed
through mass dimensions (1/A) and the Higgs field is an SU(2) doublet
(like in the SM). The HEFT or non-linear EFT is used in this thesis.
In this formalism the EFT extension is performed through loops using
the so-called chiral Lagrangian [102| and the Higgs field is an (BSM like)
EW singlet.

The Feynman diagrams for dimension 6 HEFT operators that play a role
in SM (BSM) HH production are shown in Figure 7.4 (7.5), where the
role of the Wilson coefficient ¢y, is identical to that of x) in the kappa
framework. In the SM, the Wilson coefficients cpp;, = cyp = 1 while
Cithh = Cggh = Cgghh = 0. Since the latter set of Wilson coefficients are
only present in the BSM diagrams in Figure 7.4, the above-mentioned
choices of Wilson coefficients reduce the set of Feynman diagrams to
those of th eSM, making HEFT a natural extension of the kappa frame-
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work. The SMEFT formalism is characterised by having strong correla-
tions between different processes (i.e. cqgn < cggnn and cupn < cypp) and
is therefore often used for combinations [103]. In HEFT, these Wilson
coefficients are independent and anomalous Higgs couplings are expected
to be the dominant new physics effects in the electroweak sector. The
Cgghh and cypp Wilson coefficients can therefore only be measured in
HH production, making HEFT an especially suitable formalism for a
simplified HH interpretation. High energy BSM scenarios [104]|, which
are uniquely sensitive to H H production, can be studied with the HEFT
benchmarks defined in Table 7.3 [105]. These benchmarks are obtained
using cluster analysis [106] to group Wilson coefficient values which re-
sult in similar mpgpg distributions due to the interference between the
relative contributions of the five Feynman diagrams. The mpygy distri-
butions for the seven different benchmarks and SM H H production case
are shown in Figure 7.6.

£ 0900000009 » @ -------- H

N
N
g H £ 2900900900 «—O-------- H

Figure 7.4.: Feynman diagrams for SM HH production through gluon
gluon fusion in HEFT [4]. The triple Higgs self-interaction
A3 is governed by the cppp Wilson coefficient.

Figure 7.5.: Feynman diagrams for BSM H H production through gluon
gluon fusion in HEFT [4]. The triple Higgs self-interaction
A3 is governed by the cppn, Wilson coefficient.
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Table 7.3.: Wilson coefficient values in the SM and the seven BSM bench-
mark scenarios defined in [105].

Benchmark‘ Chhh Ctth  Ctthh  Cggh  Cgghh

SM 1 1 0 0 0
BM 1 394 094 —1/3 05 1/3
BM 2 684 061 1/3 00 —1/3
BM 3 221 105 —1/3 05 05
BM 4 279 061 1/3 —05 1/6

BM 5 395 117 -1/3 1/6 —05
BM 6 568 083 1/3 —05 1/3
BM7 |-010 094 1  1/6 —1/6
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Figure 7.6.: Distribution of the truth level mg in the SM and the seven
BSM H H benchmarks described in Table 7.3 [4].

7.4. Signal Reweighting

The correlation between the Wilson coefficients and mgg cannot only
be used to extract information about possible BSM contributions to H H
production, but also can be exploited to reweigh a MC-generated HH
signal to other points in the EFT parameter space. The oy via ggF
can be parametrised at NLO for any set of Wilson coefficients as:
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Oogna

= Poly(A, chhn, Ciths Cithhs Cagh Caghh| M HH)
8m HH

= Aiciy, + Ao + (Ascly, + A4C§gh>  Chnn

+ Aschgnn + (Ascunn + Arcunchin) - Conn

+ (Asciuncnn + AgCygnChnn) - Cinh + A10CihhCoghh
+ (Ar1cgghChnn + A12€4gn1) * Coon

+ (A13¢hnncggh + A14Cognn) - CethChih

+ A15C49hCqghhChih + AIGC?thcggh + Ar7CunCiinnCygh
+ AlSCtthcgghChhh + A19CttnCggnCgghh + A200t2th03gh

2 3 2
+ Ag1¢ttnnCygn + A22C5gnChin + A23C5401Coghhs (7.1)

The A; coefficients, where ¢ € [1 — 23|, are parameters which depend on
the kinematics of the sample. The unbinned A and differential (A|mgg)
coefficients published in [107] can be used to reweigh the simulated SM
H H sample using an event-dependent weight defined as

w(mHH) _ OUHH/(?mHH _ Poly(A\mHH)
80%1\14[/87711{1{ PolySM(A\mHH)

(7.2)

This weight changes both the mpypy shape and overall normalisation
with respect to the simulated SM HH sample. Normalised weights
W™ (myypr) are defined in Equation 7.3. The factor Poly>™ (A)/Poly(A),
which is based on the inclusive A; coefficients, derived from the full myg
range, is used to cancel the cross section contribution from w(mpgg) to
the normalisation. The reweighting is explained in more detail in [108].

J%I\I/{I_ Poly(A|mpr) .PolySM(A)

w =
OHH PolySM(A\mHH) POIY(A)

norm(

mpm) =w(mgm)- (7.3)

The SM HH events are simulated at NLO precision considering finite
top-quark mass effects using the Powheg Box v2 generator [109, 62, 110,
111, 90] and the PDFALHC15 PDF [112]. The parton shower and hadro-
nisation is simulated using Pythia8.244 [113] with the NNPDF2.3lo [114]
PDF and the A14 tune [115]. In order to interpret the results from [3]
in the HEFT framework, the HH SM sample is reweighted to the seven
benchmarks following Equation 7.3. The reweighting changes the signal
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selection efficiency, which is shown for each benchmark scenario and the
SM in Table 7.4. The selection efficiency for each SR as a function of
the cygnn and cypp Wilson coefficients is also shown in Figure 7.7.

Table 7.4.: Selection efficiency in each SR for the SM H H and the seven
benchmarks.

Acceptance x Efficiency (%] | HM Loose LM Loose HM Tight LM Tight Total

SM 3.2 0.6 7.7 0.4 11.9
BM 1 1.3 2.9 3.8 1.5 9.5
BM 2 1.8 2.2 4.5 1.2 9.7
BM 3 2.2 1.3 8.3 0.6 12.4
BM 4 2.9 0.7 8.6 0.4 12.6
BM 5 3.1 0.3 9.8 0.1 13.3
BM 6 2.6 1.2 7.0 0.7 11.5
BM 7 3.1 0.3 10.8 0.2 14.4
—18 —18
= ATLAS Simulation Preliminary —— HM Tight S ATLAS Simulation Preliminary —— HMTight
5 16F Vs 13Tev, 139 fb-" HMioose 1 3 16f g 13Tev, 139 fo-" HM Loose ]
& 4] HH—bbyy LM Tight ] $ 14f HH—bbyy LM Tight ]
L = LM Loose 2 < LM Loose
w12 1 w12 ]
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Figure 7.7.: Selection efficiency in each SR as a function of the Wilson
coefficients. Only one Wilson coefficient is varied and the
others are set to their SM values. [4].

7.5. Systematic Uncertainties

The systematic uncertainties described in [3] for the HH — bby~y search
are also applied in the EFT interpretation. Furthermore, additional
uncertainties that may arise from the reweighting procedure are also
considered. The reweighting uncertainty is evaluated at truth level by
comparing MC-generated BSM samples to SM samples reweighted to
the same BSM benchmarks. The BDT selection cannot be applied at
truth-level and it is therefore not applied when calculating the HEFT
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reweighting uncertainty. The effect of the reweighting on the BDT scores
has been studied at reconstruction level in the available k) = 10 sample
and found to be negligible. The uncertainties on the selection efficiency
from the reweighting are summarised in Table 7.5. In the case of c¢upp
and cygpp, scans, the uncertainties are evaluated for the Wilson coefficient
values —0.5, 0.5 and 1.0. The largest uncertainty is then used as the
overall uncertainty for the full scan.

Region ‘ LM HM

BM 1 4.9% 0.4%
BM 2 2.4% 4.2%
BM 3 6.1% 4.7%
BM 4 5.3% 1.4%
BM5 | 10.8% 2.5%
BM 6 2.8% 1.3%
BM 7 0.3% 2.3%
Ctthh 8.7% 1.6%
Cgghh 9.8% 6.2%

Table 7.5.: Uncertainties on the selection efficiency from the HEFT
reweighting procedure. The uncertainty is estimated individ-
ually for each of the HEFT benchmarks, as well as for the SM
sample with the ¢4, and cyp, Wilson coefficients individu-
ally varied to —0.5, 0.5, and 1. In the latter two cases, the
maximum of the three variations is used as the uncertainty.

The effect of the reweighting on the theory uncertainties that affect the
MC simulations i.e. the choice of the strong coupling constant value,
ag, the renormsalisation and factorisation scales and the PDF set and
the parton shower model is also considered. In this case, the uncertainty
is evaluated for each signal hypothesis but only the envelope between
the SM and BSM hypothesis is used as an uncertainty in order to not
reduce the uncertainties with respect to the original publication |3]. The
uncertainties on the ag, the renormalisation and factorisation scales and
the PDF set are found to be below 5%. The parton shower uncertainty
is found to range from 2-15%. These uncertainties are evaluated at
reconstruction level and are therefore estimated for each of the 4 SRs
independently.
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7.6. Results

This section presents the first interpretations of HH production in the
EFT framework ever performed by ATLAS, namely the interpretation of
the HH — bbyy search [3] in the HEFT framework is performed. Upper
limits on a%lgg are presented for the SM and seven BSM benchmark
models. Constraints on the cygny, and cyp, Wilson coefficients, which
are uniquely sensitive to H H production and hence have never measured
before, are also set, assuming that all other Wilson coefficients have their
SM values. The VBF H H production, which depends on ¢y, is treated
as background and varied as a function of cppp,.

The observed (expected) upper limits on O'%IgIF{ for the SM and the seven
BSM benchmarks at 95% CL are shown in Table 7.8 and Figure 7.9. For
SM the upper limit is a}gqgg < 127.7 (171.6) fb, which corresponds to
p8eY < 4.11 (5.53), since the SM prediction for U%gg = 31.05 fb. It is
not surprising that the upper limit obtained for ggF' is lower than that
obtained for ggF+VBF, which was shown in Section 7.2, given that this
search is optimised to maximise the sensitivity to ggF' HH production.
As expected, the upper limits differ between the different benchmarks.
The upper limits are higher for benchmarks 1, 2 and 6, which are char-
acterised by having a peak at low mgp, and lower for benchmarks 3,
4, 5, and 7 that are characterised by having longer tails at high mpypy
values. In particular, the relatively low upper limit for benchmark 3
can be explained by the long upper mgg tail clearly visible in Figure
7.9, despite the peak at low mpgpy. The search presented in this chap-
ter is therefore most sensitive to BSM scenarios generating events with
larger my g values. The same trend is observed for the interpretation of
the search for HH production in the bbr that is also presented in [3].
A complementary search that targets BSM scenarios with softer myp
spectra would therefore need to be developed.

The upper limits on 0%}{, as a function of the cygp, and cypp, Wilson
coefficients are shown in Figure 7.10. The theory prediction curve is
shown in red. Variations of the Wilson coefficient values away from the
SM prediction (= 0) produce the additional Feynman diagrams shown
in Figure 7.5 and the interference pattern between the diagrams affects
the ai,gf[ prediction. The interference is maximum, and hence the pre-
dicted cross section minimum, for cyg, ~ 0.15 and cgygp, ~ 0.35. The
solid (dashed) black line indicates the observed (expected) upper limit
at 95% CL on U%}gg = peel . U%{gg SM for different Cgghh and cypp values.
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Figure 7.8.: Upper limits at 95% CL on U%Igg for the SM and the seven
BSM benchmarks.

‘ Upper limits at 95% CL on the ggF HH cross-section [fb]

Benchmark ‘ Obs. —20 —1lo Exp. +1lo +20
SM 127.7 92.1 123.6 171.6 253.7 380.4
BM 1 189.3 157.3 211.2 293.0 429.2 632.5
BM 2 183.2 143.7 192.9 267.7 393.5 584.4
BM 3 109.8 87.6 117.6 163.2 242.2 366.4
BM 4 111.2 83.6 112.2 155.8 230.7 347.2
BM 5 97.8 73.9 99.2 137.7 204.2 308.3
BM 6 134.4 1014 136.1 188.9 279.2 418.5
BM 7 88.9 67.8 91.0 126.3 187.4 283.1

The allowed intervals for the respective Wilson coefficient allowed by
the search are given by the intersection between the theory prediction
and the limit lines. The observed (expected) intervals at 95% CL are
—0.4 (=0.5) < cggnn < 0.5 (0.7) and —0.3 (—0.4) < cypn < 0.8 (0.9).
These Wilson coeflicients are much more constrained than the cpp;,. How-
ever, the results still allow for deviations from the SM prediction, and
hence the existence of the additional Feynman diagrams.
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Figure 7.9.: Upper limits at 95% CL on J%gg for the SM and the seven
BSM benchmarks. The filled (open) black marker indicates
the observed (expected) upper limit and the blue (yellow)
bands indicate the expected +10 (420) uncertainties [4].
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Figure 7.10.: Upper limits on the J%Igfl as a function of the Wilson coef-
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(4+20) uncertainties [4].
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Chapter 8

Search for Resonant Multi-Higgs Boson
Production

Many BSM extensions of the SM predict the existence of an extended
Higgs sector. This chapter presents a novel search for models with a SM
Higgs boson H and two additional BSM Higgs bosons X and S in the
bby~y final state. The analysis is under development and the results have
not yet been published.

8.1. Introduction

The signal targeted by this search, the resonant production of an X
boson that decays to an .S and an H boson, is described by the Feynman
diagram shown in Figure 8.1. Since the masses of the postulated BSM
Higgs bosons are unknown, signals with a wide variety of X and S masses
are considered. However, only models fulfilling mx > mg + my, with
mpy = 125 GeV, and with H — v and S — bb decays are targeted.

b

Figure 8.1.: Feynman diagram for resonant multi-Higgs produciton.
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The targeted process may exist in, for example, the Next-to-Minimal
2HDM [116], the Complex 2HDM [117], the Next-to-MSSM [118] or the
Two-Real-scalar extension of the SM [119]. Given the large variety of
cross sections and branching ratios predicted by the different models, a
model-agnostic search is performed. The same cross section is assumed
for all mass points and the branching ratio for the S — bb decay is
assumed to be the same as the branching ratio for H — bb.

8.2. Samples and Preselection

A summary of the simulated signal and background samples used in this
analysis is shown in Table 8.1. The backgrounds can be divided in two
groups: the so-called resonant backgrounds that are characterised by
having a H — =7y decay and the non-resonant backgrounds that contain
photons that are not produced by the decay of a Higgs boson. The reso-
nant backgrounds include H and H H events produced through VBF or
ggF (ggF and VBF H and HH), the production of a H boson in asso-
ciation with a W boson (W H), a Z boson (ZH), top quark pairs (ttH),
b-quark pairs (bbH), a top quark and a W boson (tW H) or a top quark,
a b-quark and a radiated jet (tHjb). The non-resonant backgrounds are
composed of events with top quark pairs produced in association with
two photons (ttyy) and events with photon pairs produced in association
with jets (yy-+jets). A wide range of signals with myx € [170 GeV, 1 TeV]
and mg € [30 GeV, 500 GeV] are targeted by this search. The full list of
simulated X — SH — bby~y signals is summarised in Table 8.2.

Due to the large similarities with the HH — bbyy search [3], presented
in Chapter 7, the same trigger and preselection criteria are used in this
analysis. Events with two photons, two b-jets and m,, € [105,160]
GeV are selected. The full preselection is shown in Table 7.1. After the
preselection, more than 95% of the background events originate from the
production of two photons in association with jets, the so-called yvy+jets
background.
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Table 8.1.: Summary of simulated signal and background samples used

in the analysis.

Process Generator PDF set Showering Tune
Signals
X - SH PYTHIAS NNPDF2.3 PYTHIAS Al4
Single Higgs backgrounds
ggF H NNLOPS PDFLHC  PYTHIAS AZNLO
VBF H POWHEG PDFLHC  PYTHIAS AZNLO
WH POWHEG PDFLHC  PYTHIAS AZNLO
ZH POWHEG PDFLHC  PYTHIAS AZNLO
ttH POWHEG NNPDF3.0 PYTHIAS Al4
bbH POWHEG NNPDF3.0 PYTHIAS Al4
tHbj MGMCatNLO NNPDF3.0 PYTHIAS Al4
tWH MGMCatNLO NNPDF3.0 PYTHIAS Al4
H H backgrounds
gt HH POWHEG PDFLHC  PYTHIAS Al4
VBF HH MGMCatNLO NNPDF3.0 PYTHIAS Al4
Non-resonant backgrounds
yy+jets Sherpa 2.2.4 NNPDF3.0 Sherpa 2.2.4. -
ttryry MGMCatNLO NNPDF2.3 PYTHIAS Al4
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Table 8.2.: Summary of the mass point grid of generated samples for the
X — SH — bby~ signal.

mx(GeV) mg(GeV) | mx(GeV) mg(GeV) | mx(GeV) mg(GeV)

170 30 245 90 600 110
180 50 250 100 600 170
185 30 250 110 600 200
190 50 300 30 600 300
200 70 300 70 600 400
205 30 300 110 750 70

205 50 300 170 750 110
210 70 400 30 750 170
220 90 400 70 750 200
225 30 400 110 750 300
225 50 400 170 750 400
225 70 400 200 750 500
230 90 500 30 1000 70

230 100 500 70 1000 110
240 100 500 110 1000 170
240 110 500 170 1000 200
245 30 500 200 1000 300
245 50 600 70 1000 400
245 70 600 110 1000 500

94



CHAPTER 8. SEARCH FOR RESONANT MULTI-HIGGS BOSON PRODUCTION

8.3. Event Selection

The H — v decay is exploited to separate the signals from the large
non-resonant background that arises from ~vy-jets events. After the
preselection is applied, the m., distribution is used to further classify
events into a SR and a CR. Events with 120 GeV < m.,, < 130 GeV, are
selected by the SR while events that do not pass this requirement are
included in the side-band CR. Table 8.3 shows the predicted number of
events in each region for all backgrounds and a sub-set of the simulated
signals. The single bin CR is used to extract a NF for the large non-
resonant yvy+jets background from data which is then used to correct
the normalisation predicted by MC in the SR.

Table 8.3.: Predicted number of signal and background events after pre-
selection in the m., side-band (CR) and m., peak (SR) re-
gions. Signal cross sections of 1 fb are used.

Preselection CR SR

ggF H 5.452 £+ 0.065 0.109 £0.009  5.344 £ 0.065
VBF H 0.685 £ 0.012 0.014 £0.002  0.671 +0.012
WH 0.207 4 0.004 0.0054+0.001  0.202 £ 0.004
ZH 3.689 +0.013 0.073+£0.002 3.615+0.013
ttH 8.309 £+ 0.014 0.205 £0.002  8.104 +£0.014
bbH 0.62 +0.023 0.017 £0.004  0.603 £0.023
tHjb 0.969 £ 0.029 0.022 £0.004  0.947 £0.029
tWH 0.131 +0.005 0.003 £0.001  0.128 =0.005
ggF+VBF HH 1.691 4 0.004 0.027 £ 0.001 1.664 £ 0.004
ttryry 28.672+£0.109 22.924 +0.097 5.748 +0.049
yy+jets 1417.57 £ 4.595 1133.58 +4.109 283.992 4 2.056
Total SM 1467.995 + 4.597 1156.978 £4.11 311.019 &£ 2.058
Data - 1479 -
NF+ets - 1.278 -
mx,s = (190, 50) 1.232 £ 0.043 0.06 & 0.009 1.173 +0.042
mx,s = (250, 110) 9.938 £ 0.121 0.468 £+ 0.026 9.474+0.118
mx,s = (300, 110) 11.309 +0.13 0.5 £0.027 10.809 4 0.127
mx,s = (600, 170) 23.604 £0.188  0.735+0.033 22.869 +0.185
mx,s = (750, 300) 28.118 £0.206  0.841 +0.036  27.277 +0.203
mx,s = (1000,300) 30.834+0.215  0.857£0.036  29.977 £ 0.212

Because of the many different X and S masses targeted by this analysis,
a Parametrised Neural Network (PNN) [120], which is described in detail
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in Section 8.4, is used to further discriminate the different signals from
the backgrounds. This network takes mx and mg as input parameters
and is capable of differentiating between signal and background across a
wide (mx,mg) plane. The binned PNN(mx,mg) distribution is used in
the final likelihood fit to extract p(mx,mg). The binned PNN(mx,mg)
distributions that target the (mx,mg) = (230,90), (600, 170), (750, 300)
and (1000, 500) GeV signals are shown for the SR in Figures 8.2 and 8.3.
When the PNN parameters match the true (mx,mg) values used to
generate the signal, the PNN distribution for the signal peaks towards 1.
If the PNN parameters are very different from the true (mx,mg) val-
ues of the generated signal, the PNN distribution for the signal peaks
towards 0.

Most analyses that target signals with a H — ~ decay, like the search
described in Chapter 7, perform an unbinned likelihood fit to the m.,
distribution to exploit the excellent m.. resolution. In comparison, this
novel approach allows to simultaneously profit from the clean m.,, peak,
by cutting on m»., and the flexibility of the PNN to target a wide range
of X and S masses by fitting the PNN(mx,mg) distribution in the SR.

8.4. Parametrised Neural Network

In this search, a PNN is used to discriminate the signal from backgrounds
across the (mx,mg) plane. As opposed to standard NNs that are only
trained with a set of training variables (x) that are used to separate
signal from background, PNNs also include a set of parameters () in
the training. A single PNN, which has learned the relation between x
and 6, can act as N different NNs, where each has been trained to target
one of N different signals with a specific 6 value. The parametrisation not
only saves computing resources (N NNs can potentially be replaced by a
single PNN), but also allows for interpolation to signals corresponding to
values of 6 not included in the train set. The variety of signals targeted
by this search and the coarse sampling of the (mx,mg) plane by the
simulated signal samples, especially in the mx > 250 GeV region, makes
PNNs particularly suitable. The PNN allows to test the SM hypothesis
for any 0 = (mx,mg) pair. However, a simulated signal sample or an
interpolated PNN signal template is required in order to test the BSM
hypothesis.

The signal kinematics are highly dependent on the values of mx and mg,
and therefore the reconstructed invariant masses of the corresponding
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Figure 8.2.: The binned PNN(mx,mg) distributions in the SR. The
signals with (mx,mg) near the PNN parameters peak to-
wards 1, while background and non-targeted signals peak
towards 0. A cross section of 1 fb is used for all signals.
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Figure 8.3.: The binned PNN(myx,mg) distributions in the SR. The
signals with (mx,mg) near the PNN parameters peak to-
wards 1, while background and non-targeted signals peak
towards 0. A cross section of 1 fb is used for all signals.
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final state particles, My, and mgp, become very powerful discriminating
variables. A modified version of m,., called mwa> is defined as

My = My — (Myy — 125 GeV) . (8.1)

The subtracted term improves the resolution of the myy,, peak by re-
ducing the impact of the finite resolution of the m., measurement. It
also minimises the correlation between the mwa and m., variables.

Events that pass the preselection are used to train a PNN with train-
ing variables x = mwavmbb and parameters 0 = mx,mg. The m,,
distribution is not included in the training because it is used to assign
events to the SR and CR. The CR does not only allow to correct the
~vy-+jets normalisation using data but also to validate the shape of the
full PNN distribution in MC simulations by comparing it to the shape
in data. These comparisons will be shown in Section 8.5. The distribu-
tions for the training variables used in the PNN training are shown in
Figure 8.4. Including additional training variables to x has been tested,
but the PNN learns best with the most simple configuration. Additional
variables seem to act as noise confusing the network rather than helping
it. The reduced set of variables is enough to discriminate the signals
from the non-resonant vyvy+jets background as well as the resonant ttH,
geF H and ZH backgrounds. The signal events are assigned their cor-
responding mx, mg values, e.g. the (mx,mg) = (250,100) GeV signal
is assigned 6 = (250,100), while background events are randomly as-
signed # values from the pool of signals. This procedure results in the
same signal-to-background ratio for each (mx,mg) signal and ensures
that the kinematic properties of all the signal points are learned by the
network.

8.4.1. Hyperparameter Optimisation

Events are divided in three sets: train, evaluation and test. The train set
is used for training the PNN, the evaluation set is used for evaluating its
performance and the test set is used to perform the statistical analysis
after the final PNN has been selected. A 3 fold Cross Validation (CV)
is applied to recover all of the events for the statistical analysis without
biasing the results. Based on their event numbers, events are divided
in 3 folds Y € 1,2,3, all containing approximately the same number of
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Figure 8.4.: Training variables for the PNN. Only a subset of signals is
shown. A cross section of 1 fb is used for all signals.

Table 8.4.: Definition of train, evaluation and test sets for each of the
PNNs trained using cross-validation.

cvli Cv2 CV3

Train set Fold 1 Fold 2 Fold 3
Evaluation set Fold 2 Fold 3 Fold 1
Test set Fold 3 Fold 1 Fold 2

events. Fold Y contains events with EventNumber % 3 =Y — 1. Three
different PNNs are trained using CV as shown in Table 8.4.

In order to maximise the performance of the network multiple hyperpa-
rameters need to be optimised. The PNN parameters are optimised in
the CV fold 1. Different hyperparameter configurations, shown in Table
8.5 are tested using Keras Tuner [121]. This algorithm selects the hy-
perparameters that maximise the Area-Under-Curve (AUC) of the eval-
uation set from a total of 40 rounds using Bayesian Optimisation. The
remaining hyperparameters are optimised taking into account the spe-
cific characteristics of the dataset.

One of the biggest challenges when training the network is the large im-
balance in the number of signal and background events of the dataset.
The largest contribution to the preselected sample comes from the yvy-+jets
background, as shown in Table 8.3. With such an imbalanced dataset,
the PNN tends to classify all events as background. It also struggles
to differentiate between the different signals. The imbalance is reduced
when considering only the raw number of events without applying event
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Table 8.5.: List and ranges of the PNN hyperparameters that are opti-
mised by Keras Tuner.

Parameter Range Sampling Mode
Number of hidden layers [1-6] 1
Dropout rate (per-layer) [0, 0.2] 0.05
Learning rate [0.0001 - 0.1] Log

weights from the cross section, the MC generator, the reconstruction ef-
ficiency corrections, etc, and hence unweighted event yields are used in
the training. The effect of the event weights on the training variable
distributions has been found to be negligible. The PNN is trained using
class weights defined as

total # events

ight(class i) =
welg (C ass Z) 2 - # class i events

(8.2)

for ¢ = signal or background. This weight ensures that the same impor-
tance is given to both signal and background classes. Furthermore, an
initial bias given by

(8.3)

onal .
initial bias = 10g< # signal events )

# background events

is applied to the last layer of the PNN. The bias avoids the network’s
initial tendency to classify everything as background due to the class im-
balance. Finally, the batch size is optimised such that all signal processes
have approximately 200 events per batch in order to avoid large statistical
fluctuations in the signal-to-background ratio between batches. The per-
formance of the PNN improves considerably with this configuration.

8.4.2. Training

A PNN(mx,mg) is trained to discriminate all signals from the main
backgrounds using mZb'y'W mypy as training variables. The final PNN ar-
chitecture is shown in Figure 8.5. The input layer consists of 4 nodes (2
training variables and 2 parameters) and the output layer consists of 1
node with a sigmoid activation function (typical of a binary classifier).
The network also has 4 hidden layers, each with a standard training layer
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(dense) with a rectified linear (relu) activation function and a dropout
layer (dropout). The number of nodes for each hidden layer, determined
by the hyperparameter optimisation, is also specified. The remaining
hyperparameters, such as the specific dropout rate of each hidden layer,
class weights and batch size is shown in Table 8.6. Each CV fold is
trained for 2000 epochs resulting in an AUC for both training and eval-
uation test set of 0.97 for CV fold 2, shown in Figure 8.6, and 0.98 for
CV folds 1 and 3.

Table 8.6.: Hyperparameters of the PNN.

Number of hidden layers 4
Layer 1 dropout rate 0.05
Layer 2 droport rate 0.1
Layer 3 dropout rate 0.2
Layer 4 dropout rate 0.1
Learning rate 0.009137
Optimizer Adam
Loss function Binary Loss
Initial bias 0.118
Signal class weight 0.945
Background class weight 1.062
Batch size 212613
Number of batches 2
Number of epochs 2000
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input_1 input: | [(None, 4)]

InputLayer | output: | [(None, 4)]

Y
dense input: (None, 4)
Dense | relu | output: [ (None, 85)

dropout | input: | (None, 85)

Dropout | output: | (None, 85)

dense 1 input:

(None, 85)

Dense | relu | output:

(None, 49)

Y

dropout 1 | input: | (None, 49)

Dropout | output: | (None, 49)

dense 2 input:

(None, 49)

Dense | relu | output:

(None, 45)

dropout_2 | input: | (None, 45)

Dropout | output: | (None, 45)

A

dense 3 input:

(None, 45)

Dense | relu | output:

(None, 81)

dropout_3 | input: | (None, 81)

Dropout | output: | (None, 81)

dense_4 input:

(None, 81)

Dense | sigmoid | output:

(None, 1)

Figure 8.5.: Architecture of the PNN. The input layer consists of 4 nodes
(2 training variables and 2 parameters) and the output layer
consists of 1 node with a sigmoid activation function. The
network also has 4 hidden layers, each with a rectified linear
activation function (relu) and a dropout layer. The number
of nodes for each hidden layer is also specified.
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Figure 8.6.: ROC curve for the PNN. This plot corresponds to CV 2. The
AUC for both train and evaluation sets increases to 0.98 for
CV 1, used in the hyperparameter optimisation, and CV 3.

8.4.3. Performance

The AUC shown in Figure 8.6 is independent of the (mx,mg) parame-
ters and therefore it is not a good estimator of the discriminating power
between signals. In order to assess whether the PNN is better at dis-
criminating some signals than others, the AUC is evaluated for differ-
ent (mx,mg) parameters. Figure 8.7 shows the AUC(mx,mg) for the
evaluation set. The worst separation between signal and background is
obtained for the mx,mg = (170,30) GeV signal where the AUC=0.76
while better separation is obtained for the mx = 1 TeV signals where
AUC > 0.99.

In order to assess whether the poorer performance observed for signals
with low (mx,mg) is caused by the generalisation of the PNN, three
NN are trained to target individual signal points. In Table 8.7, the per-
formance of the PNN is compared to the performance of the three NNs
trained to target (mx,mg) = (170,30), (250, 100) and (750, 110) GeV,
respectively. At high mass both networks have similar performance while
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Figure 8.7.: The AUC(mx,mg) for the evaluation set. No event weights
are used in the calculation of the AUC.
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Table 8.7.: Comparison of the AUC(mx,mg) for the PNN and three dif-
ferent non-parametrised NNs optimised for each of the three
signals listed.

AUC PNN NN

(mx,mg) validation-set train-set validation-set train-set
(170,30) 0.76 0.74 0.83 0.82
(250, 100) 0.96 0.96 0.95 0.95
(750, 110) 0.99 0.99 0.99 0.99

the PNN shows a better performance for (mx,mg) = (250,100) GeV-
due to being able to learn from more mass points. At low mass the
performance of the NN is better than the PNN, however both have con-
siderably lower performance than the high mass counterparts indicating
that this signal point is harder to discriminate from background inde-
pendently of the parametrisation. The NN shows a maximum of 9% im-
provement in performance with respect to the PNN for the (mx,mg) =
(170,30) GeV signal. A more complex NN architecture is preferred for
the NNs that target low mass signals with respect to those that target
high mass signals. In order to help the PNN to learn signals with low
(mx,mg), sub-class weights could be used. These weights would result
in a higher (penalty) reward to the network when (mis-)classifying events
with low (mx, mg) parameter values. However, this study suggests that
the potential improvement in performance from using sub-class weights
would be minimal, given that a NN that can focus fully on separating the
(mx,mg) = (170, 30) GeV signal from background results in a relatively
low AUC.

8.4.4. Discriminant

The PNN distribution is used as a final discriminant in the SR. Given
the large parameter space targeted by this search, and the computing
resources required to perform the likelihood fit using toy MC experi-
ments, the binning is optimised such that the asymptotic approximation
is valid and toys do not need to be used. The binning is optimised for
each (mx,mg) point using the TransfoJ algorithm from TRexFitter
[122]. This algorithm ensures that there is a falling background distribu-
tion with at least 1 background event in the most signal-like bin i.e. the
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bin with PNN(mx,mg) values closest to 1. Starting from a distribution
with NV bins, an iterative procedure over i = 0,1, ..., k—1 is used to merge
bin N — (i + 1) with bin N —¢ until the number of background events in
the merged bin exceeds i+1. This iterative procedure is stopped for bin
N — k if the signal-to-background ratio in this new bin is smaller than
that of the full un-binned distribution. A single background-like bin
is used for the remaining distribution i.e. the bin with PNN(mx,mg)
values closest to 0.

8.5. Comparisons between Data and Simulation

Figure 8.8 shows the data-to-simulation comparison in the CR for m,,
Mpb, My, and a subset of PNN(mx,mg) distributions. The ~yy-+jets
uncertainty, represented by the hashed area, includes the statistical un-
certainty that arises from the limited number of MC events and the
modelling uncertainty that arises from the comparison between Sherpa
and MadGraph simulated events. The shape of all distributions is fairly
well predicted by the simulation within uncertainties. The normalisation
of the yy+jets background predicted by simulation has been corrected
with a NF evaluated in the CR.

8.6. Interpolation

Signals have been simulated for the specific (mx, mg) points summarised
in Table 8.2. However, we would like to study the Hy and H; hypoth-
esis for the full my € [170 GeV,1 TeV] and mg € [30 GeV,500 GeV]
phase space. This is done by interpolating the PNN shape for signal and
background between the simulated points.

The parametrisation of the PNN(mx,mg) allows to test any myx,mg
hypothesis. The background interpolation can be obtained directly from
the PNN by specifying any set of mx,mg values. This characteristic
allows to test the SM hypothesis for any myx,mg value. This approach
is used for the large phase space shown in Figure 8.9. The (mx,mg)
space is sampled with a granularity < 10 (25) GeV for mx < (>) 250
GeV. Simulated samples have been produced for the signals marked in
red. The parameter space between the simulated points, marked in blue,
is interpolated.
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Figure 8.8.: Data-to-simulation comparisons of different discriminating
distributions in the CR. The NF.,jets is applied to correct
the normalisation of the vy+jets background. The yy-+jets
uncertainty includes the statistical and modelling uncertain-
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Figure 8.9.:

(b) mx > 250 GeV

Targeted X — SH signals. Simulations are available for the
signals marked in red. No signals have been produced for
the points marked in blue i.e. results in those points will be
based on interpolating the PNN shapes.
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8.6.1. Signal Injections

In order to assess the appropriate granularity of the (mx, mg) points to
be tested, signal injections are performed. If the (mx, mg) points are
too sparse, there is a risk to miss a signal present in the data, while if
the mass points are too densely spaced the probability of observing a
statistical fluctuation, referred to as the look-else-where effect, becomes
unnecessarily large.

A signal is injected with a cross section times branching ratio of approx-
imately twice that of the expected limit and the sensitivity of nearby
points to the injected signal is evaluated. For mx < (>) 300 GeV,
a window of 25 (50) GeV in the (mx,mg) plane around the injected
signal is studied. The expected significance obtained from fitting the
PNN(mx,mg) distribution with the same (mx,mg) values as the in-
jected signal have an expected significance of ~ 4c¢. It is considered
that if the expected significance for at least one other (mx,mg) point is
> 3o, the granularity is fine enough to ensure that no signal is missed.
Figure 8.10 shows two examples of injected signals. In the top plot, the
tested granularity is found to be ideal, while for the bottom plot the
tested granularity is finer than what is required. For mx > 600 GeV, in-
jection studies show that a granularity of 50 GeV (rather than the tested
25 GeV granularity) is enough not to miss any signal according to the
significance criteria (Z > 30).

8.6.2. Binning for Interpolated PNN Distributions

The PNN distribution is binned using the iterative algorithm described
in Section 8.4.4. This optimisation is based on the predicted number
of background events and the signal-to-background ratio. The signal is
only available for a reduced sub-set of (mx, mg) points and therefore, an
alternative criterion to the signal-to-background ratio needs to be used
for the interpolated (mx,mg) points. Figure 8.11 shows two parame-
ters of the binning optimisation, the total number of bins N and the
upper-edge of the first bin i.e. the most background-like. Both of these
parameters are fixed by the algorithm using the signal-to-background ra-
tio. A correlation between the targeted (mx, mg) value and the number
of bins is observed, and the first bin edge is found to be < 0.55.

110



CHAPTER 8.

SEARCH FOR RESONANT MULTI-HIGGS BOSON PRODUCTION

> z
@, 50} 221 4038
) 1
£ mx s = (170, 30) GeV T
0 - 48.263 fb OTO
35.)
45+ * .§
(]
g
305
8
40t 5
(7]
250
[4]
=
[+}]
o
L 7 ]
35 20
15
sl 424
170 175 180 185 190 195
my [GeV]
(a) Signal with mx,mg = (170,30) GeV
260 . : :
> z
2 o3
(.ED 1
2401 &
;
>
2201 £
[]
Q
C
[\
y £
200} | 5
w0
el
(4]
8
180} 2
>
5
160}
140 560 580 600 620 640 660
myx [GeV]
(b) Signal with mx, mg = (600, 200) GeV
Figure 8.10.: Expected significance from different injected signals. The

significance obtained from the PNN(mx,mg) distribution
with the same (myx,mS) values as the injected signal is
shown in red.

111



Sec. 8.6. Interpolation

o
=)

500pT

s e = S
& s & 450 3
c
¢ 5 &£ 400 05 §
2 B
5 350 0.4 i
=z
300
250 0.3
200 L
. . 0.2
150
100) i 0.1
-ee
0 50 k‘. > > 1 L L O
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
my [GeV] my [GeV]
(a) Number of bins (b) First bin edge

Figure 8.11.: Parameters from the binning optimisation algorithm of
the PNN(mx,mg) distributions for (mx,mg) points with
available simulated signal samples.

The alternative version of the binning algorithm, which is used to bin
the interpolated (mx,mg) points (blue), is defined as follows. As be-
fore, at least ¢4 1 background events are required for bin N —i, however,
the stopping criterion is based on the correlations extracted from Figure
8.11. In particular, N = 6 for signals with mx —mg > 450 GeV, N =7
for signals with 310 GeV < mx —mg < 450 GeV or mx < 250 GeV, and
N = 8 for signals with 250 GeV < mx —mg < 310 GeV. Additionally, if
the IV criteria does not guarantee that the upper-edge of the first bin is
< 0.55, additional bins are added, each with one additional background
event, until this condition is guaranteed. The binning suggested by this
algorithm for the red points is very similar to that obtained using the
original optimisation. Most PNN distributions obtain the same num-
ber of bins with both algorithms, however in some cases the suggested
number of bins differ by +1. The impact on the cross section upper lim-
its from changing between the two different binnings has been studied
for the points with available simulated signal samples and found to be
negligible (< 1%).

8.6.3. Signal Interpolation

In addition to interpolating the PNN score distribution, to predict its
shape for any X and 5, the efficiency of the signal to enter the SR, also
needs to be interpolated. The distributions of the training variables,
mypp and mzbw, from a simulated signal point can be interpolated to a
different (mx,mg) point using Lorentz transformations. The interpo-
lated my, and mwa distributions can then be used to obtain the shape
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of the PNN (mx,mg) distribution for the interpolated signal. Once the
shape is available, a 2D graph is used to interpolate the selection effi-
ciency. This method is beyond the scope of this thesis and therefore not
documented in detail.

The difference between the expected upper limits on the signal cross
section times branching ratio obtained when using interpolated or MC-
generated PNN score distributions is used to study the validity of the
interpolated signal histograms. In the mx > 400 GeV mg > 70 GeV re-
gion, shown in Figure 8.12, the relative difference is below 10% and the
interpolated signals are considered valid to use. This study only considers
uncertainties of statistical origin and will be repeated once all system-
atic uncertainties are available to decide the exact signal interpolation
range. A systematic uncertainty on the selection efficiency and shape of
the interpolated signal needs to be considered.
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400
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Figure 8.12.: Difference between the expected limits obtained when using
MC or interpolated PNN score distributions. The area with
a relative difference < 10% is shown.
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8.7. Systematic Uncertainties

Systematic uncertainties originate from both experimental and theoret-
ical sources. They may affect the selection efficiency and the shape of
the SR discriminant predicted by simulation. The effect of these uncer-
tainties on the predictions in the fit is modelled through NPs.

Systematic uncertainties affect both signal and background predictions.
However, the theoretical and experimental uncertainties on the shape
and normalisation of the predicted signal are not yet available at the
time of writing this thesis and therefore not included in the fits. These
uncertainties are expected to be small.

The theoretical systematic uncertainties may arise from the choice of
renormalisation and factorisation scales, the PDF set and the choice
of strong coupling constant value. The effect of these uncertainties on
the production cross section is considered for all processes, additionally,
for the yv+jets, ttH and ZH backgrounds, the effect of these uncer-
tainties on the shape of the SR discriminant is also considered. These
uncertainties are implemented in the likelihood fit as individual NPs.
The uncertainty from the choice of the parton shower model is also es-
timated for the HH, ttH and ZH backgrounds by comparing samples
simulated with the Pythia8 or Herwig7 parton shower and hadronisation
model. For the yvy+jets background, a modelling uncertainty that varies
both the generator and parton shower models is estimated by comparing
events produced with Sherpa, which simulates both the matrix element
and the parton shower, and events produced with the MadGraph event
generator interfaced with Pythia8 for the parton shower. The effect of
these variations in both the shape of the PNN distribution and the selec-
tion efficiency in the SR is considered as individual NPs. Furthermore,
an additional NP is applied to the signal and the single Higgs and HH
backgrounds to model the uncertainty on the branching ratio of the Higgs
decaying to photons. The uncertainty on the branching ratio of the Higgs
decay to b-quarks is applied to the HH background with another NP.
The theory uncertainty that affects the prediction of the yy+jets events
through the extrapolation between the CR and SR, referred to as theory
TF uncertainty, is also considered as an additional NP. This uncertainty
is calculated in an analogous way to the ttZ uncertainties described in
Chapter 6.

The experimental systematic uncertainties arise from imperfect mod-
elling of the detector response and object reconstruction. The impact
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of the experimental uncertainties on the shape and normalisation of the
ttH, ZH, gg¥ H, HH, tHjb and yvy+jets backgrounds is considered,
while the effect of these variations on the minor VBF H, bbH, tW H and
ttyy backgrounds is neglected. The following experimental uncertainties
are included in the statistical analysis as NPs:

e Luminosity (1 NP)

e Pileup modelling (3 NP)

e Diphoton trigger efficiency (1 NP)

e Photon identification efficiency (1 NP)
e Photon isolation efficiency (1 NP)

e Photon energy scale (1 NP)

e Photon energy resolution (1 NP)

e Jet energy scale (17 NP)

e Jet energy resolution (11 NP)

e Jet vertex tagger efficiency (1 NP)

e Flavour-tagging efficiencies (10 NP)

The uncertainties that have a highest impact on the fits vary depend-
ing on the targeted signal, however, the leading uncertainty generally
arises from the modelling of the vy+jets MC, followed by uncertainties
of statistical origin and other theoretical uncertainties on the prediction
of vy-+jets events, such as the theory TF uncertainty or the renormalisa-
tion and factorisation scales uncertainty. The experimental uncertainty
with a largest impact arises from the flavour-tagging efficiencies.

The impact of the different NPs on the signal strength modifier p for the
signal point with mx =230 GeV and mg = 90 GeV is shown in Figure
8.13. In this case, the yvy+jets modelling uncertainty has an impact of
30%, the second leading uncertainty arises from the yy+jets TF and has
a prefit (postfit) impact of 15% (10%). Both of these uncertainties are
constrained by the fit to the CR. The remaining NPs have an impact
below 10%. This is the case for the statistical uncertainty on the back-
ground prediction in the last two bins of the PNN distribution and the
uncertainty on the c-jet and light-flavour jet mistag efficiencies.
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Figure 8.13.: The leading 15 NPs ranked by their impact on the param-
eter of interest, in this case signal norm, are shown for
the PNN(mx = 230 GeV,mg = 90 GeV) fit. The Asimov
dataset with p = 1 is used.

8.8. Results

This section presents the results from the search for X — SH — bby.
At the time of writing this thesis, the search is still under development
and therefore, results are only shown for a subset of the (mx,mg) signal
points. Expected limits are shown for all (mx,mg) points with a MC
generated signal sample. Unblinded results are shown for two (mx,mg)
points where all major systematic uncertainties are available.
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8.8.1. Expected Limits

The results presented in this section are obtained using an Asimov dataset,
where the data is predicted from simulation after a background-only fit
to the CR. The expected upper limits on the signal cross section times
branching ratio are shown for all points with MC simulated signals on
Figures 8.14 (mx < 250 GeV) and 8.15 (mx > 300 GeV). The system-
atic uncertainties of experimental origin and signal uncertainties are not
yet available for all the targeted (mx,mg) points. The results are there-
fore obtained without considering these uncertainties. Cross sections
between 0.14 fb and 24.50 fb are expected to be excluded depending on
(mx,mg). The signals with higher (mx,mg) are characterised by hav-
ing a larger selection efficiency, as was already observed in Table 8.3, and
therefore smaller cross sections are excluded for these signals.
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Figure 8.14.: Expected limits on the signal cross section times branching
ratio for the different (mx,mg) signals with mx < 250
GeV. These limits include only statistical and systematic
uncertainties of theoretical origin.
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Figure 8.15.: Expected limits on the signal cross section times branching
ratio for the different (mx,mg) signals with mx > 300.
These limits include only statistical and systematic uncer-
tainties of theoretical origin.

8.8.2. Unblinded Results

In this section, the results for the (mx,mg) = (600,170) GeV and
(1000, 500) GeV signals are presented. These masses are selected because
all systematic uncertainties on the background prediction are available
for these points. A minor background, the production of a Z boson
decaying to b-quark pairs produced in association with two photons,
Z(bb)y7, is currently being generated and therefore not yet included in
these preliminary results.

The PNN(mx=600 GeV, mg = 170 GeV) and PNN(mx = 1 TeV, mg
= 500 GeV) distributions in the SR, with unblinded data, are shown
in Figure 8.16. A good agreement is observed between data and the
expected SM background for both distributions. In order to assess the
compatibility between the Hy hypothesis and the observed data, a profile
likelihood ratio fit is performed to the PNN distribution in the SR and the
single bin CR, where the hypothesis testing is based on the asymptotic
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butions to correct the normalisation of the yvy+jets back-
ground. The yv+jets uncertainty includes the prefit statis-

tical and modelling uncertainties.
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approximation (i.e. Z = ,/qo). The observed po-value is greater than
0.5 in both fits meaning that no evidence for BSM physics is found.
Upper limits on the production cross section times branching ratio for
the (mx,mg) = (600, 170) GeV and (1000, 500) GeV signals are therefore
set. For (mx,mg) = (600,170) GeV and (mx,mg) = (1000,500) GeV
the observed (expected) upper limits at 95% CL are oxBR < 0.217
(0.264) fb and o xBR < 0.146 (0.157) fb respectively. These expected
limits are compatible with those shown in Figure 8.15, indicating that
the impact of the experimental uncertainties is small.

The two NPs that have the largest impact on p in the (mx,mg) =
(600, 170) GeV fit are associated with the modelling of the v~v-+jets back-
ground (leading) and the statistical uncertainty in the most-signal like
PNN bin (sub-leading). The same NPs, but with inverted order, have
the largest impact on p in the (mx,mg) = (1000,500) GeV fit. Fig-
ure 8.17 shows how much the NPs are pulled by the fits. As expected,
the NF., jets NP, referred to as yy_norm, is pulled to 1.28 to correct
the yv+jets normalisation, and the signal strength p, referred to as sig-
nal norm, is pulled to 0. The NP related to the yy+jets modelling un-
certainty, referred to as yy Modelling, is slightly pulled and constrained
by the fit, specially for the (mx,mg)=(600, 170) GeV fit where this is
the largest uncertainty. The NP for the theory TF uncertainty on the
~vy-+jets background estimation, referred to as yy theory TF is also
slightly constrained and pulled in both fits. This NPs has the third
largest impact on g in the (mx, mg) = (600,170) GeV fit and the fifth
largest impact on p in the (mx,mg) = (1000, 500) GeV fit.
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Chapter 9

Summary and Conclusions

The Standard Model is a powerful theory that has been widely challenged
by many precision tests and searches and which holds to an extremely
impressive accuracy. But even with all its success the theory has some
limitations. There are many theories that try to solve some of the short-
comings of the Standard Model while maintaining its carefully tested
predictions. In this thesis, data from proton-proton collisions recorded
by the ATLAS detector during the Run 2 of the Large Hadron Collider
is used to test different Beyond Standard Model theories.

The reconstruction of physics objects from the signals in the detector
is the pillar on which all physics analyses rest. Particles that decay to
b-hadrons, such as the Higgs boson, the top quark or the postulated S bo-
son described in Chapter 8, can be identified using b-tagging algorithms.
These algorithms are trained using MC simulations and therefore need
to be calibrated in data. Independent calibrations are performed for dif-
ferent jet flavours to correct possible mismodellings of the algorithms.
Chapter 5 (Paper I) presents the jet pp dependent Scale Factors that are
used to correct the light-flavour jet tagging efficiency of the b-tagging
algorithms. These Scale Factors and their corresponding uncertainties
are applied to all searches presented in this thesis.

Supersymmetric and Dark Matter particles are perhaps the beyond Stan-
dard Model particles most commonly searched for at the Large Hadron
Collider. Chapter 6 (Paper II) presents a search for the supersymmet-
ric partner of the top quark and Dark Matter in a final state with one
charged lepton, jets and missing transverse momentum. The produc-
tion of a top quark pair in association with a Z boson, where the Z
boson decays to neutrinos, is an irreducible background in this search.
The missing transverse momentum from the neutrinos cannot be dif-
ferentiated from that of the lightest supersymmetric particle or Dark

123



Matter, making it impossible to differentiate this background from sig-
nal. The ttZ Control Region, which I have defined, exploits the Z decay
to charged leptons to correct the prediction of the irreducible ¢¢Z back-
ground in data. This search finds no evidence of beyond the Standard
Model physics and extends the previous upper limits on the possible
masses of these beyond the Standard Model particles. These particles
may still exist but have much higher masses and can therefore not be
observed at the current energies of the Large Hadron Collider.

The spontaneous symmetry breaking of the Higgs potential is the foun-
dation of the mass-generation mechanism in the Standard Model. A few
pico-seconds after the Big Bang the Universe underwent a phase transi-
tion that generated a massive scalar boson, known as the Higgs boson,
and most particles acquired mass. Depending on how this phase tran-
sition occurred and the exact shape of the Higgs potential, some of the
shortcomings of the Standard Model may be solved.

The shape of the Higgs potential can be constrained through the Higgs
boson properties. At first order it depends on the already measured
Higgs boson mass and at second order it depends on the unmeasured
triple Higgs self-coupling. The production of Higgs boson pairs in a final
state with two photons and two b-jets is one of the best channels to
measure the Higgs self-coupling, however, this process is rare and hence
very difficult to observe. The current experimental constraints on the
Higgs self-coupling, presented in Chapter 7 (Paper III), are relatively
loose and therefore still allow for physics beyond the Standard Model.

Through small deviations in the effective couplings, Effective Field The-
ories can be used to infer the presence of beyond the Standard Model
particles much heavier than what can be produced at the energies of
the Large Hadron Collider. Chapter 7 (Paper IV) presents the first con-
straints on the parameters that are relevant to H H production in ATLAS
using the Effective Field Theory framework. The experimental data is
compatible with the Standard Model hypothesis but the results still al-
low for beyond the Standard Model interactions. A natural extension of
this work is to include H H results into the more general Effective Field
Theory combination of single Higgs and electroweak boson measurements
[103]. This combination exploits the correlations between parameters of
the Standard Model Effective Field Theory framework.

Many beyond the Standard Model theories predict the existence of an
extended Higgs sector. The additional Higgs bosons in such theories
could affect the shape of the Higgs potential and the electroweak phase
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CHAPTER 9. SUMMARY AND CONCLUSIONS

transition in the early Universe. Chapter 8 presents a search for models
with a Standard Model Higgs boson H and two additional beyond the
Standard Model Higgs bosons X and S in the final state with two pho-
tons and two b-jets. This search is complementary to that presented in
Chapter 7 because it targets beyond the Standard Model particles that
are light enough to be produced at the Large Hadron Collider. The anal-
ysis strategy is based on a parametrised Neural Network that is sensitive
to a wide range of X and S masses.
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1 Introduction

Many analyses in ATLAS [1], such as measurements or searches involving top quarks or Higgs bosons, rely
on the identification of jets containing b-hadrons (b-jets) with high tagging efficiency and low mistagging
efficiency for jets containing c-hadrons (c-jets) or containing neither b- nor c-hadrons (light-flavour jets).
The relatively long lifetime and high mass of b-hadrons together with the large track multiplicity of their
decay products is exploited by b-tagging algorithms to identify b-jets.

The b-tagging algorithms are trained using Monte Carlo (MC) simulated events and therefore need to be
calibrated in order to correct for efficiency differences between data and simulation that may arise from an
imperfect description of the data, e.g. in the parton shower and fragmentation modelling or in the detector
and response simulation. The efficiency of identifying a b-jet (¢”) and the mistagging efficiencies (¢
and £, which are the probabilities that other jets are wrongly identified by the algorithms as b-jets,
are measured in data and compared with the predictions of the simulation. These tagging and mistagging
efficiencies are defined as
Nf
_ ‘Ypass

7
Nall

of

where f € {b, c, light}, Né;ss is the number of jets of flavour f selected by the b-tagging algorithm and
N JH is the number of all jets of flavour f. The flavour-tagging efficiency in data (s{;‘“,‘l
efficiency in MC simulation (s{AC) and a calibration factor, also called the scale factor (SF), is defined as

) is compared with the

f
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The calibration factors correct the efficiencies and mistagging efficiencies in simulation to the ones in data
and are applied to all physics analyses in ATLAS that use b-tagging. The b-jet efficiency (?) is calibrated
using the method described in Ref. [2], where the SFs” are extracted from a sample of events containing
top-quark pairs decaying into a final state with two charged leptons and two b-jets. The c-jet mistagging
efficiency (&) is calibrated via the method described in Ref. [3], where the SFs¢ are extracted from events
containing top-quark pairs decaying into a final state with exactly one charged lepton and several jets. The
events are reconstructed using a kinematic likelihood technique and include a hadronically decaying W
boson, whose decay products are rich in c-jets.

This paper describes the measurement of the light-flavour jet mistagging efficiency ('€ of the DL1r
b-tagger, which is widely used in ATLAS Run 2 physics analyses and is discussed in Section 5. The SFs'ight
are extracted from particle-flow jets [4] using 139 fb~! of proton—proton (pp) collision data collected by
the ATLAS detector during Run 2 of the LHC.

The mistagging efficiency &'€" is difficult to calibrate because after applying a b-tagging requirement,

the obtained sample of jets is strongly dominated by b-jets and the fraction of light-flavour jets passing a
selection on the b-tagging score is too low to estimate 8251: ' In order to extract an unbiased and precise
SF'ight 3 sample enriched in mistagged light-flavour jets is required.

In this paper, the Negative Tag method [5, 6], which relies on a modified tagger with a reduced &” and &¢
but similar £ is used. The method, described in detail in Section 6, has already been used to calibrate
£light by using dijet events in 2015-2016 data [7] from the early part of Run 2.



In this work, jets produced in association with Z bosons (Z+jets) are used instead, allowing the use of
unprescaled lepton triggers instead of the prescaled single-jet triggers which were used in the previous
calibration. The calibration precision is improved by extracting the SF'"€" in a fit that simultaneously
corrects ” using data. Previously, £” was estimated from simulation, resulting in large modelling
uncertainties which impacted the precision of the result. An alternative approach [7] to the Negative Tag
method exists in which s:j'f:; " is estimated from simulation by applying data-driven corrections to the input
quantities of the low-level b-tagging algorithms. This method is used to assess the extrapolation uncertainty
between the modified and nominal tagger as described in Section 7.

The paper is structured as follows. Section 2 describes the ATLAS detector. Section 3 presents the dataset
and simulations used in this calibration. The reconstruction of jets, electrons and muons is summarised in
Section 4, while the b-tagging algorithms are described in detail in Section 5. The calibration method is
detailed in Section 6. Systematic uncertainties and results are presented, respectively, in Section 7 and
Section 8 and conclusions are given in Section 9.

2 ATLAS detector

The ATLAS experiment [1] at the LHC is a multipurpose particle detector with a forward—backward
symmetric cylindrical geometry and a near 47 coverage in solid angle.! It consists of an inner tracking
detector (ID) surrounded by a thin superconducting solenoid providing a 2T axial magnetic field,
electromagnetic and hadron calorimeters, and a muon spectrometer with a toroidal magnet system.

The inner tracking detector, which provides full coverage of a pseudorapidity range |n| < 2.5, consists
of silicon pixel, silicon microstrip, and transition radiation tracking detectors. The high-granularity
silicon pixel detector covers the vertex region and typically provides four measurements per track, the
first measurement normally being in the insertable B-layer (IBL) installed before Run 2, primarily to
enhance the b-tagging performance [8, 9]. Sampling calorimeters, made of lead and liquid Argon (LAr),
provide electromagnetic (EM) energy measurements with high granularity in the pseudorapidity region
|7] < 3.2. A steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range (|n| < 1.7)
and a copper/LAr hadron calorimeter covers the range 1.5 < || < 3.2. The forward region is instrumented
with LAr calorimeters in the range 3.1 < || < 4.9, measuring both electromagnetic and hadronic energies
in copper/LAr and tungsten/LAr modules. The muon spectrometer surrounds the calorimeters and is based
on three large superconducting air-core toroidal magnets with eight coils each. The field integral of the
toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon spectrometer includes a
system of precision tracking chambers and fast detectors for triggering.

A two-level trigger system is used to select events. The first-level trigger is implemented in hardware
and uses a subset of the detector information to accept events at a rate below 100 kHz. This is followed
by a software-based trigger that reduces the accepted event rate to 1 kHz on average depending on the
data-taking conditions [10].

I ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the interaction point to the centre of the LHC ring, and the y-axis
points upwards. Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle 6 as = —Intan(6/2). The angular distance is measured in units of

AR = /(An)2 + (Ag)2.



An extensive software suite [11] is used in data simulation, in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger and data acquisition systems of the experiment.

3 Data and simulated samples

The presented results are based on data from pp collisions with a centre-of-mass energy of /s = 13 TeV and
a 25 ns proton bunch crossing interval. The data were collected between 2015 and 2018 with the ATLAS
detector, corresponding to an integrated luminosity of 139 fb~! [12, 13]. A set of single-electron [14] and
single-muon triggers [15] were used, with transverse momentum (pt) thresholds in the range 20-26 GeV
and depending on the lepton flavour and data-taking period. All detector subsystems are required to have
been operational during data taking and to fulfil data quality requirements [16].

Expected Standard Model (SM) processes were modelled using MC simulation. A summary of the
simulated samples used in this calibration and their basic parameter settings is provided in Table 1. All
samples were produced using the ATLAS simulation infrastructure [17] and GEant4 [18]. The effect of
additional pp interactions per bunch crossing (pile-up) is accounted for by overlaying the hard-scattering
process with minimum-bias events generated with PyThia 8.186 [19] using the NNPDF2.3Lo0 set of parton
distribution functions (PDF) [20] and the A3 set of tuned parameters [21]. Different pile-up conditions
between data and simulation are taken into account by reweighting the mean number of interactions per
bunch crossing in simulation to the number observed in data.

The events used in this study originate mostly from the production of a Z boson in association with jets.
This process is simulated with two different generators. Nominal predictions of Z/y* production were
generated using SHERpPA 2.2.1 [22] with the NNPDF3.0nnLo PDF [23]. Diagrams with up to two additional
parton emissions were simulated with next-to-leading-order (NLO) precision in QCD, and those with three
or four additional parton emissions to leading-order accuracy. Matrix elements were merged with the
SHERPA parton shower using the MEPS @ NLO formalism [24-27] with a merging scale of 20 GeV and the
five-flavour numbering scheme (SENS). The sample used to evaluate the tagging efficiencies predicted by
the MC simulation was produced with the MADGrAPH 2.2.3 [28] event generator with up to four additional
partons at matrix-element level interfaced with PyThia 8.210 to model the parton shower, hadronisation,
and underlying event with the NNPDF3.0nLo PDF for the processes where the Z boson decays into muons
or electrons, and with MADGRrAPH 2.2.2 interfaced with PyTHia 8.186 with the NNPDF2.3L0 PDF [20]
for Z boson decays into 7-leptons. The predictions of the Z+jets MADGRAPH program are based on
calculations using the SENS scheme. SHErPA 2.2.1 and MADGRAPH Z+jets simulations are normalised to
the overall cross-section prediction at NNLO precision in QCD [29].

In addition to Z+jets production, some minor backgrounds contribute to the final event sample used for the
calibration. These backgrounds consist mostly of diboson production (ZZ and ZW) and top-quark pair
production with subsequent decays into final states with two charged leptons. The ZW production and the
ZZ production via quark—antiquark annihilation were simulated with SHErRPA 2.2.1 with a MEPS@NLO
configuration similar to what was used in the simulation of the Z+jets process described above, while
loop-induced ZZ processes initiated by gluon—gluon fusion were generated with SHERPA 2.2.2. Both the ZZ
and ZW simulation samples used the NNPDF3.0nnLo PDF set. Top-quark pair production was simulated
using the PowHEG Box v2 generator at NLO precision in QCD [30] interfaced with PyTHia 8.230 to model
the parton shower, hadronisation, and underlying event, using the A14 set of tuned parameters [31]. This
simulation was used to model top-quark pair production with subsequent decays into final states with
two charged leptons and as well into final states with one charged lepton. The latter is used to evaluate



Table 1: A summary of MC generators and their basic parameter settings used to simulate the various physics
processes.

Process Generator PDF set  Hadronisation/Fragmentation
Z+jets SHERPA 2.2.1 NNPDF3.0 SHERPA 2.2.1
ZW and gg-initiated ZZ SHERPA 2.2.1 NNPDF3.0 SHERPA 2.2.1
ZZ from gluon—gluon fusion SHERPA 2.2.2 NNPDF3.0 SHERPA 2.2.2
1t PowneGcBox v2  NNPDF3.0 PyTHIA 8.230
Z+jets (Z — ee and Z — puu) MapGrapH 2.2.3  NNPDF3.0 PyTtHiA 8.210
Z+jets (Z — 171) MabpGrapH 2.2.2 NNPDF2.3 PyTHiA 8.186

the difference between the SFs obtained from the modified (DL1rFlip) and nominal (DL1r) b-tagging
algorithms.

The decays of b- and c-hadrons were handled by EvrGen 1.6.0 [32] in all simulations, except for those
generated using SHERPA, for which the default SHERPA configuration recommended by the SHERPA authors
was used.

4 Object and event selection

Tracks of charged particles are reconstructed from energy deposits in the material of the ID [33]. Events
are required to contain at least one vertex with two or more associated tracks that must have pt > 500 MeV.
Among all vertices, the vertex with the highest p% sum of the associated tracks is taken as the primary
vertex [34]. The transverse (dp) track impact parameter (IP) is defined as the distance of closest approach
of the track-trajectory to the primary vertex in the transverse plane. The longitudinal track IP (zg) is defined
as the distance in the z-direction between the primary vertex and the track trajectory at the point of the
closest approach in the x—y plane.

Jets containing b- and c-hadrons are characterised by having in-flight decays due to the relatively long
lifetime of the heavy-flavour hadrons and give rise to secondary vertices (SV) with associated tracks. To
exploit the presence of in-flight decays in the jet direction, the signed IP is defined for each track within a
jet. As shown in Figure 1, a track has a positive IP if the angle between the jet direction and the line joining
the primary vertex to the point of closest approach to the track is less than 7/2 and negative otherwise. The
Single Secondary Vertex Finder (SSVF) algorithm [35] is used for the reconstruction of the SV.

Electron candidates are reconstructed from energy clusters in the EM calorimeter matched to an ID
track [36]. Candidates must satisfy pt > 18 GeV and |n| < 2.47, excluding the barrel-endcap transition
region of 1.37< |n| <1.52, and their associated tracks must fulfil |dy|/cg, < 5 and |zp|sin6 < 0.5 mm,
where o7, is the uncertainty in dy. Electrons are identified using a likelihood-based discriminant that
combines information about shower shapes in the EM calorimeter, track properties and the quality of
the track-to-cluster matching [36]. Electrons must fulfill a ‘Tight’ identification selection. The gradient
isolation criteria are applied to reject non-prompt electrons, using energy deposits in the ID and calorimeter
within a cone around the electron. Their efficiency is 90% (99%) for electrons from Z — ee decays at
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P < 0\ Iprimary vertex
Figure 1: Graphical illustration of the signed IP of tracks in the jet.

pt = 25 (60) GeV. Efficiency scale factors measured in data [36] are used to correct for differences in
reconstruction, identification, isolation and trigger selection efficiencies between data and simulation.

Muon candidates are reconstructed by combining tracks in the ID with tracks in the muon spectrometer [37].
Only muons with || < 2.5 and pr > 18 GeV are used. They have to fulfil the “Tight’ identification
selection criteria [38] and satisfy |do|/og, < 3 and |zo| sin# < 0.5 mm. The isolation selection reduces
the contamination from non-prompt muons by placing an upper bound on the amount of energy measured
in the tracking detectors and the calorimeter (combined using the particle-flow algorithm [4]) within a
cone of variable size (for p’T’ < 50 GeV) or fixed size (for p¥ > 50 GeV) around the muon. Efficiency
scale factors are used to correct for differences in muon reconstruction, identification, vertex association,
isolation and trigger efficiencies between simulation and data [38].

Jets are reconstructed from particle-flow objects combining information from the tracker and calorimeter [4],
using the anti-k, algorithm [39, 40] with a radius parameter of R = 0.4. The jet energy is calibrated
to the particle scale by using a sequence of corrections, including simulation-based corrections and in
situ calibrations [41]. The jet-vertex tagging technique (JVT) [42], which uses a multivariate likelihood
approach, is applied to jets with || < 2.4 and pt < 60 GeV to suppress jets from pile-up activity. The
‘Tight’ selection criterion, corresponding to a JVT score > 0.5, is used. Scale factors are applied to match
the JVT MC efficiencies to those in data. All selected jets must have a pr > 20 GeV and || < 2.5.

The b-tagging algorithms use tracks matched to jets as input. This matching uses the angular separation
between the track momenta, defined at the point of closest approach to the primary vertex (PV), and the jet
axis, AR(track, jet axis). The selection requirement on AR(track, jet axis) varies as a function of the jet
pr because the b-hadron decay products are more collimated at larger hadron pr [2].

The jet-flavour labelling in simulation is based on an angular matching of reconstructed jets to generator-
level b-hadrons, c-hadrons and 7-leptons with pt > 5 GeV. If a b-hadron is found within a cone of size
AR = 0.3 around the jet axis, the jet is labelled as a b-jet. If no matching to any b-hadron is possible, the
matching procedure is repeated sequentially for c-hadrons and 7-leptons, and the matched jets are called
c-jets and T-jets, respectively. A jet is labelled as a light-flavour jet by default if no matching to any of
these particles was successful.



A series of requirements on the angular separation AR between muons, electrons and jets are applied to
remove overlaps between objects. If an electron candidate shares an ID track with a muon candidate, the
electron candidate is rejected. Jets within a cone of AR = 0.2 around a lepton are rejected, unless the
lepton is a muon and the jet has more than three associated tracks, in which case the muon is rejected.
Finally, lepton candidates that are found to be 0.2 < AR < 0.4 from any remaining jet are discarded.

A jet sample enriched in light-flavour jets is needed for the calibration. A sample constructed using the
leading jet in pt in a Z+jets selection is expected to contain a 7%—8% fraction of c-jets and a 4%—6%
fraction of b-jets, depending on the jet pr. The mistagging efficiency calibration is performed on the
leading jet in a sample of Z+jets candidate events. The distinct signature of a Z boson decaying into
either two electrons or two muons allows a clean sample of Z+jets events to be selected. Events are
selected for further analysis using single-lepton triggers, where one of the leptons must be matched to
an object that triggered the recording of the event. The event must contain exactly two prompt leptons
with opposite charges and the same flavour (i.e. either exactly two electrons or exactly two muons). The
leading lepton must have pr > 28 GeV and the invariant mass of the dilepton system, m,, must satisfy
81 < mye < 101 GeV. Only events with a reconstructed Z boson with p% > 50 GeV are considered
because the overall modelling is better in this range [43]. The event must also contain at least one jet with
pr > 20 GeV and || < 2.5.

The event yields obtained after applying all selection requirements are listed in Table 2, while comparisons
between the predictions by the simulation and the data are shown in Figure 2 for selected variables.
The predictions of the MC simulation are normalised to data for these comparisons. The shapes of the
distributions predicted by the simulation are consistent with those observed within statistical uncertainties
for most of the considered kinematic range. The discrepancy observed in the SV mass (mgy) distribution
is expected because it is affected by a known mismodelling of the jet-flavour fractions [44, 45]; this is
mitigated by the fit described in Section 6. The mgy observable is calculated using the SSVF algorithm.
Negative values of mgy indicate that no SV was found in the jet. The mismodelling in jet pt does not
affect the calibration.

Table 2: Expected contributions of processes in the calibration region, compared with the selected data obtained with
the full Run 2 dataset. The quoted uncertainties are statistical uncertainties only.

Process Yield
Z-+jets (SHERPA)  (8.766 = 0.015)-10°
I (7.673 £ 0.006)-10*
wz (4.188 + 0.005)-10*
7z (2.526 + 0.004)-10*
Predictions (8.910 + 0.015)-10°
Data 9.560 -10°
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Figure 2: Comparisons between data and simulation for the most relevant kinematic variables after event selection.
The MC expectations are normalised to data. The shaded area corresponds to the statistical uncertainties of the MC
simulations. The Z+jets events are simulated using SHERPA 2.2.1. Negative values of mgy indicate that no SV was
found in the jet.



5 The DL1r b-tagging algorithm

Properties of b-hadrons, such as their relatively high mass, long lifetime and large multiplicity of
reconstructed tracks from their decay products, are exploited to distinguish b-jets from c-jets and light-
flavour jets. Individual low-level taggers [46, 47] are designed to target the specific properties of b-jets.
IP2D, IP3D and RNNIP exploit the individual properties of the tracks from charged particles matched
to the jet, especially the track dp and zo. RNNIP is based on a recurrent neural network and it explores
the correlations between the IPs of different selected tracks in the jet. SV1 exploits the output of the
SSVF algorithm and JetFitter [48] reconstructs secondary and tertiary vertices, following the expected
topology of b-hadron decays. The DL1r algorithm is a deep neural network that takes the output of the
low-level taggers and jet kinematics as input and builds a single discriminant [49, 50].

ATLAS analyses use selection requirements defining a lower bound on the DL1r discriminant to select
b-jets with a certain efficiency. Four of these so-called single-cut operating points (OPs) are defined,
corresponding to b-jet selection efficiencies of 85%, 77%, 70% and 60%. The OPs are evaluated in a
sample of b-jets from simulated ¢7 events. These selection requirements divide the DL1r score into five
intervals to form the pseudo-continuous OPs, where the lower edge of the lowest interval corresponds to
100% DL1r b-tagging efficiency, and the upper edge of the highest interval corresponds to 0% efficiency.

The single-cut and pseudo-continuous OPs are calibrated in order to correct for efficiency differences
between data and simulation. The calibration SF, defined in Eq. (1), is measured relative to a reference
efficiency s{/lc. The performance of the b-tagging algorithm in simulation is affected by the hadronisation
and fragmentation model used in the parton shower simulation [43]. To account for their differences,
simulation-to-simulation SFs are applied to those simulated samples that have a fragmentation model
different from the default. The calculation of these simulation-to-simulation correction factors is described
in Ref. [51]. The top-quark pair production sample produced with PowHEG Box v2 + PyTHia 8.230 is used
to define the reference MC efficiencies in the b- and c-jet calibrations. As no equivalent Z+jets simulation
produced with the PowHEG Box v2 generator is available, the Z+jets MADGRAPH + PyTHIA 8 simulation is
used for the definition of the reference efficiency in the calculation of SF'€™ for light-flavour jets. Since the
Z+jets MADGRAPH + PyTHIA 8 simulation uses the same parton shower model and set of tuned parameters
as the top-quark pair production simulation, the light-flavour jet results and the b- and c-jet calibrations are
obtained relative to similar reference models.

6 The Negative Tag method

The DL1r algorithm rejects 97.52% and 99.96% of the light-flavour jets, respectively, at the 85% and 60%
OPs, according to simulated 7 events. Therefore, the fraction of light-flavour jets passing the threshold is
too low to estimate £""€" in data. The Negative Tag method [5, 6] calibrates sgft: " using a modified version
of the DL1r algorithm (called DL1rF1lip) that achieves lower £” to £ ratios without changing £"&"
significantly.

Tracks matched to b-jets have relatively large and positively signed IPs due to the long lifetime of the
b-hadrons and the presence of displaced decay vertices. In contrast, tracks matched to light-flavour jets



typically have IP values consistent with zero within the IP resolution such that a more symmetric> IP
distribution is expected. The expected IP distributions of the tracks associated with b-jets, c-jets or
light-flavour jets are shown in Figure 3. The Negative Tag method assumes that the probability for a
light-flavour jet to be mistagged remains almost the same when inverting the IP signs of all tracks and
displaced vertices. This is based on the assumption that light-flavour jets are misidentified as b-jets mainly
due to resolution effects in the track reconstruction which result in tracks and vertices from tracks with
positive IPs inside the jet. Given the symmetric IP distributions, the fractions of tracks and vertices from
tracks with positive IPs remain stable after inverting the IP signs of all tracks and vertices. The presence of
the positive tail in the IP distribution challenges this assumption and its impact is taken into account by a
dedicated uncertainty, which is called the DL1rF1lip-to-DL1r extrapolation uncertainty in the following.
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Figure 3: Signed-dy (left) and signed-z (right) distributions for tracks matched to b-jets, c-jets and light-flavour jets
in simulated ¢7 events. The selected tracks are matched to particle-flow jets with pt > 20 GeV and || < 2.5, and
pass the jet-vertex tagger selection. The distributions are normalised to unity. Statistical uncertainties are also shown.

The DL1rFlip algorithm inverts the signs of the track IPs and the decay length®, while using the same
algorithm training and OP-threshold definitions as the DL1r algorithm. The £'i€h values obtained by the
two algorithms are approximately the same, while the DL1rFlip algorithm selects a smaller fraction of
b-jets than the nominal version. The discriminants of the DL1r and DL1rFlip algorithms are compared
between data and simulation in Figure 4. These comparisons show that the heavy-flavour fractions are
much lower for high DL1rF1lip values than for high DL1r values. At the 85% (60%) single-cut OP, the
DL1r algorithm selects a sample of jets in which 25% (1%) are light-flavour jets, while the DL1rFlip
algorithm selects a sample in which a higher fraction, 38% (6%, are light-flavour jets at the same OP.

The calibration is performed independently in jet pt intervals in order to account for the pt dependence
of 8 A simultaneous binned fit to the mgy distribution in each pseudo-continuous interval of the
DL1rFlip discriminant is performed in order to simultaneously determine 83 o A0d (‘;‘Ei}; " in the DL1rFlip
discriminant intervals. The sensitivity of the fit does not allow the SFs of all three jet flavours to be derived
simultaneously. Therefore, €] . is constrained to the MC predictions and SF€ is fixed to unity within an

uncertainty of 30%, as suggested by studies of the c-jet mistagging efficiency calibration [3].

2 The tracks matched to light-flavour jets have a slight bias towards positive-sign values due to the presence of some long-lived
particles (e.g. K5 or A). The contribution from the mismodelling of long-lived particles is expected to be negligible relative to
the mismodelling of the d( and z( resolutions [7].

3 In this paper, vertices are assigned a negative decay length if they have an angle between the jet direction and the line joining
the primary vertex to the secondary vertex of less than /2 (see Section 14.2 of Reference [52] for more details).

10



81011\\\\‘\\\\\\\\‘\\\\‘\\\\é 8.1011\\\\‘\\\\\\\\‘\\\\‘\\\\
210°E ATLAS 4 Data = 210°E ATLAS ¢ Data
210°E 5= 13 Tev, 139 16 74 MC Stat. Une. Z10°E (5= 13 TeV, 139 b #2 MG Stat. Unc
[ o et B light-flavour jet 3 [ ot et B light-flavour jet
5 10°E P}'>20GeV, | <25 B oot = & 10°E Pf'>20GeV, | <25 B ciet
107 Simulation normalised to data [ bet - 107 Simulation normalised to data [ bet
10° _
10° 3
10 3
10° 4
10? -
10 é
1 1
107 E
102 nlnnnnllnnnalonnoll oo ) O Y I IR s "
-10 -5 0 5 10 15 -10 -5 15
Leading Jet DL1r Discriminant Leading Jet DL1rFlip Discriminant

Figure 4: Comparisons between data and simulation for the distributions of the DL1r discriminant (left) and DL1rF1lip
discriminant (right). Statistical uncertainties of the yields are shown.

For a given interval of jet pr, the expected number of jets for a defined discriminant interval i is given by

Ni(msv) = Ninme xCx | > F/ xSE el x PL(msv) |,
f=light,c,b

where N; mc is the predicted flavour-inclusive event yield for each discriminant interval; C is a global
normalisation factor and F/ are the jet-flavour fractions; Pif (msy) is the probability density function of
mgy for jet flavour f in the i-th DL1rFlip discriminant interval, taken from simulation. The Pl.f (msy) is
defined in such a way to integrate an additional bin (msy < 0 GeV) representing the number of events
where no secondary vertex is found. The mgy has been obtained with tracks with nominal sign as input to
the SSVF algorithm.

The C, F/ and SF"""

predictions from simulated events and SF{ is set to 1.0 +0.3. The constraints Zle alf Mc X SF‘if =1, where
the contributions to the first bin (corresponding to the 100%—85% OP interval) are allowed to vary such
that unitarity is preserved, and Flight = 1 — F® — F¢ are applied, reducing the number of free parameters
to 11. Figure 5 shows the post-fit msy and DL1rFlip discriminant distributions for the 50-100 GeV
pr interval. The parameters of interest, i.e. the SFi.'ghl, are obtained from the DL1rFlip algorithm. In
order to apply this calibration to the DL1r algorithm, an extrapolation uncertainty is added to account for
the differences between these two tagging algorithms. Details of this DL1rFlip-to-DL1r extrapolation
uncertainty are presented in Section 7.

parameters are allowed to float in the fit, while N; mc and slf M are fixed to the
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Figure 5: Post-fit distribution of the DL1rFlip discriminant (left) and the mgy distribution in the 77%-70% OP
interval (right). Both distributions are shown for the 50-100 GeV pr interval. The shaded area corresponds to the
total statistical uncertainty. The binning in mgy allows good separation between the jet flavours and also uses the
minimum number of bins necessary to constrain the free parameters of the fit. Choosing the coarsest binning possible
allows the statistical uncertainties to be minimised.

7 Systematic uncertainties

The measurement of SF'€" is affected by four types of uncertainties, including those due to experimental
effects, the modelling of the Z+jets and background processes, and the limited number of events in data
and simulation. For each source of uncertainty, one parameter of the fit model is varied at a time, and
the effect of this variation on SF!ight is evaluated. This approach is chosen to prevent the fit from using
the data to constrain the impact of individual systematic uncertainties. The probability density functions
(PDFs) in mgy are derived from the SHERPA 2.2.1 Z+jets simulation sample. The PDF for each flavour
component is separately normalised to unity, so only the shape of the mgy distributions is estimated using
the SHERPA 2.2.1 Z+jets simulation. The simulated efficiencies from the MADGRAPH Z+jets simulation
listed in Table 1 are used in the likelihood definition to predict the expected number of events for each
flavour category. Given that the flavour fractions and most SFs are extracted from the data, the systematic
uncertainty calculation considers mainly effects on the template shapes. An additional uncertainty accounts
for differences between SF2M values from the DL1rF1ip and DL1r algorithms to ensure the applicability
of this calibration to the DL1r algorithm.

Uncertainties in the modelling of the detector response have a negligible impact on the calibration results.
The impact of the jet energy scale uncertainties was estimated by globally shifting the jet energy scale (JES)
by 5%, in accord with the most conservative estimate of the JES uncertainty in pr derived in Ref. [41]. This
conservative assumption about the magnitude of the jet energy scale uncertainties leads to an estimated
impact of less than 1% on the calibration results, owing to the low pt dependence of the scale factors.
The impact of dy and zo IP resolution modelling uncertainties on the mgy templates was estimated by
applying data-driven corrections to the simulated dy and zo in a sample of simulated top-quark pairs with a
method similar to the one in Ref. [7]. The impact of these corrections is transfered to the fit templates
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and is symmetrised around the central value. This approach was chosen in order to mitigate the effect of
statistical fluctuations in the available Z+jets samples. Other experimental uncertainties were found to be
negligible because they are not correlated with the discriminant used in the fit (mgy).

Simulations of Z+jets via SHERpA 2.2.1 are used as the nominal model to derive the fit templates for b-jets,
c-jets and light-flavour jets in the mgy distribution. In order to assess the impact of the resulting choice
of parton shower model, shower matching scheme and order of the perturbative QCD calculations on
the template shapes, SFs'€" are derived using an alternative model, provided by the Z+jets MADGRAPH
+ PyTH1A 8 simulation. The difference between the obtained SFs'"#" is taken as the estimate of the MC
modelling uncertainty. The effect of QCD scale uncertainties is estimated by independently doubling
or halving the renormalisation and factorisation scales. The impact of choosing a particular PDF set is
estimated by propagating its uncertainties. However, the impacts of the QCD scale and PDF set uncertainties
are found to be covered by the statistical uncertainties of the MC simulation and these uncertainties are
therefore not included.

The effect of the 30% uncertainty in SF, which was fixed to a value of 1.0 in the fit, is estimated by
repeating the fit with SF€ set to 1.3 and 0.7 instead. The mean impact of the two variations on SF'g" is
taken as the impact of the charm calibration uncertainty on the light-flavour jet calibration.

The £'€" value is assumed to be the same for DL1rF1lip and DL1r to first order, as described in Section 6.
However, mismodelling of the IP resolution, the fake-track rate or the parton shower can have different
effects on the tagging performance and SF'€" values of the DL1r and DL1rF1lip algorithms. A DL1rFlip-
to-DL1r extrapolation uncertainty is added to account for residual differences in SF2h between the two
algorithms. SF " cannot be measured in data for the DL1r algorithm. Therefore, a method similar to the
one in Ref. [7] is used to derive SF!gh for DL1rFlip and DL1r from MC simulation in order to compare
the two calibrations. The DL1rFlip-to-DL1r extrapolation uncertainty consists of two components. One
component estimates the impact of the modelling of tracking variables on the DL1rFlip and DL1r tagging
performance, evaluated in a bottom-up approach correcting the simulation, and the second component
estimates the impact of the shower and hadronisation model on the tagging performance difference
between DL1rFlip and DL1r. The impact of the modelling of tracking variables is evaluated by applying
data-driven corrections to underlying tracking variables affecting the b-tagging performance in a sample of
simulated /7 events generated with PowHEG Box v2 + PyTHia 8.230. The impact on '€ of correcting these
observables is evaluated with respect to the uncorrected simulation. Only corrections which have been
shown to have a significant impact are considered [7]. These include the IP resolution and fake-track rate
modelling [53]. The total impact on the mistagging efficiency is obtained by multiplying the effects of all
corrections. The total impact on s;\fgt is compared between DL1r and DL1rFlip and the relative difference
is assigned as the first component of the DL1rFlip-to-DL1r extrapolation uncertainty. A comparison
of these simulation-based calibration factors is shown in Figure 6. The impact of the parton shower
modelling on the difference between SFg" in DL1r and DL1rFlip is estimated by multiplying the SFs'sht
for DL1r (DL1rFlip), derived using the corrected PowHEG Box v2 + PyTHia 8.230 simulation, by the
simulation-to-simulation SFs defined as the ratio of the DL1r (DL1rFlip) £'i€" for the Suerpa 2.2.1 and
the MADGRAPH + PyTHIA 8 simulations. The simulation-to-simulation SFs have been derived using the
Z+jets samples listed in Table 1. This gives an estimate of the DL1rF1ip-to-DL1r extrapolation uncertainty
for an alternative shower model. The difference between this estimate and the estimate obtained using the
corrected POWHEG Box v2 + PyTHia 8.230 simulation is used as the component assessing the impact of
the shower and hadronisation model on the tagging performance difference between DL1rF1lip and DL1r.
The two components are added in quadrature to obtain the DL1rF1lip-to-DL1r extrapolation uncertainty.
The envelope over pr of the DL1rFlip-to-DL1r extrapolation uncertainty is used for the final uncertainty
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Figure 6: Comparison of the light-flavour jet efficiency scale factor results for the DL1r and DL1rF1ip tagger obtained
with the MC-based calibration on a PowHEG Box v2 + PyTHia 8.230 ¢7 Monte Carlo simulation, considering the
85% and 70% operating points, as a function of the jet pr. The error bars correspond to MC statistical uncertainties.
The lower panel shows the ratio of DL1rFlip to DL1r tagger MC-based calibration efficiency scale factors. The
envelope of this ratio across the considered jet pt interval is used as an estimate for the impact of the tracking
variable mismodelling on the difference between the DL1rFlip and DL1r calibrations, which is a part of the
DL1rFlip-to-DL1r extrapolation uncertainty, estimating the impact of applying the calibrations derived for the
DL1rFlip algorithm to the DL1r algorithm.

estimate. The shower modelling makes the largest contribution to the DL1rFlip-to-DL1r extrapolation
uncertainty and ranges up to 10%. The largest uncertainty contribution in correcting the MC simulation
is obtained from the track IP resolution modelling corrections, ranging up to 10% as well. The total
DL1rFlip-to-DL1r extrapolation uncertainty is 10%—12% depending on the b-tagging OP and is the
dominant systematic uncertainty overall.

Statistical uncertainties of the data and the mgy templates from simulated MC events are taken into account.
The statistical uncertainties of the MC-based fit templates are implemented following the light-weight
Beeston—Barlow method [54]. As their effect is non-negligible, cross-check studies were performed using a
‘toy” approach. The fit template bin entries were fluctuated randomly around the nominal value according
to a Gaussian probability distribution with a standard deviation equal to the MC statistical uncertainty in
the template bins. SFh was extracted for each of these new fit templates and the standard deviation of the
resulting SF'€™ distribution was taken as the statistical uncertainty. The statistical uncertainty estimates
via the Beeston—Barlow model and the toy approach were found to be consistent.
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8 Results

The calibration SFs'®€" of the DL1r algorithm are presented. The 85%, 77% and 70% OPs were successfully
calibrated in data by using the Negative Tag method. However, it is not feasible to calibrate the 60% OP in
data because of insufficient statistics and the relatively large contamination by heavy-flavour jets.

Due to these limitations and since the measured SFs for the closest 77%—70% and 70%—60% pseudo-
continuous OPs do not show any significant deviation from unity compared to their respective measurement
uncertainties, the assumption is made that the same must hold for the 60% OP. The SF for this OP is thus
set to 1. Its dominant uncertainty, the DL1rFlip-to-DL1r extrapolation uncertainty, is derived specifically
for the 60% OP, and found to be slightly larger than for the 70% OP. The other (sub-leading) uncertainties
are assumed to be identical to the 70% OP, since their evaluation suffers from large uncertainties. It should
also be noted that extracting very precise SFs'€" for the 60%—0% pseudo-continuous OP interval is not
critical to most physics analyses as only around 0.5 per mille of all light-flavour jets are b-tagged at this
OP [49].

The results for the mistagging efficiency calibration of light-flavour jets from the DL1r tagger, using
particle-flow jets in Run 2 data, are shown in Figure 7 for the pseudo-continuous OPs of the DL1r
algorithm. The calibration of the DL1r single-cut OPs, which is derived from the calibration results of
the pseudo-continuous OPs, is shown in Figure 8. Furthermore, Figure 9 shows a breakdown of the
uncertainties in the SFs"€" for each jet pr interval and single-cut OP.

The measured SFs'2h are consistent with unity within uncertainties, except for the 85%-77% pseudo-

continuous OP and the 85% single-cut OP, where the data prefer SFs'€" which differ from one by about
one standard deviation. Therefore, the results indicate the MC simulation predicts £light to be similar to
that in data.

Mistags of light-flavour jets are mostly caused by the presence of fake tracks and the limited impact
parameter resolution [7]. The fake-track rate is underestimated by the MC simulation and the impact
parameter resolution is overestimated [7, 53]. An increase in the fake-track rate and a decrease in impact
parameter resolution both give rise to larger mistagging efficiencies [7, 55]. Observed SFs slightly larger
than unity are therefore expected.

Tables 3-6 feature a detailed breakdown of the uncertainties in the results. Overall, the largest systematic
uncertainty is the DL1rF1ip-to-DL1r extrapolation uncertainty, with values of 10%—12%, depending on
the b-tagging OP. The impact of the charm calibration uncertainty amounts to 5%—10% depending on
the jet pr and the b-tagging OP, and is therefore one of the larger uncertainties. The MC modelling
uncertainty is a few percent in most cases, but reaches its maximum of 11% for the 70% single-cut OP in
the 20 < jet pt < 50 GeV interval.

The effect of the dy and zp impact parameter resolution modelling uncertainty is generally of the order of a
few percent and therefore mostly subdominant. However, the effect can range up to 14% for low jet pr and
tight OPs. The data statistical uncertainties give subdominant contributions except for high jet pt and tight
OPs, where contributions range from 0.5% to 9.5%. The MC statistical uncertainty is one of the dominant
contributions, ranging from 0.4% to 13%, depending on the OP and the jet p. The total uncertainty in
SF'ight js between 11% and 32%. In general, higher precision is obtained for the looser OPs and the size of
the dominant uncertainties does not depend significantly on the jet pr.

In the previous calibration with the Negative Tag method using dijet events in 2015-2016 data, the total
uncertainty in SF8" ranged from 14% to 76% for jets with pt between 20 and 300 GeV. Dominant
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Figure 7: SFs to calibrate the 2" of the pseudo-continuous OPs. The SF uncertainty band lengths are arbitrary.

Table 3: Uncertainties for the 85% efficiency OP as a function of the jet pr.

Relative uncertainties [%], 85% SFght single-cut OP

pr bin [ GeV] 20<pr <50 50<pr <100 100 < pt <150 150 < pt < 300
c-jet SF 6.1 5.9 6.2 53

‘Flip” extrapolation 9.7 9.7 9.7 9.7

MC modelling 0.38 2.4 44 1

Impact parameter (dy, zo) 1 1.3 1 1.2

Total systematic uncertainty 11 12 12 11

Data statistical 0.52 0.56 1.1 1.4

MC statistical 0.88 0.84 0.72 0.4

Total statistical uncertainty 1.1 1 14 1.6

Total uncertainty 12 12 12 11

uncertainties arose from the modelling of the track impact parameter resolution and the uncertainty in the
fraction of heavy-flavour jets which was estimated using simulation. The reduced uncertainty in the present
calibration stems from both improved modelling of the track impact parameters in simulation and the mgy
fit, which allows the extraction of SF!€" while simultaneously correcting £” and the jet-flavour fractions

16



2.4r

22 ATLAS
[ (s=13TeV, 139 1b"

2.0=2 + > 1 jet sample, " < 2.5
F DL1r €, = 85 % Single Cut OP

Light-flavour Jet Scale Factor

B Total Uncertainty
Systematic Uncertainty
== c-jet SF Uncertainty
== Impact Parameter Unc.
== Total Stat. Uncertainty

ATLAS

Vs=13TeV, 139 b"

Z +21jet sample, | <2.5
DL1r €, = 77 % Single Cut OP

Light-flavour Jet Scale Factor

B Total Uncertainty
Systematic Uncertainty
== c-jet SF Uncertainty
mm Impact Parameter Unc.
== Total Stat. Uncertainty

1 '8;anti-k. R=0.4 particle flow jets == MC Stat. Uncertainty 1.8 anti-k, R=0.4 particle flow jets ~ ==MC Stat. Uncertainty
1.65 -+ Data Stat. Uncertainty 16 -+-Data Stat. Uncertainty
1.4 14

1.2

1.0 B E

0.8 3 =

06:”"\HH\HH\HH\HH\HH: 06:”HmH‘\HH\HH\HH\HH
-0 50 100 150 200 250 300 -0 50 100 150 200 250 300

Jet p; [GeV] Jet P, [GeV]
L et i o S A
2 2iATLAS B Total Uncertainty 2o ATLAS B Total Uncertainty

[ Vs=13TeV, 139 fb"
2.0~z + > 1 jet sample, " < 2.5
F DLir €, = 70 % Single Cut OP

[ anti-k, R=0.4 particle flow jets

Light-flavour Jet Scale Factor

Systematic Uncertainty
== c-jet SF Uncertainty
== Impact Parameter Unc.
== Total Stat. Uncertainty
== MC Stat. Uncertainty
-+ Data Stat. Uncertainty

50 100

Figure 8: SFs to calibrate the glight

150

P B
200 250

Jet p; [GeV]

of the single-cut OPs

300

Vs=13TeV, 139"

Z +21jet sample, | <2.5
DL1r €, = 60 % Single Cut OP
anti-k, R=0.4 particle flow jets

Light-flavour Jet Scale Factor

0.6

Systematic Uncertainty
== c-jet SF Uncertainty
mm Impact Parameter Unc.
== Total Stat. Uncertainty
== MC Stat. Uncertainty
-+-Data Stat. Uncertainty

0 50 100

50

Ll
250 300
Jet P, [GeV]

200

. The SF uncertainty band lengths are arbitrary.

Table 4: Uncertainties for the 77% efficiency OP as a function of the jet pr.

Relative uncertainties [%], 77% SFght single-cut OP

pr bin [ GeV] 20< pt <50 50 < pr <100 100 < pt <150 150 < pt < 300
c-jet SF 6.4 6.6 8.2 7.8

‘Flip” extrapolation 11 11 11 11

MC modelling 3.1 39 14 22
Impact parameter (dy, zo) 4.8 6.5 2.4 2.1

Total systematic uncertainty 14 15 14 14

Data statistical 1.3 1.5 3.1 4.1

MC statistical 5.1 52 4.5 2.7

Total statistical uncertainty 5.2 54 55 5.1

Total uncertainty 15 16 15 14

using data. Previously, ” and the heavy-flavour fractions were estimated from simulation, resulting in
large modelling uncertainties, which were a limiting factor in the precision of the result.
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Figure 9: DL1r mistagging efficiency calibration uncertainties. The breakdown of the different uncertainties is shown
for the different OPs.

Table 5: Uncertainties for the 70% efficiency OP as a function of the jet pr.

Relative uncertainties [%], 70% SFlight single-cut OP

pr bin [ GeV] 20< pr <50 50 < pr <100 100 < pr <150 150 < p < 300
c-jet SF 7.8 6.9 8.2 8.8

‘Flip’ extrapolation 11 11 11 11

MC modelling 11 53 4 2.6
Impact parameter (dy, zo) 9.3 14 3 2

Total systematic uncertainty 20 20 15 15

Data statistical 2.6 3 6 8.8

MC statistical 9.3 12 10 6.3

Total statistical uncertainty 9.7 12 12 11

Total uncertainty 22 23 19 18
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Table 6: Uncertainties for the 60% efficiency OP as a function of the jet pr.

Relative uncertainties [%], 60% SF!ght single-cut OP

pr bin [ GeV] 20< pr <50 50 < pp <100 100 < pt <150 150 < pt < 300
c-jet SF 7.6 6.8 10 9.5

‘Flip® extrapolation 12 12 12 12

MC modelling 11 52 5 2.8
Impact parameter (do, zo) 9.1 13 3.8 2.2

Total systematic uncertainty 20 20 17 16

Data statistical 2.6 3 7.6 9.5

MC statistical 9 12 13 6.8

Total statistical uncertainty 94 12 15 12

Total uncertainty 22 23 23 20

9 Conclusions

The light-flavour jet mistagging efficiency £'"¢" of the DL1r b-tagging algorithm has been measured with a

139 fb~! sample of /s = 13 TeV pp collision events recorded during 2015-2018 by the ATLAS detector
at the LHC. The measurement is based on an improved method applied to a sample of Z+jets events. The
Negative Tag method, based on the application of an alternative b-tagging algorithm, designed to facilitate
the measurement of the light-flavour jet mistagging efficiency, is used. Data-to-simulation scale factors for
correcting £'€" in simulation are measured in four different jet transverse momentum intervals, ranging
from 20 to 300 GeV, for four separate quantiles of the b-tagging discriminant. The scale factors typically
exceed unity by around 10%—20%, with total uncertainties ranging from 11% to 23%, and do not exhibit
any strong dependence on jet transverse momentum. These calibration uncertainties are considerably lower
than the previous 14% to 76% uncertainties from the Negative Tag method using 2015-2016 data.
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1 Introduction

This paper presents a search for new phenomena in events with top quark pairs, in a final
state with exactly one isolated charged lepton (electron or muon,' henceforth referred to as
‘lepton’) from the decay of an on- or off-shell W boson, jets, and a significant amount of
missing transverse momentum (P41, the magnitude of which is denoted by E¥S. This
experimental signature may arise in Supersymmetry (SUSY) [1-7] or in models with a
spin-0 mediator produced in association with top quarks [8, 9] and subsequently decaying
into a pair of dark matter (DM) particles.

SUSY extends the Standard Model (SM) by introducing a supersymmetric partner
for each SM particle, the two having identical quantum numbers except for a half-unit
difference in spin. Searches for a light supersymmetric partner of the top quark, referred
to as the top squark or ‘stop’, are of particular interest after the discovery of the Higgs
boson [10, 11] at the Large Hadron Collider (LHC). Stops may largely cancel out divergent
loop corrections to the Higgs boson mass [12-19], and thus, supersymmetry may provide
an elegant solution to the hierarchy problem [20-23]. The superpartners of the left- and
right-handed top quarks, f, and g, mix to form two mass eigenstates, #; and 5, where #; is
the lighter of the two. Significant mass splitting between the £; and #5 particles is possible
due to the large top quark Yukawa coupling. A generic R-parity-conserving? minimal
supersymmetric extension of the SM (MSSM) [7, 12, 24-26] predicts pair production of
SUSY particles and the existence of a stable lightest supersymmetric particle (LSP). The
mass eigenstates from the linear superposition of charged or neutral SUSY partners of the
Higgs and electroweak gauge bosons (higgsinos, winos and binos) are called charginos >21i,2
and neutralinos >~<(1)72,3,4. The lightest neutralino ()2(1]), assumed to be the LSP, may provide
a potential dark matter (DM) candidate because it is stable and only interacts weakly
with ordinary matter [27, 28]. This paper presents a search for direct pair production of
f1 particles, with significant amount of E%“SS, from the two weakly interacting LSPs that
escape detection. Scenarios with on- and off-shell production of W bosons and top quarks
in the stop decays are considered, leading to two-, three- and four-body decays of the stop.

The search for a spin-0 mediator produced in association with top quarks and
subsequently decaying into a pair of DM particles is motivated by SM extensions which
respect the principle of minimal flavour violation resulting in the interaction strength
between the spin-0 mediator and the SM quarks being proportional to the fermion masses
via Yukawa-type couplings.

Dedicated searches for direct f; pair production were recently reported by the
ATLAS [29-32] and CMS [33-40] Collaborations. Previous ATLAS and CMS searches
extend the lower limit on #; masses at 95% confidence level to 1.2 TeV in the two-body
decay scenario and up to ~450 GeV in the three-body decay scenario. Searches for spin-0
mediators produced in association with heavy-flavour quarks and decaying into a pair of
DM particles have also been reported by the ATLAS [29, 41] and CMS [42] Collaborations.

!Electrons and muons from 7-lepton decays are included.
2 A multiplicative quantum number, referred to as R-parity, is introduced in SUSY models to conserve
baryon and lepton number where R-parity is 1 (—1) for all SM (SUSY) particles.
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Figure 1. Diagrams illustrating the stop decay modes, which are referred to as (a) #; — ¢ + XY s
(b) £ — XY and (c) 1 — bff’X?. In these diagrams, the charge-conjugate symbols are omitted
for simplicity. All the processes considered involve the production of a squark-antisquark pair.

2 Signal models and search strategy

Two classes of physics models are targeted by this search, the production of #; pairs in
simplified SUSY models [43-45] where the only light sparticles are #; and )2(1), and simplified
benchmark models for DM production that assume the existence of a spin-0 mediator
particle that can be produced in association with two top quarks [41, 46] and decays into a
pair of DM particles xx.

The experimental signatures of stop pair production can vary dramatically, depending
on the mass-splitting between #; and X, Figure 1 illustrates the two-, three- and four-
body stop decays considered in this paper. As flavour-changing neutral current processes
are not considered, the dominant among the two-, three- or four-body stop decays is
assumed to have a 100% branching ratio in a given Amflic? regime. In the regime where

Am~ 0= m(ty) — m(i?) is larger than the top quark mass myep, the two-body decay
f — t+ X? dominates. At smaller Am~ E the three-body decay #; — bW X! dominates as

long as Am; » is larger than the sum of the b-quark and W boson masses. At the smallest

values of Amt],fc? the dominant decay channel is the four-body decay t; — bff’ . The
stop is always assumed to decay promptly.

The searches for stops presented in this paper use several signal regions dedicated to
each of the decay channels f; — ¢ + )2?, f — bW and fh — bff’)z(l). For instance, specific
signal regions target the so-called compressed region where the stop undergoes a #; — t4+ X3
decay but where Am- LR R Mitop- The selections are optimised for given benchmark model
points, and are bmned in key variables to retain sensitivity to the widest possible range of
{1 and X1 masses.

The mediator-based DM scenarios consist of simplified models with a DM particle x
that is a SM singlet and a single spin-0 mediator that couples x to SM fermions. Both the
scenarios where the mediator is a scalar, ¢, or a pseudoscalar, a, are considered, as illustrated
in figure 2. These models have four parameters: the mass of the mediator, mpyeq, the DM
mass, mpy, the DM-mediator coupling, g, and the coupling of the mediator to the SM
fermions, gq. In the models considered, the interaction strength between the mediator and
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Figure 2. A representative Feynman diagram for spin-0 mediator production. The ¢/a is the
scalar/pseudoscalar mediator, which decays into a pair of dark matter (x) particles.

SM particles is proportional to the fermion masses via Yukawa-type couplings, and therefore
final states involving top quarks dominate over those involving other fermions. Due to the
associated production of top quarks with undetected DM particles in the same event, the
mediator-based DM model predicts an excess of t£ JrE%‘iss final-state events above the SM
expectation. A dedicated signal region common to both the scalar and pseudoscalar models
is developed. The signal region is binned in the azimuthal angle A¢ (P, ) between the
missing transverse momentum and the leading lepton, to retain maximum sensitivity to both

the scalar and pseudoscalar models and to a large range of mediator and DM particle masses.

The searches presented are based on eight dedicated analyses that target the various
scenarios mentioned above. Each of these analyses corresponds to a set of event selection
criteria, referred to as a signal region (SR), and is optimised to achieve three standard
deviation expected sensitivity to the targeted benchmark model. Two techniques are
employed to define the SRs: ‘cut-and-count’ and ‘shape-fit’ methods. The former is based
on counting events in a single region of phase space, and is employed in the eight analyses.
The latter is used in several SRs to improve the exclusion reach if no excess is observed in
the cut-and-count signal regions, and employs SRs split into multiple bins in one or two
key discriminating kinematic variables. The shape-fit method exploits the varying signal-to-
background ratios in different bins to provide sensitivity to a wider range of new-particle
masses than can be achieved by a single cut-and-count SR. Including these background-rich
regions in the single-bin discovery SRs would significantly reduce the sensitivity to the
targeted signatures.

The main background processes after the signal selections include tt, tt + Z(— vi),
W+jets and the associated production of a single top quark and a W boson (Wt).
Backgrounds from these SM processes are estimated by exploiting dedicated control regions
(CRs) enriched in these processes. The backgrounds are normalised to data by applying
a likelihood fit simultaneously to the SR and associated CRs, making the analysis more
robust against potential mis-modelling in simulated events and reducing the uncertainties
in the background normalisation. Before looking at the data in the signal regions, the
background modelling and the normalisation procedure are tested in a series of validation
regions (VRs) by applying the normalisation factors determined by a background-only fit
in the CRs. A background-only fit to the CRs and SRs then provides a statistical test that



Signal scenario Benchmark Signal Region Exclusion technique Section

ih—t+ex? m(fy, X ?) (800,400) GeV  tN_med shape-fit of X and mr 7.1
i —t+ X7 m(fy, X9) = (950,1) GeV tN_high 7.1
L=t m(ty, )?(1]) = (225,52) GeV tN_diag_low cut-and-count 7.2
i = t+ X% m(fy, X1) = (500,327) GV tN_diag_high cut-and-count 7.2
i — bWy m(fy, X1) = (500,380) GeV bl shape-fit in RNN score 73
t = bff'Xi m(ty, Xi 50, e bffN_bta, shape-fit in p! and P .
bf e (f1, X) = (450, 400) GeV g hape-fit in ph./ERS and Ag(F®, pimiss) 7.4
i > bf X8 m(ty, X (1)) (450,430) GeV  bffN_softb shape-fit in p4/Eiss 7.4
Spin-0 mediator m(¢/a, x) = (20,1) GeV DM shape-fit in A@(p™s, £) 7.5

Table 1. Signal scenarios, benchmark models and signal regions. For each SR, the table lists the
analysis technique used for exclusion limits. The last column points to the section where the signal
region is defined. For tN_high no exclusion technique is defined. The tN_med shape-fit also covers
the tN_high-like phase space.

quantifies the existence and extent of a potential excess of events in data in the SRs. In the
absence of an excess, exclusion limits are set on the associated model parameters by using
the theoretical cross-sections. An overview of the signal regions and the benchmark models
for optimisation is presented in table 1.

3 ATLAS detector and data collection

The ATLAS detector [47] at the LHC is a multipurpose particle detector with almost
47 coverage in solid angle around the interaction point.® It consists of an inner tracking
detector (ID) surrounded by a superconducting solenoid providing a 2T axial magnetic
field, electromagnetic and hadronic calorimeters, and a muon spectrometer (MS), which is
based on three large air-core toroidal superconducting magnets consisting of eight coils each.
The ID provides charged-particle tracking in the range |n| < 2.5. During the LHC shutdown
between Run 1 (2010-2012) and Run 2 (2015-2018), a new innermost layer of silicon
pixels was added [48-50], which improves the track impact parameter resolution, vertex
position resolution and b-tagging performance [51]. High-granularity electromagnetic and
hadronic calorimeters provide energy measurements up to |n| = 4.9. The electromagnetic
calorimeters, as well as the hadronic calorimeters in the endcap and forward regions, are
sampling calorimeters with liquid argon as the active medium and lead, copper, or tungsten
absorbers. The hadronic calorimeter in the central region of the detector is a sampling
calorimeter with scintillator tiles as the active medium and steel absorbers. The MS
surrounds the calorimeters and has three layers of precision tracking chambers with coverage
up to || = 2.7 and fast detectors for triggering in the region |n| < 2.4. A two-level trigger

3ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in
the centre of the detector and the z-axis 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, ¢) are used in the transverse
plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar
angle 6 as n = —Intan(0/2). The transverse momentum, pr, is defined in the z—y plane.




Process ME event generator ME PDF PS and UE tune Cross-section

hadronisation calculation

tt POWHEG-BOX v2 [55] NNPDF3.0 [56] PyTHIA 8 [57] Al4 [58] NNLO-+NNLL [59-64]
Single-top

t-channel POWHEG-BOX v1 NNPDF3.0 PYTHIA 8 Al4 NNLO+NNLL [65]

s- and Wi-channel POWHEG-BOX v2 NNPDF3.0 PyTHIA 8 Al4 NNLO+NNLL [66, 67]
V+jets (V. =W/Z) SHERPA 2.2.1 [68] NNPDF3.0 SHERPA Default NNLO [69]
Diboson SHERPA 2.2.1-2.2.2 NNPDF3.0 SHERPA Default NLO
Multiboson SHERPA 2.2.1-2.2.2 NNPDEF3.0 SHERPA Default NLO
tt+V MG5_aMC@NLO 2.3.3 [70] NNPDF3.0 PyTHIA 8 Al4 NLO [70]
SUSY signal MADGRAPH 2.6.2 [70] NNPDF2.3 [71] PyTHIA 8 Al4 NNLO+NNLL [72, 73]
DM signal MADGRAPH 2.6.2 NNPDF3.0 PYTHIA 8 Al4 NLO [74, 75

Table 2. Overview of the nominal simulated samples. The cross-sections of top, single-top and
SUSY samples were calculated at next-to-next-to-leading order (NNLO) with the resummation of
soft gluon emission at next-to-next-to-leading-logarithm (NNLL) accuracy. The V+jets background
samples were calculated at NNLO. The cross-sections of other background and DM samples were
calculated at next-to-leading order (NLO).

system [52] is used to select events. The first-level trigger is hardware-based, followed by a
software-based trigger system.

The results in this paper utilise the full Run 2 data sample collected from 2015 to 2018 at
a centre-of-mass energy of /s = 13 TeV. The average number of simultaneous pp interactions
per bunch crossing, referred to as ‘pile-up’, in the recorded data is approximately 34. After
the application of beam, detector and data-quality requirements, the total integrated
luminosity is 139 fb~!. The uncertainty in the combined 2015-2018 integrated luminosity is
1.7%. Tt is derived from the calibration of the luminosity scale using x—y beam-separation
scans, following a methodology similar to that detailed in ref. [53], and using the LUCID-2
detector for the baseline luminosity measurements [54].

All events were recorded with triggers that accepted events with E%‘iss above a given
threshold. The EMS triggers relied on energy measurements in the calorimeter and on
several algorithms based on cells, jets or topological clusters in addition to two methods for
correcting for the effects of pile-up. The triggers were fully efficient for events passing an
offline-reconstruction requirement of Eis5 > 230 GeV.

4 Simulated event samples

Samples of Monte Carlo (MC) simulated events are used for the description of the SM
background processes and to model the signals. Details of the simulation samples used,
including the matrix element (ME) event generator and parton distribution function (PDF)
set, the parton shower (PS) and hadronisation model, the set of tuned parameters (tune) for
the underlying event (UE) and the order of the cross-section calculation, are summarised
in table 2.




The samples produced with MADGRAPH5_aMC@NLO [70] and POWHEG-BOX [55, 76—
79] used EVTGEN v1.6.0 [80] for the modelling of b-hadron decays. The signal samples were
all processed with a fast simulation [81], whereas all background samples were processed
with the full simulation of the ATLAS detector [81] based on GEANT4 [82]. All samples
were produced with varying numbers of minimum-bias interactions generated by PyYTHIA 8
with the A3 tune [83] and overlaid on the hard-scattering event to simulate the effect of
multiple pp interactions in the same or nearby bunch crossings. The number of interactions
per bunch crossing was reweighted to match the distribution in data.

The nominal ¢t sample and single-top sample cross-sections were calculated at NNLO
with the resummation of soft gluon emission at NNLL accuracy and were generated
with POWHEG-BOX (at NLO accuracy) interfaced to PYTHIA 8 for parton showering and
hadronisation. Additional # samples were generated with MADGRAPH5_aMC@NLO (at
NLO accuracy)+PyYTHIA 8 and POWHEG-BOX+HERWIG 7 [84, 85] for modelling comparisons
and the evaluation of systematic uncertainties [86]. The t¢ and Wt processes have identical
WWhb final states and can interfere. Additional t£, Wt and W W bb samples were generated
as multi-leg processes at LO with MADGRAPH and used to estimate the systematic
uncertainty from the interference modelling. The tN_med and tN_high regions receive
significant contributions from both #f and Wt in a phase space where the interference is
significant. Techniques used to model the interference such as diagram subtraction (DS)
and diagram removal (DR) [87] were shown to provide predictions bracketing the data [88],
but can lead to large uncertainties. Both schemes are investigated in this paper, but the
DR scheme is ultimately used for the nominal Wt sample.

The W-jets and Z+jets samples were generated with SHERPA 2.2.1 [68, 89] with
up to two partons at NLO and up to four partons at leading order (LO). Diboson and
multiboson [90] events were generated with SHERPA 2.2.1 and 2.2.2. For dibosons, the
events include up to one parton at NLO and up to three partons at LO. For triboson
processes, up to two extra partons were considered at LO. The SHERPA samples used matrix
elements from CoMiIx [91] and OPENLOOPS [92], which were merged with the SHERPA
parton shower [93] using the ME4+PS@NLO prescription [94]. The W+jets and Z+jets
events were further normalised to the NNLO cross-sections [69)].

The tt + V samples were generated with MADGRAPH5_aMC@NLO (at NLO accuracy)
interfaced to PYTHIA 8 for parton showering and hadronisation. The corresponding MC
tune and generator comparisons can be found in ref. [95].

The SUSY samples were generated at LO with MADGRAPH 2.6.2 including up to
two extra partons, and interfaced to PYTHIA 8 for parton showering and hadronisation.
For the f; — t + X1 samples, the stop was decayed in PYTHIA 8 using only phase-space
considerations and not the full ME. Since the decay products in the generated event
samples did not preserve spin information, a polarisation reweighting was applied following
refs. [96, 97]. A value of cosf; = 0.553 was assumed, corresponding to a #; composed
mainly of g (~70%). For the ; — bW X! and £, — bf f'X] samples the stops were decayed
with MADSPIN [98], interfaced to PYTHIA 8 for the parton showering. MADSPIN emulates
kinematic distributions such as the mass of the bW ®) system to a good approximation
without calculating the full ME.



The signal cross-sections for stop pair production were calculated to approximate next-to-
next-to-leading order in the strong coupling constant, adding the resummation of soft gluon
emission at next-to-next-to-leading-logarithm accuracy (approximate NNLO+NNLL) [73, 99—
101]. The nominal cross-section and its uncertainty were derived using the PDFALHC15_mc
PDF set, following the recommendations of ref. [102]. The stop pair production cross-section
varies from approximately 200fb at m; = 600 GeV to about 2fb at m; = 1150 GeV.

Signal events for the spin-0 scalar and pseudoscalar mediator models were generated at
LO with up to one additional parton with MADGRAPH 2.6.2 interfaced to PyTHIA 8 for
parton showering and hadronisation. In the DM sample generation the couplings of the
mediator to the DM and SM particles (g and gq) were set to one. When interpreting the
experimental results, a single common coupling g = g, = gq is always assumed. Coupling
values of g =1 as well as g < 1 are considered. The kinematics of the mediator decay were
found to not depend strongly on the values of the couplings; however, the particle kinematic
distributions are sensitive to the scalar or pseudoscalar nature of the mediator and to the
mediator and DM particle masses. The cross-sections were computed at NLO [74, 75] and
decrease significantly when the mediator is produced off-shell. The production cross-section
varies from approximately 26 pb to 130fb over a scalar mediator mass range of 10 to
200 GeV and from approximately 600 fb to 120 fb over a pseudoscalar mediator mass range
of 10 to 200 GeV.

5 Event reconstruction

Events selected in the analysis must satisfy a series of beam, detector and data-quality
criteria. The primary vertex, defined as the reconstructed vertex with the highest 3= s P,
must have at least two associated tracks with pr > 500 MeV.

Depending on the quality and kinematic requirements imposed, reconstructed physics
objects are labelled as either baseline or signal, where the latter is a subset of the
former, with tighter selection criteria applied. Baseline objects are used when classifying
overlapping selected objects and to compute the missing transverse momentum. Background
contributions from ¢t and Wt production where both W bosons decay leptonically, referred
to as dileptonic ¢t or Wt events, are suppressed by vetoing events with more than one
baseline lepton. Signal objects are used to construct kinematic and discriminating variables
necessary for the event selection.

Electrons are identified as energy clusters formed in the electromagnetic calorimeter
matched to tracks in the ID. Baseline electrons are required to have pr > 4.5 GeV and
|n] < 2.47, and to satisfy ‘LooseAndBLayer’ likelihood identification criteria that follow
the methodology described in ref. [103]. Furthermore, their longitudinal impact parameter
(20), defined as the distance along the beam direction between the primary vertex and the
track’s point of closest approach to the beam axis, must satisfy |z sin | < 0.5 mm where 6
is the polar angle of the track. Signal electrons must satisfy all the baseline requirements
and have a transverse impact parameter (do) that satisfies |dg|/oq4, < 5, where og4, is the
uncertainty in dy. Furthermore, signal electrons are required to be isolated. The isolation
is defined as the sum of the transverse energy or momentum reconstructed in a cone of



size AR = /(An)Z + (A¢)? around the electron, excluding the energy of the electron itself.
The isolation criteria rely on both track- and calorimeter-based information with a fixed
requirement on the isolation energy divided by the electron’s pr. Electrons that satisfy
the signal identification criteria, including the loose isolation, are called loose electrons. In
addition, tight electrons must satisfy both a tight electron likelihood identification criterion
and a tight isolation criterion.

Muon candidates are reconstructed from combined tracks that are formed from ID and
MS tracks, or stand-alone MS tracks. Baseline muons up to |n| = 2.7 are used, and are
required to have pr > 4 GeV, a longitudinal impact parameter |zosin 6| < 0.5 mm, and to
satisfy the ‘Medium’ identification criterion [104]. Signal muons must satisfy all baseline
requirements and in addition have a transverse impact parameter satisfying |do|/oq, < 3.
Tight signal muons must satisfy tight isolation criteria, similar to those used for tight signal
electrons, but with a fixed requirement on track-based isolation energy divided by the
muon’s pr. A category of loose signal muons is also defined, which requires the ‘Loose’
identification criterion [104] and satisfies a looser isolation criterion.

Dedicated efficiency scale factors are derived from Z — £ and .J /v — €0 data samples
to correct the simulations for minor mis-modelling of electron and muon identification,
impact parameter and isolation selections. The pr threshold of signal leptons is 25 GeV for
electrons and muons in all signal regions except for signal regions dedicated to t; — bf f’ )Z?,
where electrons with py > 4.5 GeV and muons with pp > 4 GeV are used.

Jet candidates are built from topological clusters [105, 106] in the calorimeters using
the anti-k; algorithm [107] with a jet radius parameter R = 0.4 implemented in the
FastJet package [108]. Jets are corrected for contamination from pile-up using the jet area
method [109-111] and are then calibrated to account for the detector response [112, 113].
Jets in data are further calibrated according to in situ measurements of the jet energy
scale [113]. Baseline jets are required to have pr > 20 GeV. Signal jets are required to have
[n] < 2.5 and pr > 25 GeV in all signal regions, except in the four-body signal regions, where
the pr threshold of signal jets is 20 GeV. Furthermore, signal jets with pp < 120 GeV and
[n] < 2.5 must satisfy track-based criteria designed to reject jets originating from pile-up [111].
Events containing a signal jet that does not satisfy specific jet-quality requirements (‘jet
cleaning’) are rejected to suppress detector noise and non-collision backgrounds [114, 115].
The number of signal jets in an event is denoted Njet. In addition to these jet candidates, the
same anti-k; algorithm is used to define larger radius (large- R) jets to provide discriminating
variables for the reconstruction of top quarks, as described in section 6.

Jets identified as containing b-hadrons are referred to as b-tagged jets. Their
identification is performed using the MV2c¢10 b-tagging algorithm, which examines quantities
such as the impact parameters of associated tracks and characteristics of reconstructed
secondary vertices [116, 117]. The algorithm is used at a working point that provides a 77%
b-tagging efficiency in simulated t¢ events, and corresponds to a rejection factor of about
130 for jets originating from gluons and light-flavour quarks (light jets) and about 6 for jets
induced by charm quarks. Corrections derived from data control samples are applied to
account for differences between data and simulation in the efficiency and mis-tag rate of
the b-tagging algorithm. The number of b-tagged jets in an event is denoted N je;. Since



MV2c10 is only applicable to baseline jets with pp > 20 GeV, it is not sensitive to low-pp
b-hadrons. The presence of low-pr b-hadrons, below 20 GeV, is instead inferred using a soft
b-tagging algorithm, which does not rely on the presence of a jet in the calorimeter, but
requires the presence of secondary vertices [118]. This technique is used to gain sensitivity
to the f; — bff’f(? signal in the regime with Amfl,ﬁ] lower than ~40 GeV. The number
of secondary vertices in an event is denoted Ngy. Corrections derived from dedicated ¢t
and W+jets control regions are applied to the soft b-tagging efficiencies to account for
differences between data and simulation.

Jets and associated tracks are also used to identify hadronically decaying 7-leptons
using the ‘Loose’ identification criterion described in refs. [119, 120], which has a 85%
(75%) efficiency for reconstructing 7-leptons decaying into one (three) charged pions. The
hadronic 7-lepton decay candidates are required to have one or three associated tracks,
with total electric charge opposite to that of the signal electron or muon, pt > 20 GeV,
and |n| < 2.5. The 7-lepton candidate pr requirement is applied after a dedicated energy
calibration [121, 122].

To avoid labelling the same detector signature as more than one object, an overlap
removal procedure is applied. Given a set of baseline objects, the procedure checks for
overlap based on either a shared track, ghost-matching [110], or a minimum distance AR,
between pairs of objects.? First, if a baseline lepton and a baseline jet are separated by
AR, < 0.2, then the lepton is retained and the jet is discarded. Second, if a baseline jet
and a baseline lepton are separated by AR, < 0.4, then the jet is retained and the lepton
is discarded, to minimise the contamination from jets misidentified as leptons. For the
remainder of the paper, all baseline and signal objects are those that have survived the
overlap removal procedure.

The missing transverse momentum Py is reconstructed as the negative vector sum
of the transverse momenta of baseline electrons, muons, jets, and a soft term built from
high-quality tracks that are associated with the primary vertex but not with the baseline
physics objects [123, 124]. Photons and hadronically decaying 7-leptons are not explicitly
included but enter either as jets, electrons, or via the soft term.

6 Discriminating variables

The backgrounds contributing to a final state with one isolated lepton, jets and ERS are
primarily semileptonic ¢t events with one of the W bosons decaying leptonically, and W +jets
events with a leptonic decay of the W boson. Both backgrounds can be efficiently reduced
by requiring the transverse mass of the event, mr, to be significantly larger than the W

boson mass. The transverse mass is defined as mp = \/ 2p5 Emi[1 — cos(Ag)], where Ag
is the azimuthal angle between the lepton and missing transverse momentum directions
and pff is the transverse momentum of the charged lepton. Other discriminating variables
used to distinguish signal from several categories of background events are described below.

4Rapidity y = 1/2In[(E + p-)/(E — p-)] is used instead of pseudorapidity (1) when computing the
distance AR, between objects in the overlap removal procedure.



6.1 Dileptonic tt reconstruction

The mry variable [125] is a generalisation of the transverse mass, applied to signatures
where two particles are not directly detected. The variable m7., [126] is a variant of mre
developed to identify and remove tt events where one W boson decays into a hadronically
decaying 7-lepton candidate. In this case the ‘T-jet’ is used as the visible particle for one
top branch and the observed electron or muon for the other top branch. For tt events where
one W boson decays leptonically and the other into a hadronically decaying 7-lepton, mf,
has an endpoint at the W boson mass.

Events with dileptonic decays of tt pairs, where one lepton is not identified, constitute a
significant background. The lost lepton can lead to significant missing transverse momentum
and mr2 above the W boson mass. The topness variable [127] quantifies how well an event
can be reconstructed under a dileptonic top hypothesis and is defined as the logarithm of
the minimum of the following quantity S:

= iy = et p 1P [ = (e + ot )
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when minimised with respect to pw and p, with the constraint pr, + prw = pp>°. The
quantity py represents the four-momentum vector of the W boson for which the lepton
was not reconstructed and is thus completely invisible. The quantities p, and p, are the
lepton and neutrino four-momentum vectors from the W boson whose lepton was identified.
Finally, py; refer to the two b-jets. The sum in the last term runs over the five assumed
final-state particles. If the event contains two b-tagged jets, the two permutations are tested
in the minimisation. If the event has a single b-tagged jet, then permutations where the
second b-jet can be either of the two leading momentum untagged jets are tested during
the minimisation. The values of resolution parameters ayy, a; and acy are constants taken
from ref. [127].

6.2 Reconstruction of hadronic top decays

Signal events contain one hadronic top decay ¢t — ¢q¢’b, while such decays are absent from
the dileptonic t# background. Therefore, reconstructing the hadronic top quark decay can
provide additional discrimination against dileptonic ¢ events. A recursive reclustering
jet algorithm searches for large-radius jets with radius parameter R corresponding to the
radius R(pr) = 2 X myep/pr expected from a hadronic top quark decay ¢ — ¢@’b [29]. The
algorithm is based on the anti-k; algorithm using signal jets as inputs and with initial radius
parameter Ry = 3.0. If a reclustered large-radius jet is significantly narrower than the
radius expected from a hadronic top quark decay of that pr, it is discarded. The radius of
the remaining reclustered jets is iteratively reduced until the radius approximately matches
the radius expected from a hadronic top quark decay. Surviving reclustered jets constitute
hadronic top candidates. If more than one hadronic top candidate is found, the candidate

reclustered

whose mass my5; is closest to myep is retained.
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A second hadronic top quark candidate algorithm is employed that fully reconstructs
the direction of both the leptonically and the hadronically decaying top quarks, denoted
tiep and tpaq respectively. This algorithm is applied to events with at least four jets and
one b-tagged jet. The m%‘op variable is defined as the invariant mass of the triplet of signal
jets (one of which must be b-tagged) most compatible with myop, taking into account the

jet momentum and energy resolution. The component of the Fniss

perpendicular to tiep
in the tt rest frame, E?‘f, is small in semileptonic top quark decays since ﬁTmiss tends to

align with the leptonically decaying top quark.

6.3 Backgrounds with mismeasured missing momentum

In some signal regions, additional suppression against backgrounds with mismeasured
missing momentum, arising from mismeasured jets, is required. This additional rejection is

provided by HRS = (| Hmlss ~M)/o

L s g the nesative ve ol g
Tosie where H"™* is the negative vectorial sum of

| ﬁTmiSS |’
the momenta of the signal jets and signal lepton [126]. The denominator is computed from
the per-event jet energy uncertainties, while the lepton resolution is neglected. The offset

parameter M is a characteristic scale of the background processes and is fixed at 100 GeV.

6.4 Variables for compressed t; — t + )2(1]

To discriminate stop pair production from SM ¢t production, in the phase space dominated
by the decay #; — t+X1 in the compressed regime Am; LR A Mtops events are reconstructed
according to both the stop and semileptonic t hypothebes These techniques are employed
in the tN_diag_low and tN_diag_high SRs.

The reconstruction of the event under the semileptonic ¢ hypothesis starts by searching
for the hadronically decaying top quark candidate through the minimisation of the loss
function

cand

1y = () | (g my)?

mw Mtop

with my and m¢ep, being the experimentally known W boson and top quark masses. The
W boson candidate mass mf,["}“d is either the mass of a single large anti-k; jet with radius 1.0
or 1.2 or the invariant mass of two anti-k; jets with radius 0.4. The hadronically decaying
top quark candidate tpaq is either one of the large-R jets or the W boson candidate plus
a b-tagged jet. The jet permutation with the minimum loss function is considered as the
candidate for the hadronic top. The visible part of the leptonically decaying top quark
candidate (tlepvis) four-momentum vector is determined by adding the four-momentum
vectors of the remaining highest-pt b-tagged jet and the signal lepton.

The reconstruction of the event under the stop hypothesis relies on the collinear
approximation [128, 129], in which the top quark and the neutralino from the stop decay are
collinear. This approximation is valid for compressed #; — t + X! models (Am; » Miop),
where the requirement of a high-pr initial-state radiation (ISR) jet in the event forces the
momentum of the #; to be much larger than the sum of the top and X! masses.

With this approximation and a given value of the parameter o« = Mo /myg, , the four-
momentum vector p#(a) of the neutrino can be calculated from the missing transverse
energy and the measured momenta of the hadronic and visible leptonic top quark candidates
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under the assumption that the longitudinal neutrino momentum p, is zero. The resulting
p"(a) is then used to compute the leptonically decaying W boson’s transverse mass mg
and the difference in mt between the calculation under the hypothesis of a tf event and
under the signal hypothesis, Am$ = mp — mg.

The tN_diag_low SR is optimised to probe the previously unexcluded region around
the point with a stop mass of 200 GeV and neutralino mass of 27 GeV [29] which corresponds
to a = 0.135. Therefore this region uses the variable Am7 with « fixed to 0.135. For other
compressed regions, which are targeted by the tN_diag_high SR, « can be determined
dynamically by minimising the loss function

[m(l+v) — mw]? N [m(tyepvs +v) — Mitop)?

mw Mtop

Lo =

where m({ + v) is the invariant mass of the lepton and the neutrino, and m(t),vis + v) is

the invariant mass of the leptonic top candidate and the neutrino. Using the approximation

cand

fon, the values of Am7 and the mass

o = mgo / (mﬁ +my,,,) and the measured value of m/
of the X} at the minimum of the loss function can be determined. These variables are
labelled Adeyn and m%ﬁ“ respectively.

Although the neutrino momentum under the collinear approximation is fully known
for a given value of «, there is an ambiguity as to how the remaining missing transverse
momentum is split between the two neutralinos. To resolve this, the following loss function,
which compares the reconstructed leptonic and hadronic #; masses with a given #; mass
hypothesis, m;, , is defined and used in the tN_diag_low SR:

L =

A minimisation of this loss function, again under the assumption that a = 0.135, is
performed with respect to the angles between each neutralino momentum vector and each
le
i
of this loss function, takes lower and more peaked values for compressed £; — ¢ + X! models

of the two top quarks. The mass m;?, which denotes the leptonic £; mass at the minimum

than for the SM top quark backgrounds. Finally, the ratio x; of the hadronic top quark
momentum to the parent stop momentum is also used to discriminate between the stop
signal and the background. Since it is computed as a projection, x1 can take negative values
for background processes, or if the collinear assumption does not hold.

7 Signal regions

A preselection that exploits the basic characteristics of the signals is applied: the presence of
a signal lepton, b-tagged jets and missing transverse momentum. The preselection is designed
to have very high efficiency for the signal and to remove the most trivial backgrounds.
To cover signals with both high-momentum decay products such as in #; — ¢ + X! and
low-momentum decay products such as in &, — bff’ )2(1), ‘soft-lepton’ and ‘hard-lepton’
preselections are defined and are presented in table 3. All regions require ES > 230 GeV
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Selection hard-lepton soft-lepton
Trigger E!f“iss trigger

Data quality jet cleaning, primary vertex
Second-lepton veto no additional baseline leptons
Number of leptons, tightness =1 ‘loose’ lepton =1 ‘tight’ lepton
Lepton pr [GeV] > 25 >4 (4.5) for p (e)
Number of jets (jet pr) >4 (>25GeV) >1(>200GeV)or>2(>20GeV)
Emiss [GeV] > 230

AG (1.2, F) [rad] > 0.4

N jet >1 -

mp [GeV] > 30 -

mi, [GeV] > 80 -

Table 3. Preselection criteria used for the hard-lepton signal regions (left) and the soft-lepton
signal regions (right).

to ensure that the trigger was fully efficient. To reject multijet events with mismeasured jet
momenta, a minimum azimuthal angular distance is required between the missing transverse
momentum direction and the two leading jets, Ag(j12, ) > 0.4.

The signal regions are then optimised using simulated event samples to maximise
the expected Z significance [130, 131] for the benchmark signals.® A set of benchmark
signal models, selected to cover the various stop and spin-0 mediator models, is used for
optimisation. The optimisation is performed using an iterative algorithm, considering all
discriminating variables and accounting for statistical and systematic errors in the evaluation
of the discovery significance. An overview of the signal regions and the benchmark models
for optimisation is presented in table 1. The SRs are not designed to be orthogonal. The
final exclusion limits are obtained by selecting at each point of the model parameter space
the SR with the best expected sensitivity.

71 H—t+ X

Two signal regions, tN_med and tN_high, are designed for models with Amt~1 0 significantly
larger than myep, and rely on large missing momentum and energetic jets. Selections on mr,
H%“;fg, E‘ij_* and t?pness are dictated by the need to suppress the three main backgrounds,
namely W+jets, tt, and tt + V. The presence of a hadronic top quark candidate with
m{f,%lummd > 150 GeV is required primarily to ensure orthogonality with the control regions.

5Significance Z of observing n events for a prediction of b+ o is defined as

n(b+ o?) b2 o2(n—1b)
— ) _ n>
Z_\/Z{nln{b2 m72] p In {1+ 50+ 07) when n > b, or

_ nb+o?)| b o2(n—1b)
Z = \/Q{nln |:7b2+n0'2} po In {1+7b(b+02) when n < b.
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Selection tN_med tN_high

Preselection hard-lepton preselection

Niet, Nijet > (4,1) z(41)

Jet pr [GeV] > (100, 90, 70, 50) > (120, 50, 50, 25)
Eiss [GeV] > 230 > 520

Epis [GeV] > 400 -

H%“;fg > 16 > 25

mr [GeV] > 220 > 380
Topness >9 > 8
mif;;l““ered [GeV] > 150

AR(b, ) <28 <26
Exclusion technique Based on shape-fit in E%liss and mT in tN_med

Emiss ¢ [230, 400], mr > 220
Emiss ¢ [400, 500], mr > 220

Bin boundaries [GeV] Emiss ¢ [500, 600], mr € [220, 380]
Emiss ¢ [500, 600], mr > 380
Emiss > 600, mr € [220, 380]
Emiss > 600, mr > 380

Table 4. Event selections defining the signal regions tN_med and tN_high.

The tN_med and tN_high definitions are given in table 4. A common exclusion region is
defined by performing a two-variable shape-fit on the tN_med signal region, if no excess is
observed in the single-bin discovery signal regions. The binning is designed to maximise the
excluded parameter space in the mg, Mg plane. The two variables chosen for the binning
are the two discriminating variables that best distinguish between tN_med and tN_high,
namely E%’iss and mr. The resulting six bins are given in table 4.

7.2 Compressed £; — t + X

X
significantly from the two signal regions defined above, and the stop signal is kinematically

The kinematics of the decay #; — t + )2? in the region where Amzl @ A Miop differ

very similar to the dominant ¢ background. This region of parameter space is referred to
as the diagonal region. Two dedicated signal regions, tN_diag_low and tN_diag_high, are
designed to target scenarios on the diagonal for low-mass and high-mass stops respectively.
The sensitivity of the tN_diag_low SR is such that it is expected to be able to exclude
scenarios with Amfl,i? = Mmiop and m(#1) between 200 and 250 GeV. Both the tN_diag_low
and tN_diag_high signal regions rely on the presence of a high-pr ISR jet, which serves to
boost the di-stop system. The signal region definitions are shown in table 5 and are used

both for exclusion and for discovery.
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Selection tN_diag_low tN_diag_high
Preselection hard-lepton preselection without 7-lepton veto
Niets Npjet > (4,1)

Jet pr [GeV] > (400, 40, 40, 40)

mr [GeV] > 150 > 110
Fmiss [GeV] - > 400
mrs [GeV] - < 360
Amg [GeV] > 40 -
Am%yn [GeV] - > 60
m? [GeV] < 600 -

m;%“ [GeV] >5 [220, 595
T — > —0.2
Exclusion technique cut-and-count

Table 5. Event selections defining the signal regions tN_diag_low and tN_diag_high.

73 & —wwx?

The signal region for the decay #; — bW X! is labelled bWN and defined using an optimised
two-step machine learning (ML) approach, applied to events preselected according to the
hard-lepton preselection criteria and additionally satisfying my > 110 GeV. The background
mostly consists of ¢f, which has strong similarities to the signal in this region of phase
space. For this reason the ML technique is selected. The jet multiplicity in signal events
varies significantly due to the potential presence of ISR jets and fluctuations in the number
of low-energy jets reconstructed from the hadronically decaying W boson. To deal with
the variable number of signal jets, the first step of the ML procedure is to use a recurrent
neural network (RNN) that has the ability to extract information from sequences of variable
length [132]. The RNN uses a long short-term memory (LSTM) algorithm [133] and takes
the four-momentum vectors of the jets as inputs. The LSTM output becomes the input of
the second step, made up of a shallow neutral network (NN) with a single hidden layer and an
output corresponding to the signal probability. The RNN and NN are trained simultaneously
in one step. The NN uses the following discriminating variables as input: output of the RNN,
Emiss mp, the azimuthal ¢ angle of 5%, the azimuthal angle Ag(pf%, £) between the
lepton and Py, the invariant mass myp, of the lepton and the b-tagged jet, the transverse
momentum of the b-tagged jet, the lepton four-momentum vector, Njet and Np.jes-

Before training, the hard-lepton preselection and the additional selection mt > 110 GeV
are applied. The size of the training sample is a crucial aspect for the performance of any
ML method. Generating fully simulated signal samples with adequate sample sizes after the
hard-lepton preselection and mt > 110 GeV is computationally expensive. To overcome this
difficulty, signal events without detector simulation were used for the training to enhance
the number of signal events by two orders of magnitude. Fully simulated SM background
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Selection bWN bWN-TCR bWN-TVR

Preselection hard-lepton preselection

Niet, Nijet > (4,1)

Jet pp [GeV] > (25, 25, 25, 25)

mr [GeV] > 110 > 150 > 150

NNpwnN >0.9 €][0.4,0.6] € [0.60,0.65]

Exclusion technique shape-fit in NNpwy

Bin boundaries {0.65,0.7,0.75,0.8,0.82,0.84, 0.86, 0.88,0.90,0.92, 1.0}
and mp > 150 GeV if NNpwn< 0.8

Table 6. Event selections defining the signal region bWN, along with its CR and VR.

events were available in sufficiently large numbers to be used directly for the training. For
the signal, the generated events are ‘smeared’ using a dedicated procedure to emulate the
effects of detector simulation and reconstruction. Parameterisations for reconstruction and
identification efficiencies are obtained from dedicated ATLAS measurements and applied
to jets, leptons and b-tagged jet identification. Particle-level electron, muon and jet four-
momentum vectors are smeared according to their respective pr,  and identification working
point. The E%“SS is recomputed from all smeared objects. The kinematic distributions
of all input variables after smearing are found to have fair agreement with distributions
after full event reconstruction. The output score of the ML classifier, denoted NNpwn;,
shows good agreement between smeared samples and fully simulated samples after full event
reconstruction. The classifier output also shows a good agreement between simulation and
data. The smeared samples are used only for the training, while signal and background
predictions are obtained with the samples described in section 4.

The discovery signal region is defined by selecting events with NNpwy > 0.9. The
exclusion limits are obtained by performing a shape-fit using ten bins in NNywy, with bin
boundaries {0.65,0.7,0.75,0.8,0.82, 0.84, 0.86,0.88,0.90,0.92,1.0}. The ¢t background in
the first three bins is reduced by applying an additional selection, namely my > 150 GeV.
The selections that define the bWN signal region are presented in table 6.

74 i — bff'xd

The four-body decay i; — bf f’fé? occurs when Amt},i? is smaller than the W boson mass.
In this scenario, the decay products have low momenta and often fall below the standard
jet and lepton reconstruction pr thresholds. It is therefore necessary to apply a soft-lepton
preselection and require the presence of a high-momentum ISR jet, with pr > 200 GeV, to
boost the momenta of the final-state particles. A first four-body signal region, labelled
as bffN_btag, is optimised by requiring the presence of at least one b-tagged jet. The
background in the bffN_btag signal region mostly consists of tf events. Because the b-
tagged jets are required to have pr > 20 GeV, bffN_btag is not sensitive to Am~ ) below
~40 GeV. For this reason a second signal region, labelled as bffN_softb, is deﬁned This

16



Selection bffN_softb bffN_btag

Preselection soft-lepton preselection

Niet >1 >2

Jet pr [GeV] > 200

Ni-jet =0 >1

b-jet pr [GeV] < 50

Nsy >1 -

my [GeV] > 90

Emiss [GeV] > 250

Ag(piiss, 0) [rad] <20 _

Cr2 [GeV] - > 400

Ap(p™, pi™) [rad] <15

ph/ Exmiss <0.04 <0.05

Exclusion technique shape-fit in p,lr J Eliss shape-fit in p/‘1 J Exuiss
and Ag(phiet, pimiss)

Bin boundaries in pf,/Emiss {0,0.015,0.025,0.04,0.06,0.08}  {0,0.03,0.06,0.1}

Bin boundaries in Ag(p5™, p=)  [rad] {0,0.8,1.5}

Table 7. Event selections defining the signal regions bffN_softb and bffN_btag.

region does not rely on b-tagged jets but instead requires a soft b-tag identified by the
presence of a secondary vertex. The dominant background processes in this region are tt
and W+jets. The bffN_btag signal region also exploits the correlation between the ISR jet
pr and EX by cutting on the Cpy variable defined by Crg = min(ERSS plSR — 25 GeV).
The key variable used at the last stage of the selection is the ratio of the lepton’s transverse
momentum to the missing transverse momentum, pfr JE®sS which has small values for
the t — bf f x5 signal and large values for the backgrounds. The exact definitions of the
four-body signal regions are given in table 7. For exclusion limits, the last selection, namely
on pgf / EI}“SS, is replaced by a shape-fit. In the bffN_softb, the shape-fit is performed in
five bins of the variable p%/E%iss with bin boundaries {0, 0.015,0.025,0.04,0.06,0.08}. In
the bffN_btag signal region the shape-fit is performed in two variables, namely three bins
in p&/E%SS with bin boundaries {0,0.03,0.06,0.1} and two bins in Aqb(pl{wjet,ﬁTmiss) with
bin boundaries {0,0.8,1.5}.

7.5 Dark matter

The dominant background to the search for spin-0 mediator models is the ¢t + V process.
The optimisation of this signal region favours a selection with at least two b-tagged jets and
a leading b-tagged jet with pr > 80 GeV. The distribution of A¢(pf"i*, ¢) differentiates
the scalar and pseudoscalar models from each other and also from the background. The
resulting DM_scalar and DM_pseudoscalar signal region definitions are given in table 8.
In addition to the selection criteria optimised for discovery described above, the exclusion
sensitivity is maximised by relying on a shape-fit in the region DM_scalar with the binning
in Ag(pss, ¢) given in table 8.
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Selection DM_scalar DM_pseudoscalar
Preselection hard-lepton preselection
Niet, Nijet > (4,2)

Jet pr [GeV] > (80, 60, 30, 25)
b-tagged jet pr [GeV] > (80,25)

Emiss [GeV] > 230

HIF“;“g > 15

mr [GeV] > 180

Topness > 8

m{f)‘;)l““ered [GeV] > 150

Ap(jet;, pss), i € [1,4] [rad] > 0.9

Ag(pyiss, £) [rad] > 1.1 > 1.5
Exclusion technique Based on shape-fit in Ag(p2ss, ¢)
Bin boundaries in A¢(pss, £) {1.1,1.5,2.0,2.5, 7}

Table 8. Event selections defining the DM signal regions.

8 Backgrounds

Data can be used to constrain the normalisation of the most significant background processes.
To this end, control regions (CRs) are defined by minimally modifying the SR selections to
suppress the signal while enhancing the fraction of the targeted background process. The
CRs are then incorporated into a simultaneous likelihood fit to constrain the background
process normalisations in the signal region. The ratio of the number of background events
of a given process in the SR to those in a CR is estimated in MC background samples but is
allowed to deviate from that ratio within dedicated MC modelling systematic uncertainties.
Less significant background processes, such as diboson production and Z-+jets, are estimated
directly from MC simulation since they typically represent only a few percent of the signal
region yields. CRs are defined to normalise t¢ (TCR), W+jets (WCR), single-top (STCR)
and t¢ + Z (TZCR). Whether a control region is defined for a given background and signal
region depends on the relative contribution of the process to the SR yield.

To validate the background estimates from the CRs, validation regions (VRs) are
introduced for t£ (TVR) and W+jets (WVR). The VRs are disjoint from both the SRs and
CRs. The TZCR is designed to be as close as possible to the signal region in order to obtain
the most precise estimate of the large ¢t + Z background, and thus does not leave space
between the SR and the CR to introduce a VR for this process. Background normalisations,
referred to as normalisation factors (NF), determined in the CRs are applied to the VRs and
compared with the data. The VRs are not included in the final simultaneous fit, but provide a
statistically independent test of the background estimates in background-dominated regions.
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Signal Region  Signal Scenario TCR WCR STCR TZCR TVR WVR
tN_med B —t+ X7 v v v v v v
tN_high = t+ X% v v v v v v
tN_diag_low 3 —t+X) v - - - v -
tN_diag _high £ —t+X) v - - - v -
BUN i — owxd v - - - v -
bffN_btag fy = bf XY v v v v
bEEN_softb i = bf XY v v - - v v
DM spin-0 mediator v - - v v -

Table 9. Summary of the control and validation regions used (v') for each signal region.

The CRs and VRs are designed to minimise potential contamination from signal
processes. The signal contamination is generally well below 10%, but in some TCRs and
TVRs, for models close to the previously excluded region of parameter space, it can reach
approximately 15%. The signal contributions to the CRs are not included in the background-
only fits but are taken into account in the exclusion fits described in section 11. The CRs and
VRs used for each SR are summarised in table 9. If a process is not normalised via a control
region then it is estimated directly from MC simulation and theoretical cross-sections.

8.1 Control and validation regions for t; — ¢+ )2(1] and spin-0 mediator signals

The dominant background process in the tN_med, tN_high and DM signal regions is ¢t + Z,
and therefore each of these SRs uses a dedicated TZCR. The TZCRs aim at capturing tt + 2
events where the Z boson decays into two electrons or muons, and thus is kinematically
similar to the # + Z background in the signal regions where the Z boson decays into a pair
of neutrinos. This CR is built by selecting events with three leptons (electrons or muons),
one pair of which must be of opposite charge and same flavour with an invariant mass within
10 GeV of the Z boson mass. The exact definitions of the TZCRs follow the definitions of
the tN_med, tN_high and DM SRs in terms of the number of jets, b-tagged jets and jet pr
thresholds. A modified missing momentum variable, EIT“iSS, is defined, where the leptons
associated with the Z boson decay are considered invisible. The EX is the magnitude

of the vector with components ﬁ;nifs derived from the x, y components pg*iyss of ppniss

introduced in section 5. The components ﬁxmi,ss are obtained as follows: ﬁg;,ss:ﬂg;,ss—l—ﬁgy
+;3L37y, where 131(2y and 131(3}, are the z, y components of the momenta of the leptons that
make up the Z boson candidate. The TZCRs require EF"* >230 GeV. The remaining SR
selections are not applied to the TZCRs, in order to retain a large enough event sample.
The W+jets and dileptonic £ processes are significant in tN_med and tN_high, and
therefore dedicated CRs, WCR and TCR, are employed. The DM signal region also employs
a TCR but does not require a WCR due to the smaller size of the W-jets background.
These CRs have the same requirements on the number of jets, the number of b-tagged
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jets and the jet pr thresholds as listed in tables 4 and 8 for their respective signal regions.
Table 10 presents the definitions of the TCRs, WCRs and VRs, by showing which selections
differ from the tN_med and tN_high SRs definitions. Neither W+jets nor dileptonic ¢t
processes yield hadronic top decays, so a veto on the presence of a hadronic reclustered top
candidate is used to ensure orthogonality with the signal regions. The number of events in
TCR and WCR is increased by relaxing several selections compared with the SR selections.
The H%“Sﬁsg selection is lowered to 10 for both tN_med and tN_high, and to 13 for DM. In
addition, ET"® is lowered to 300 GeV for tN_med, while EF™ is lowered to 450 GeV for
tN_high. In the DM signal region the requirement on Ag(jet;, o) is lowered to 0.6.

The topness and mt selections are used to differentiate between WCR and TCR. In
the WCR, mr is required to be in the range 30-90 GeV, compatible with the presence of a
semileptonic W decay, but incompatible with dileptonic ¢ because of the topness selection.
In the TCR, the topness selection of the SR is inverted, thus selecting events compatible
with dileptonic ¢, while mT > 120 GeV is required, as larger values are favoured by the
presence of two leptonically decaying W bosons. The TCR dedicated to the DM signal region
has the same mt selection as its signal region, mt > 180GeV. The purity of the WCR
is further improved by using only positively charged leptons, exploiting the lepton charge
asymmetry in W-jets events from pp collisions.

To validate the dileptonic ¢ background normalisation, a TVR dominated by tt
production is designed. The T'VRs for tN_med and tN_high have the same selections as
the corresponding TCR, except for the veto on the presence of a hadronic reclustered top
quark candidate, which is replaced by a selection requiring the presence of such a hadronic
top quark, with a mass mggg}ustered > 150 GeV.

The validation of the W-+jets background for tN_high is performed with a WVR with
the same selection as tN_high but requiring the presence of a hadronic reclustered top
candidate with mgdustered > 150 GeV and H%“szg > 25, in order to be closer to the SR.
The WVR for tN_med is defined starting from the WCR selections, but replacing several
selections with those used in its SR: E¥SS > 400 GeV, H’f"‘ffé > 16 and the presence of a
hadronic top quark, with a mass mgggustered > 150 GeV.

The DM SR contains only a small fraction of W+jets events due to the requirement of
two b-tagged jets, and therefore only a TVR is considered. It is constructed from the DM
SR definition, but with the topness selection inverted, and to increase the number of events
and limit signal contamination, the selection on Ad(jet;, pii*) is relaxed to 0.6.

The tN_med and tN_high definitions permit the construction of a STCR with enough
data events for comparison with the DS- and DR-based MC predictions. The STCR is
defined with selections close to those of the WCR, but requires a second b-tagged jet,
30 < m7 < 120 GeV and the distance AR(by,bs) between the two b-tagged jets to be larger
than 1.4. To ensure orthogonality with the WCR, events with two b-tagged jets inside the
WCR must have AR(b1,bs) < 1.4. It is found that the DS and DR scheme predictions
bracket the observed number of events in the STCR data, with a large discrepancy between
the two predictions. The largest discrepancy is observed in the STCR associated with the
tN_med SR. The data-to-prediction ratio in the STCR is 0.173% with the DR scheme and
1.5 + 1.3 with the DS scheme.
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Selection tN_med  tN_med-TCR (-TVR) tN_med-WCR (-WVR)  tN_med-STCR
myeciustered [GeV]  >150 veto (> 150) veto (> 150) veto
HElSs > 16 > 10 > 10 (> 16) > 10
E%“r ([GeV] > 400 > 300 > 300 (> 400) 350
mr [GeV]  >220 > 120 € [30,90] € [30,120]
Topness >9 <9 >9 > 10
AR(b, ) <28 - - -
AR(b1,ba) - - <14 > 14
Lepton charge - - >0 -
Npjet >1 >1 >1 =22
Selection tN_high tN_high-TCR (-TVR) tN_high-WCR (-WVR) tN_high-STCR
m{g‘g“temd [GeV]  >150 veto (> 150) veto (> 150) veto
H%“S’fg > 25 > 10 >10 (> 25) > 10
Emiss [GeV] > 520 > 450 > 450 > 450
mr [GeV] > 380 > 120 € [30,90] € (30, 120]
Topness >8 <8 >8 > 10
AR(b,?) <26

AR(b1,b2) - - <1.4 > 1.4
Lepton charge - - >0

Ny jet, >1 >1 >1 >2
Selection DM DM-TCR (-TVR)

mygeustered [Gev]  >150 veto (> 150)

Hpss > 15 > 13 (> 15)

Topness >8 <8

Ag(jet;, pmiss) [rad] > 0.9 > 0.6

Table 10. Event selections defining the CRs and VRs in tN_med, tN_high and DM relative to their
respective signal regions. Only variables for which the selection criteria in the CRs or VRs differ
from those in the SRs are listed.

The availability of the STCR allows the normalisation of the single-top background to
be constrained from data. The fit to the STCR is performed with both the DS and DR
MC schemes, and the resulting two predictions for single-top in the STCR and in the SRs
are compatible within uncertainties. Therefore, once the STCR is used to constrain the
single-top normalisation, the choice of the DS or DR scheme is found to have a negligible
impact on the single-top prediction in the SR. In accordance with ref. [88], the DR scheme
is used for the default Wt sample.

Figures 3, 4 and 5 compare data and prediction in CRs and VRs for several variables
used in the #; — ¢+ X! and DM SRs. Good agreement is observed between data and
prediction, within uncertainties.
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Figure 3. Selected kinematic distributions in tN_med CRs: (a) topness in the TCR, (b) EX®* in
the TZCR, (c) E® in the STCR, (d) %‘)ij_s in the WCR. The distributions shown are post-fit, i.e.
each background is scaled by a normalisation factor obtained from a background-only likelihood
fit to the CRs (see table 14). The hatched area around the total SM prediction and the hatched
band in the Data/SM ratio include all statistical and systematic uncertainties. The last (first) bin
contains overflows (underflows).
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Figure 4. Selected kinematic distributions in tN_high CRs: (a) topness in the STCR, (b) E¥sS in
the TZCR, (¢) Nijer in the TCR, (d) EF5® in the WCR. The distributions shown are post-fit, i.e.
each background is scaled by a normalisation factor obtained from a background-only likelihood
fit to the CRs (see table 14). The hatched area around the total SM prediction and the hatched
band in the Data/SM ratio include all statistical and systematic uncertainties. The last (first) bin
contains overflows (underflows).
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Figure 5. Selected kinematic distributions in DM CRs and VRs: (a) topness in the TVR before
applying the topness selection, (b) E25 in the TZCR before applying the ERi selection, (c) ERis
in the TCR, (d) A¢(p"*%, ¢) in the TZCR. For distributions where the requirement on the displayed
variable is removed an arrow indicates the final selection on that variable. The distributions shown
are post-fit, i.e. each background is scaled by a normalisation factor obtained from a background-only
likelihood fit to the CRs (see table 14). The hatched area around the total SM prediction and the
hatched band in the Data/SM ratio include all statistical and systematic uncertainties. The last
(first) bin contains overflows (underflows).
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Selection tN_diag_low  tN_diag_low-TCR  tN_diag_low-TVR
Leading jet pyr  [GeV] > 400 [200, 360] > 400

mrp [GeV] > 150 > 110

AmG [GeV] > 40 <0

m?lp [GeV] < 600 -

Selection tN_diag_high tN_diag high-TCR tN_diag_high-TVR
Leading jet py  [GeV] > 400 [200, 440] > 440

Emiss [GeV] > 400 > 350

mra [GeV] < 360 -

AmP™ [GeV] > 60 <30

m;?n [GeV]  [220, 595 -

Table 11. Event selections defining the tN_diag_low and tN_diag_high TCR and TVR relative
to their respective signal regions.

8.2 Control and validation regions for compressed £; — t + )Z(f

The definitions of the control and validation regions for the compressed two-body decays rely
on dedicated discriminating variables introduced in section 6.4. The dominant background
process in both tN_diag_low and tN_diag_high is t¢ production. Each of these regions has
its own dedicated TCR. The TCRs build upon the same Nijet, Np.jet, mT and hard-lepton
preselection as the SRs. In both TCRs the selection on the pr of the leading jet is lower
than in the SR, and is chosen to be in the range 200-360 GeV for tN_diag_low and in the
range 200-440 GeV for tN_diag_high. In the TCR associated with tN_diag_low, Amg

is required to be below zero to avoid signal contamination. In addition, to increase the
lep
i

110 GeV. The TCR associated with tN_diag_high requires Adeyn below 30 GeV to ensure
orthogonality with the SR and limit signal contamination. To increase the number of events

in the TCR associated with tN_diag_high, the E%iss selection is lowered to 350 GeV and

. 1
selections on m;.(%m and mT9 are removed.
1

number of events, the selection on m; " is removed and the selection on mr is lowered to

The top background normalisation in the two-body compressed region is validated using
one VR for each of the regions tN_diag_low and tN_diag_high. The TVR corresponding
to tN_diag_low is identical to the TCR except for the leading jet pr, required to be above
400 GeV. The TVR associated with tN_diag_high is identical to the TCR, but requires
the leading jet p to be larger than 440 GeV. Table 11 summarises the definitions of the
TCR and TVR for tN_diag_low and tN_diag_high relative to the SR definitions.

Figure 6 compares data and prediction in CRs and VRs for several variables used in
the tN_diag_low and tN_diag_high SRs. Good agreement is observed between data and
prediction, within uncertainties.
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Figure 6. Selected kinematic distributions in tN_diag_low and tN_diag_high TCRs and TVRs:
(a) ml~ep in the tN_diag_low TCR, (b) leading jet pr in the tN_diag_low TVR, (c) Am$™ in the
tN_diag_high TCR, (d) mdyn in the tN_diag_high TVR. The distributions shown are post-fit, i.e.
each background is scaled by a normalisation factor obtained from a background-only likelihood
fit to the CRs (see table 14). The hatched area around the total SM prediction and the hatched
band in the Data/SM ratio include all statistical and systematic uncertainties. The last (first) bin
contains overflows (underflows).
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Figure 7. Selected distributions in the bWN CR and VR: (a) mp4¢ in the TCR, (b) mr in the
TVR. The distributions shown are post-fit, i.e. each background is scaled by a normalisation factor
obtained from a background-only likelihood fit to the CRs (see table 14). The hatched area around
the total SM prediction and the hatched band in the Data/SM ratio include all statistical and
systematic uncertainties. The last (first) bin contains overflows (underflows).

8.3 Control and validation regions for 1 — bW)Z?

More than 80% of the bWN SR yield consists of dileptonic #t events, while other background
components range between 2% and 5% of the SR yield. Therefore, the #; — WYY SR
requires only a TCR. In addition to the hard-lepton preselection, the bWN SR requires
NNpwn > 0.9 and mp > 100 GeV. To prevent overlap with the signal region, the TCR
requires a lower interval of the output score, namely NNpwN € [0.4, 0.6]. To preserve the
same background composition as the signal region, the selection on mr is tightened to
150 GeV.

The TVR for the £, — bW X! signal is designed by selecting NNpwx € [0.6, 0.65], in
between the NNpwy ranges used for the CR and the SR. In addition, mt > 150 GeV
is required to enhance the contribution of semileptonic tf events, representative of the
background in the SR. The selections that define the TCR and TVR for bWN are summarised
in table 6. Figure 7 compares data and prediction in the CR and VR associated with bWN.
Good agreement is observed between data and prediction, within uncertainties.

8.4 Control and validation regions for £; — bff’)ztl)

In the signal region bffN_softb the largest background is W+jets followed by approximately
equal amounts of dileptonic and semileptonic tt. A W+jets control region, WCR, is built
upon the same selections as the SR, but to enhance the fraction of W+jets events, pgr / E%‘iss
is required to be in the interval [0.16, 0.32] while the lepton charge is required to be positive.
A tt control region, TCR, is designed to have approximately equal amounts of the two types
of tt backgrounds. The TCR builds on the same selections as bffN_softb, but it requires
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Selection bffN_softb bffN_softb-TCR (-TVR) bffN_softb-WCR (-WVR)
Np-jet =0 >1 =0

Lepton charge - <0 >0

Pl Eiss <004  €10.12,0.25) (€ [0.08,0.12]) € [0.16,0.32] (€ [0.08,0.16))
Selection bffN_btag bffN_btag-TCR (-TVR) bffN_btag-WCR (-WVR)
b-jet pr [GeV] <50 > 100 (€ [50, 100]) -

mr [GeV] > 90 > 110 >90

pl/ BRI < 0.05 > 0.05 > 0.05
AG(ph, sy [rad) <15 <15 > 2.3 (€ [1.5,2.3])
Lepton charge >0

Table 12. Event selections defining the CRs and VRs in bffN_softb and bffN_btag relative to
their respective signal regions.

the presence of at least one b-tagged jet in order to increase the fraction of ¢# and to ensure
orthogonality with the bffN_softb SR. The TCR also requires p%/E%iSS to be in the
interval [0.12, 0.25] and that the lepton charge be negative for orthogonality with the WCR.

The validation region TVR associated with bffN_softb is defined with the same
selections as the TCR, except for the ratio pf./ER, which is required to be in the interval
[0.08, 0.12]. The WVR for b££N_softb has the same selections as the WCR, except pf./ Eiiss
is required to be in the interval [0.08, 0.16]. Table 12 shows the selection differences between
the bffN_softb SR and the associated CRs and VRs.

The soft b-tagging efficiency and mis-tag rate depend on the track multiplicity,
kinematics of the b-hadrons, and the b-hadron fragmentation. Two highly populated
soft b-tagging regions enriched in ¢t and W+jets are defined, where it is found that the
track multiplicity differs between data and MC simulations. In each region a weight is
defined as a function of the track multiplicity to reweight the MC simulation to the data.
After reweighting, good agreement is found between the data and the simulation in a range
of secondary vertex variables such as vertex mass, vertex momentum, vertex distance to
the primary vertex and vertex track multiplicity. The ‘after-to-before-reweighting’ ratios of
efficiencies and mis-tag rates define scale factors that are derived separately for SHERPA and
PyTHIA 8. The largest discrepancy after reweighting is found in the W+jets region and
is of the order of 20%. A corresponding 20% systematic uncertainty in the soft b-tagging
scale factors is introduced.

In the signal region bffN_btag, the dominant background process is dileptonic tt,
representing almost half of all background events, followed by W+jets. To ensure
orthogonality with the SR and limit signal contamination, the TCR, control region has the
same selections as the SR, but requires the leading b-tagged jet pt to be above 100 GeV,
mT > 110 GeV and pfF/EEFiSS > 0.05. Compared with the SR, the WCR removes the upper
bound on the leading b-tagged jet pr, requires Aqﬁ(p?llj“, PEss) > 2.3, pk /ERSS > .05 and
a positive lepton charge.

The TVR associated with the bffN_btag signal region has the same selections as TCR
but the b-tagged jet pr is required to be in the interval [50, 100] GeV, and is thus between
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Figure 8. Selected kinematic distributions in bffN_softb CRs and VRs: (a) lepton pr in the
TCR, (b) transverse component of the total track momentum attached to the secondary vertex, SV
pr, in the TVR, (c) p&/ESs in the WCR, (d) distance from the primary vertex to the secondary
vertex in the transverse plane, SV L, in the WVR. The distributions shown are post-fit, i.e. each
background is scaled by a normalisation factor obtained from a background-only likelihood fit to
the CRs (see table 14). The hatched area around the total SM prediction and the hatched band in
the Data/SM ratio include all statistical and systematic uncertainties. The last (first) bin contains
overflows (underflows).

the signal region and control region. The WVR has the same selections as the WCR except
for the angle A¢(py et , P5%) which is required to be in the intermediate range between
the WCR and the SR, namely the interval [1.5, 2.3].

Figures 8 and 9 compare data and predictions in the bffN_softb and bffN_btag CRs
and VRs. Good agreement is observed between data and prediction, within uncertainties.
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Figure 9. Selected kinematic distributions in bffN_btag CRs and VRs: (a) Cr2 in the TCR, (b)
mr in the TVR, (c) p5/E® in the WCR, (d) EZ* in the WVR. The distributions shown are
post-fit, i.e. each background is scaled by a normalisation factor obtained from a background-only
likelihood fit to the CRs (see table 14). The hatched area around the total SM prediction and the
hatched band in the Data/SM ratio include all statistical and systematic uncertainties. The last
(first) bin contains overflows (underflows).

9 Systematic uncertainties

The systematic uncertainties in the background estimates arise from multiple experimental
and theoretical sources and can enter the SR background yield either via direct predictions
from theoretical cross-sections or from uncertainties in the extrapolation from CRs to SRs.
The sources of systematic uncertainties are grouped into categories whose labels are defined
in parentheses in the paragraphs below. Their effect on the background predictions in the SRs
is summarised in table 13. The systematic uncertainties are included as nuisance parameters
constrained by Gaussian probability distributions and profiled in the likelihood fits.
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Experimental uncertainties arise from imperfect knowledge of the jet energy scale
(JES), jet energy resolution (JER) [113], scale and resolution of the ERSS soft term (B
experimental) [123], as well as the modelling of the b-tagging or soft b-tagging efficiencies
and mis-tag rates [117] (b-tagging experimental). Other experimental uncertainties arise
from the modelling of the lepton energy scales, energy resolutions, reconstruction and
identification efficiencies (Leptons experimental). There is also an experimental uncertainty
arising from the reweighting of the simulation as a function of the number of interactions
per bunch crossing in data and the additional cuts applied to jets to ensure they arise from
the hard-scatter primary vertex (Pile-up).

Backgrounds such as dibosons and Z+jets, derived directly from a MC prediction
and a theoretical cross-section, have theoretical systematic uncertainties ( Theory) arising
from theoretical cross-section calculations, including those related to parton distribution
functions and factorisation and normalisation scales. The systematic uncertainty on the
integrated luminosity is also included in this category. As shown in table 9, the single-top,
tt + Z and W +jets backgrounds are also predicted directly from MC simulations for some
SRs, in which case the theory uncertainties apply also to those processes.

When the yield from a background such as t, single-top, tt+V or W-+jets is normalised
using a CR, modelling uncertainties affect the extrapolation from the control to the signal
region, but not the overall normalisation. In each of these cases, the background has a
normalisation systematic uncertainty (Normalisation) from the fit, arising from the statistical
power of the CR for the given background and a modelling uncertainty (Modelling) that
affects the extrapolation factor from the CR to the SR.

The uncertainties in the modelling of the t¢ background include effects related to the
MC event generator, the hadronisation modelling and the amount of initial- and final-state
radiation [86]. The MC generator uncertainty is estimated by taking the full difference in
event yields between POWHEG-BOX v24+PYTHIA 8 and MADGRAPHS5__aMC@NLO v2.6.0
+PyTHIA 8. Events generated with POWHEG-BOX v2 are showered and subsequently
hadronised with either PyTHIA 8 or HERWIG 7.0 in order to estimate the effect from
modelling of the hadronisation. The systematic uncertainty from the amount of initial- and
final-state radiation is derived by comparing POWHEG-BOX results obtained with different
shower radiation, NLO radiation and modified factorisation and renormalisation scales.

The single-top Wt process modelling uncertainty is derived from the size of the
interference between tt and Wt using the tf, Wt and WWbb samples generated with
MADGRAPH. It is obtained by comparing Wt with the difference between WWbb and
tt. The Wt sample generated with MADGRAPH is found to be in good agreement with
the nominal samples generated with POWHEG-BoOX v24+PyTHIA 8. For the tN_med and
tN_high SRs where STCR is used, the Wt modelling uncertainty enters via the ratio of
the number of Wt events in the signal region to the number in the STCR. Given the
potentially large modelling uncertainty in the interference between tt and Wt, the modelling
uncertainty is also evaluated for the DM SR by comparing the predicted single-top yield
from Wt with the difference between WWbb and tt.

The modelling uncertainties considered for ¢t + Z are the renormalisation and
factorisation scales, and the amount of initial- and final-state radiation, obtained by
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SR Uncertainty [%]

tN_med tN_high tN_diag_low tN_diag_high bWN

bffN_btag bffN_softb DM

tt normalisation 4.4 2.7 12.3 15.8 7.8 6.6 3.7 3.0
tt + Z normalisation 9.0 6.8 - - - - - 8.5
W +jets normalisation 3.0 4.8 - - - 5.5 11.1 -
Wt normalisation 2.8 3.4 - - - - - -
tt modelling 3.0 9.1 18.4 29.3 17.6 3.1 3.3 4.1
tt + Z modelling 7.7 7.1 - - - - - 7.4
W+jets modelling 2.3 3.8 - - - 4.3 9.7 -
Wt modelling 0.5 0.8 - - - - - 6.4
JER 10.9 5.1 4.1 5.0 6.1 1.8 7.6 6.5
E!E‘iss experimental 0.7 0.4 1.0 0.2 0.9 2.4 3.4 0.1
b-tagging experimental 1.7 3.6 1.3 0.9 1.6 1.9 3.2 3.1
JES 6.0 2.5 4.7 4.1 2.7 6.1 11.7 2.4
Leptons experimental 1.0 1.6 1.3 0.3 0.1 2.3 4.9 0.6
Pile-up 1.1 1.2 1.2 0.3 0.8 1.0 2.1 1.1
Theory 0.9 1.3 14 0.5 4.8 3.8 3.7 0.7
MC statistics 4.1 6.6 5.8 3.5 3.1 4.9 17.2 3.2
Total 19 17 24 33 20 12 27 5

Table 13. Summary of the dominant systematic uncertainties as a percentage of the total predicted
background yields in the SRs, obtained from the background-only fits described in section 10.

considering the variation of the same parameters used for the #f initial- and final-state
radiation systematic uncertainties. The W+jets modelling uncertainties include generator
modelling, derived by considering an alternative W+jets sample generated with MADGRAPH

as well as modified factorisation, renormalisation, resummation and parton matching scales.

Most of the SRs are binned in one or two variables in order to enhance sensitivity to a
wider range of models for exclusion limits. In this situation the normalisation factors to go
from the CR to the SR are rederived specifically for each bin of the SR. The modelling
systematic uncertainties are also rederived following the scheme above but applied to the
normalisation factor from the CR to each specific bin of the SR.

The SUSY signal cross-section uncertainty is taken from an envelope of cross-section
predictions using different PDF sets and factorisation and renormalisation scales as described
in ref. [134]. The uncertainty in the DM production cross-section is derived from the scale
variations and PDF choices. Dedicated uncertainties in the SUSY and DM signal acceptance
due to the modelling of additional radiation, factorisation, renormalisation and parton
matching scales are considered. The total systematic uncertainty for the SUSY models

varies between 9% and 35%, increasing at higher stop mass and at lower values of Am; -o.

t1,X1
For the spin-0 mediator signals the total systematic uncertainty is between 15% and 18%.
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Figure 10. The upper panel shows the comparison between the observed data (neps) and the
predicted SM background (nexp) in all VRs and SRs. The background predictions are obtained using
the background-only fit, and the hatched area around the SM prediction includes all uncertainties.
The bottom panel shows the Z significance of the observed number of events given the SM expectation.

10 Results

To determine the SM background yields in the SRs, a background-only likelihood fit is
performed for each analysis. The fit does not use the signal region data, but only the
dedicated CRs to normalise the backgrounds.

The number of observed events and the predicted number of SM background events
from the background-only fits in all VRs and SRs are shown in figure 10 together with the
Z significance of the observation. The SRs are not mutually exclusive and are therefore not
statistically independent. In all SRs, the distributions indicate good agreement between
the data and the SM background estimate. The largest excess over the background-only
hypothesis is 1.90 observed in the tN_high SR.

The number of observed events together with the predicted number of SM background
events in all SRs are summarised in table 14, showing the breakdown of the various
backgrounds that contribute to the SRs. The table also lists the results for the fit
parameters that control the normalisation of the main backgrounds (normalisation factors,
NFs),5 together with the associated fit uncertainties including the theoretical modelling
uncertainties. To quantify the level of agreement of the SM background-only hypothesis
with the observations in the SRs, a profile-likelihood-ratio test [135] is performed. The
resulting p-values (pg) are also presented in the table together with the Z significances. For
SRs with an observed number of events below the SM prediction, the py values are capped
at 0.5. Model-independent upper limits on beyond-the-SM contributions are derived for

5The ¢t NFs in the tN_diag_low, bffN_btag, and bffN_softb SRs are applied to semileptonic and
dileptonic # events while all other SRs apply the ¢£ NFs to the dileptonic component only.
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tN__med tN__high tN_diag low tN_diag high bWN bffIN_btag bffN_softb DM
Observed 21 17 21 11 35 14 10 56
Total SM 2144 9.5+ 1.6 15+4 10.1+ 3.4 449  11.3+14 87423  56+8
tt 72412 20+1.0 13.0+2.8 9.6 + 2.6 38+9  69+11 22406  14+4
A% 83+25 35+1.0 0554017 0124004 1.1+11 021+0.12 0.064+0.04 29+6
Single top 0.455% 0.27+0:34 1244027 0264006 1.7+1.7 08+0.5 0224008 7+4
Wtjets 25423 23410 0414013 0080+0020 13+06 1.9+08 48+21 256+0.24
Multiboson ~ 1.49+0.21  1.06+0.16 0.070+0.020 0.020+0.010 1.22+0.30 1.07£0.35 0.89+0.32 1.31+0.18
Other 0.78 £ 0.06 0.320 % 0.024 - - - 0.40+0.13 0.5240.19 2.15+0.16
tt NF 0.98t91  090+012 088013 0.73%314  1.06+£0.10 0.80130% 0.68+0.10 1.127313
ttV NF 0.9570%2  0.92+0.17 - - - - - 1187020
Single top NF 0.1170:2¢  0.12+0%2 - - - - - -
Wjets NF - 0.967023  0.86+0.17 - - - 0.83+0.28 1.04752 -
po (2) 0.49 (0.03) 0.01 (2.20)  0.17 (0.95)  0.31 (0.50)  0.50 (0.00) 0.20 (0.84) 0.26 (0.64) 0.50 (0.00)
Niimit exp. 124754 9.8728 141738 9.7+37 21.8778 8.6735 8.9758 27.4778
Nimit | obs. 12.9 16.2 17.7 10.9 15.3 11.7 10.5 28.2

Table 14. The number of observed events in the various SRs together with the expected numbers of
background events and their uncertainties as predicted by the background-only fits, the normalisation
factors for the background predictions obtained in the fit, the probabilities (represented by py and
Z values) that the observed numbers of events are compatible with the background-only hypothesis,
and the expected (NEmt exp.) and observed (N1™it  obs.) 95% CL upper limits on the number

non-S non-S
of beyond-SM events.

each SR. A generic signal model is assumed that contributes only to the SR and for which
neither experimental nor theoretical systematic uncertainties except for the luminosity
uncertainty are considered. All limits are calculated using the CLg prescription [136]. The
NFs are compatible with unity in most cases. One exception is for the single-top NFs in the
tN_med and tN_high SRs. The single-top NFs are significantly below unity when using the
DR scheme for the treatment of the interference between the Wt and tt processes. When
changing to the DS scheme, the NFs become larger than unity but the predicted number of
single-top events in the signal regions after the fit does not change significantly. This is
explained by the fact that the DS and DR schemes give the same SR to STCR event yield
ratio, within uncertainties. The ¢t NFs in tN_diag_high, bffN_btag and bffN_softb are
below unity, which could potentially point to some mismodelling in this extreme region
of phase-space. But good agreement is seen in the ¢t VRs, giving confidence in the tt
background estimates.

Figures 11 and 12 show comparisons between the observed data and the SM background

prediction with all SR selections applied except the requirement on the plotted variable.
The expected distributions from representative signal benchmark models are overlaid.
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Figure 11. Kinematic distributions in the (a) tN_med, (b) tN_high, (c) tN_diag_low and (d)
tN_diag_high SRs. The full event selection in the corresponding signal region is applied, except
for the requirement (indicated by an arrow) that is imposed on the variable being plotted. The
distributions shown are post-fit, i.e. each background is scaled by a normalisation factor obtained from
a background-only likelihood fit to the CRs (see table 14). In addition to the background prediction,
a signal model is shown on each plot. The hatched area around the total SM prediction includes
statistical and experimental uncertainties. The last (first) bin contains overflows (underflows).

11 Interpretations

No significant excess is observed, and exclusion limits based on profile-likelihood fits are set
for the stop pair production models and the spin-0 mediator models. Exclusion limits at 95%
confidence level (CL) are obtained by selecting the signal region with the lowest expected
CLg value for each signal model and the exclusion contours are derived by interpolating in
the CLg value. The signal uncertainties and potential signal contributions to all regions are
taken into account, and all uncertainties except those in the theoretical signal cross-section
are included in the fit. In all exclusion plots, the £10ey, uncertainty band indicates how
much the expected limit is affected by the systematic and statistical uncertainties included

in the fit. The :tlots}}éi}; uncertainty lines around the observed limit illustrate the change
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Figure 12. Kinematic distributions in the (a) bffN_btag, (b) bffN_softb, (c) bWN and (d) DM SRs.
The full event selection in the corresponding signal region is applied, except for the requirement
(indicated by an arrow) that is imposed on the variable being plotted. In the DM SR, the signal
is normalised under the assumption of the coupling strength g=1.0. The distributions shown are
post-fit, i.e. each background is scaled by a normalisation factor obtained from a background-only
likelihood fit to the CRs (see table 14). In addition to the background prediction, a signal model
is shown on each plot. The hatched area around the total SM prediction includes statistical and
experimental uncertainties. The last (first) bin contains overflows (underflows).

in the observed limit as the nominal signal cross-section is scaled up and down by the
theoretical cross-section uncertainty.

Figures 13 and 14 show the expected and observed exclusion contours as a function
of the stop mass, the neutralino mass and the mass difference between the stop and the
neutralino, for the #; — ¢ + )2(1), i — WY and f — bff’)zaJ scenarios. In models with a
massless neutralino, stop masses up to 1200 GeV are excluded at 95% CL. In the diagonal
region, where the mass difference between the stop and the neutralino coincides with the
mass of the top quark, stop masses up to 600 GeV are excluded, which covers the previously
unexcluded diagonal region between 210 GeV and 250 GeV in stop mass. In the three-body
(four-body) region, stop masses up to 710 GeV (640 GeV) are excluded for a neutralino mass
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Figure 13. Expected and observed 95% CL excluded regions in the plane of mgo and mg, for
direct stop pair production assuming either a #; — t + )Z[f, th — XY or 1 — bff’)?tf decay
with a branching ratio of 100%. The excluded regions from previous publications [29-31, 137] are
shown by the shaded area and include additional topologies. The diagonal dashed lines indicate the
kinematical border of the stop decay modes.

of approximately 580 GeV. The small excess observed in tN_high does not appear because
the exclusion limits are obtained from the shape-fit in the tN_med signal region (table 4).
The E%“js requirement applied in tN_med but not in tN_high removes most of the excess.
The shdpc—ﬁt is designed to have better expected sensitivity than the single-bin SRs over
the whole #; — ¢ + X! parameter space.

Figure 15 shows the upper limit on the ratio of the production cross-section for the spin-
0 mediator model to the theoretical cross-section. Limits are shown under the hypothesis of
a scalar or pseudoscalar mediator for a fixed DM candidate mass. Scalar and pseudoscalar
mediator masses up to approximately 200 GeV are excluded at 95% CL, assuming a 1 GeV
dark-matter particle mass and a common coupling of g = 1 to SM and dark-matter particles.
With the common coupling reduced to g = 0.8, mediator masses up to approximately
100 GeV are excluded. Models with a mediator mass of 10 GeV and a dark-matter particle
mass of 1 GeV are excluded down to a coupling of approximately g = 0.7.
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Figure 15. Upper limit on the ratio of the production cross-section for the spin-0 mediator model
to the theoretical cross-section under the hypothesis of (a) a scalar or (b) a pseudoscalar mediator.
The limit is shown as a function of the mediator mass for a fixed mass of the DM candidate of
1GeV. The coupling of the mediator to SM and DM particles is assumed to be g = 1.
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12 Conclusion

This paper presents searches for direct stop pair production covering various regions of SUSY
phase space and searches for a spin-0 mediator decaying into pair-produced dark-matter
particles. The searches use the final state with one isolated lepton, jets, and Emiss,

The analysis uses 139 fb~! of pp collision data collected with the ATLAS detector at the
LHC at a centre-of-mass energy of /s = 13 TeV. The largest excess over the background-
only hypothesis is 1.9¢0 in the tN_high signal region. As no significant deviation from
the Standard Model expectation is observed, exclusion limits at 95% confidence level are
derived for the models considered. Stops are excluded up to 1200 GeV (710 GeV) in the
two-body (three-body) decay scenario, extended from about 1000 GeV (400-600 GeV) in
previous results. The introduction of ML techniques contributes to the significantly improved
sensitivity in the challenging three-body decay scenario. In the four-body scenario, the
exclusion of stops is extended from about 400 GeV in earlier results to up to 640 GeV for a
stop-neutralino mass difference of 60 GeV. The introduction of the soft b-tagging algorithm
contributes to the significantly improved sensitivity at small mass differences between
the stop and the lightest neutralino. Scalar and pseudoscalar dark-matter mediators are
excluded up to 200 GeV for a common coupling of g = 1 to Standard Model and dark-matter
particles, from 100 GeV in earlier results. The introduction of a shape-fit in the DM signal
region contributes to this improvement.
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Search for Higgs boson pair production in the two bottom quarks plus two
photons final state in pp collisions at /s =13 TeV with the ATLAS detector

G. Aad er al.”
(ATLAS Collaboration)

® (Received 23 December 2021; accepted 1 August 2022; published 6 September 2022)

Searches are performed for nonresonant and resonant di-Higgs boson production in the bbyy final state.
The dataset used corresponds to an integrated luminosity of 139 fb~! of proton—proton collisions at a center-
of-mass energy of 13 TeV recorded by the ATLAS detector at the CERN Large Hadron Collider. No excess
above the expected background is found and upper limits on the di-Higgs boson production cross sections
are set. A 95% confidence-level upper limit of 4.2 times the cross section predicted by the Standard Model is
set on pp — HH nonresonant production, where the expected limit is 5.7 times the Standard Model
predicted value. The expected constraints are obtained for a background hypothesis excluding pp - HH
production. The observed (expected) constraints on the Higgs boson trilinear coupling modifier x; are
determined to be [—1.5,6.7] ([-2.4,7.7]) at 95% confidence level, where the expected constraints on ; are
obtained excluding pp — HH production from the background hypothesis. For resonant production of a
new hypothetical scalar particle X (X — HH — bbyy), limits on the cross section for pp — X — HH are
presented in the narrow-width approximation as a function of my in the range 251 GeV < my < 1000 GeV.
The observed (expected) limits on the cross section for pp — X — HH range from 640 fb to 44 fb (391 fb

to 46 fb) over the considered mass range.

DOI: 10.1103/PhysRevD.106.052001

I. INTRODUCTION

Since the discovery of the Higgs boson in 2012 [1,2], one
of the priorities of the ATLAS and CMS Collaborations has
been to better understand the properties of the Brout-Englert-
Higgs mechanism [3-8]. The Higgs boson self-coupling
provides information about the structure of the Higgs
potential. It is possible to directly probe the self-coupling
of the Higgs boson by studying Higgs boson pair (HH)
production. Furthermore, any deviation of the Higgs boson
pair production rate from the Standard Model (SM) pre-
diction would point to new physics beyond the Standard
Model (BSM) and may be within the sensitivity reach of the
proton—proton (pp) collision data collected at /s = 13
TeV during Run 2 of the Large Hadron Collider (LHC) [9].

At leading order (LO), the production of Higgs boson
pairs via gluon—gluon fusion (ggF) proceeds through the
two diagrams shown in Fig. 1. These diagrams interfere
destructively, leading to a small-production cross section
[10-12]. For 13 TeV pp collisions and a Higgs boson mass
my = 125.09 GeV [13], the ggF cross section, calculated at

"Full author list given at the end of the article.
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next-to-next-to-leading-order (NNLO) accuracy in the finite
top-quark mass approximation (FTapprox), is o (ggF) =
31.021237% (Scale) ¢ (myop) £3.0% (a, +PDF) fb [14-17],
where “Scale” represents the uncertainty due to the finite
order of the quantum chromodynamics (QCD) calculation,
“myop” the uncertainty related to the top-quark mass scheme
[17,18] which is added linearly to the Scale uncertainty, and
“a, + PDF” the effect of uncertainties in the strong coupling
constant and parton distribution functions.

The di-Higgs vector-boson fusion (VBF) production
cross section, calculated at next-to-next-to-next-to-leading
order (N3LO) for my = 125.09 GeV, is oyy(VBF) =
1.727093% (Scale) 4 2.1%(a, + PDF) fb [14], which is
one order of magnitude lower than the cross section of
the ggF process. The VBF production mode provides the
analysis with additional sensitivity to the Higgs trilinear
coupling, as shown in Fig. 2. Both the ggF and VBF
production modes of Higgs boson pairs are considered as
signal modes in this paper. The other production modes
have lower cross sections [19] and are neglected.

Nonresonant enhancements to the Higgs boson pair
cross section can originate either from loop corrections
involving new particles, such as light, colored scalars [20],
or from non-SM couplings between the Higgs boson and
other SM particles. The nonresonant production cross
section can also be altered by the trilinear self-coupling,
Annm, being different from the SM prediction, as discussed

© 2022 CERN, for the ATLAS Collaboration
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(a) Trilinear coupling

FIG. 1.
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(b) Box diagram

The Feynman diagrams for the dominant gluon—gluon fusion production processes. In the Standard Model, the (a) trilinear

coupling process, and (b) the box diagram, and the destructive interference between the two processes, contribute to the total cross
section. In the figure, k; represents the Higgs boson trilinear coupling modifier. The quark content in the diagram is dominated by the
top-quark contribution due to the large top-quark Yukawa coupling to the Higgs boson.

(a) HHV'V vertex

(b) Trilinear coupling

(c) VVH Production mode

FIG. 2. The VBF production of Higgs boson pairs via (a) the HHVV vertex, (b) the trilinear coupling, and (c) the VVH production
mode. In the figure, k; denotes the Higgs boson trilinear coupling modifier.
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FIG. 3. Gluon—gluon fusion production of a heavy resonance

decaying into a Higgs boson pair.

in Refs. [21,22]. Such an effect can be captured by a scale
factor k; defined as x; = Ay /25wy, Where 23N, is the
SM value of the parameter.

In addition to the nonresonant enhancements, searching
for resonant production of Higgs boson pairs is well
motivated. Figure 3 shows a ggF production diagram
possible in BSM theories predicting the existence of heavy
scalar particles that can decay into a pair of Higgs bosons.
Such theories include models with two Higgs doublets
[23], such as the minimal supersymmetric extension of the
SM [24], twin Higgs models [25], and composite Higgs
models [26], adding a second complex scalar doublet to the
Higgs sector. Alternatively, the Randall-Sundrum model of
warped extra dimensions [27] predicts spin-0 radions that
could couple to a Higgs boson pair.

This paper presents a search for di-Higgs production in
the bbyy final state, including dedicated assessments of
nonresonant and resonant contributions. The analysis con-
siders the full Run 2 dataset of 139 fb~! at 13 TeV. For both
the nonresonant and resonant HH searches, the analysis
employs a multivariate method designed to reject back-
ground processes, and the statistical results are obtained
from a fit of the diphoton invariant mass, m,,. For the
nonresonant search, data are divided into different catego-
ries based on the four-body invariant mass to target different
k; ranges. The resonant search focuses on probing the
existence of a narrow-width scalar particle X in the mass
range 251 < my < 1000 GeV decaying into a pair of Higgs
bosons. The selection criteria depend on the mass of the
probed scalar particle. The main background processes are
diphoton-plus-jets production and processes where a Higgs
boson is produced and decays into a pair of photons. In the
context of the resonant search, nonresonant HH production
is considered as a background.

Previous results from the ATLAS Collaboration were
obtained in this channel with an integrated luminosity of
36 fb~! of data at 13 TeV collected during Run 2, and they
were found to be consistent with SM expectations within
uncertainties [28]. The search for nonresonant enhance-
ments of Higgs boson pair production set an observed
(expected) 95% confidence level (C.L.) upper limit on the
HH cross section of 0.73 (0.93) pb, corresponding to 22
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(28) times the SM prediction. The Higgs trilinear coupling
was constrained to the range —8.2 < k; < 13.2at95% C.L.
(—=8.3 < k; < 13.2 expected). A previous combination of
searches for HH pair production performed by the ATLAS
Collaboration with up to 36 fb~! of 13 TeV data provided
constraints of —5.0 < k; < 12.0 at 95% C.L. [29]. A search
for enhancements due to the decay of a narrow-width scalar
particle was performed in this channel as well, and results
were given as a function of the resonance mass, my. The
observed (expected) limits were between 1.1 pb and 0.12 pb
over the range 260 GeV < my < 1000 GeV. A combina-
tion of searches by the ATLAS Collaboration with up to
36 tb™! of 13 TeV data for a narrow-width scalar resonance
decaying into a HH pair was performed and provided upper
limits between 851 fb and 4.6 fb over the range 260 GeV <
my < 3000 GeV [29]. The CMS Collaboration also set
observed (expected) upper limits of 7.7 (5.2) times the SM
prediction at 95% C.L. on nonresonant enhancements of
Higgs boson pair production in the bbyy final state with
137 tb~! of 13 TeV data [30]. In the same final state, the
CMS Collaboration set 95% C.L. upper limits on the
production cross section of a narrow-width scalar particle
between 4.2 pb and 0.23 pb over the range 260 < my <
900 GeV with 35.9 fb~! of 13 TeV data [31].

II. THE ATLAS DETECTOR

The ATLAS detector [32] at the LHC covers nearly the
entire solid angle around the collision point." It consists
of an inner tracking detector surrounded by a thin
superconducting solenoid, electromagnetic and hadron
calorimeters, and a muon spectrometer incorporating three
large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial
magnetic field and provides charged-particle tracking in the
range |57| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four
measurements per track, the first hit normally being in
the insertable B-layer installed before Run 2 [33,34]. It is
followed by the silicon microstrip tracker, which usually
provides eight measurements per track. These silicon
detectors are complemented by the transition radiation
tracker (TRT), which enables radially extended track
reconstruction up to |y| =2.0. The TRT also provides
electron identification information.

'ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP
to the center of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢
being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle 6 as n = —Intan(6/2). The
rapidity y is defined in terms of the energy, the momentum and

the polar angle 6: y :%ln(€+p‘°°sg). The angular distance is
(An)* + (Ag)*.

E—p-cos@
measured in units of AR =

The calorimeter system covers the pseudorapidity range
[n] <4.9. Within the region || < 3.2, electromagnetic
calorimetry is provided by barrel and end cap high-
granularity lead/liquid-argon (LAr) calorimeters, with
an additional thin LAr presampler covering || < 1.8 to
correct for energy loss in material upstream of the
calorimeters. Hadron calorimetry is provided by the
steel/scintillator-tile calorimeter, segmented into three
barrel structures within || < 1.7, and two copper/LAr
hadron end cap calorimeters. The solid angle coverage is
completed with forward copper/LAr and tungsten/LAr
calorimeter modules optimized for electromagnetic and
hadronic energy measurements respectively.

The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the deflec-
tion of muons in a magnetic field generated by the super-
conducting air-core toroidal magnets. The field integral of
the toroids ranges between 2.0 Tm and 6.0 Tm across most
of the detector. A set of precision chambers covers the
region || < 2.7 with three layers of monitored drift tubes,
complemented by cathode-strip chambers in the forward
region, where the background is highest. The muon trigger
system covers the range || < 2.4 with resistive-plate
chambers in the barrel and thin-gap chambers in the end
cap regions.

Interesting events are selected by the first-level trigger
system implemented in custom hardware, followed by
selections made by algorithms implemented in software
in the high-level trigger [35]. The first-level trigger accepts
events from the 40 MHz bunch crossings at a rate below
100 kHz, which the high-level trigger reduces in order to
record events at rate of about 1 kHz. An extensive software
suite [36] is used in the reconstruction and analysis of real
and simulated data, in detector operations, and in the trigger
and data acquisition systems of the experiment.

III. DATA AND SIMULATION SAMPLES

This analysis uses pp collision data collected by the
ATLAS experiment from 2015 to 2018 with proton beams
colliding at a center-of-mass energy of /s = 13 TeV.
After data quality requirements [37] the full dataset
represents an integrated luminosity of 139.0 & 2.4 fb~!
[38,39]. The mean number of inelastic pp interactions per
bunch crossing is 34.2 [40].

Monte Carlo (MC) simulations are available for the signal
as well as most background processes as detailed in the rest
of this section. The reducible backgrounds from final states
with jets wrongly identified as photons (y—jet and dijet
backgrounds) are, however, estimated using a data-driven
technique detailed in Sec. IV C.

Events from ggF nonresonant HH production were
generated at next-to-leading-order accuracy in QCD with
finite top-quark mass in both the real and virtual corrections
(NLO FT) [11], using the POWHEG BOX v2 [41] generator in
the finite top-quark mass approximation [42,43] with the
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PDF4LHC 15 parton distribution function (PDF) set [44]. The
PYTHIA 8244 generator was used for parton showering,
hadronization and underlying-event simulation. HERWIG
7.1.6 was used as an alternative generator to calculate the
theory uncertainty from the parton shower. Samples were
generated for coupling modifier values x; = 1 and 10.

For ggF nonresonant HH production, a reweighting
method based on the di-Higgs invariant mass myy is used
to provide predictions on the cross section at different k;,
values, starting from the existing x;, = 1 sample. The
reweighting method derives the scale factors as a function
of k; in bins of myy by performing a linear combination of
samples generated at different x; values [45]. Histograms of
the truth myy distribution are produced for each k; sample
and the distributions of the other relevant kinematic
variables are obtained applying an event-per-event weight
based on the ratio between the binned i, distribution for
the targeted x,; by the binned myy distribution for the SM
(x; = 1) sample.

This method was validated by comparing the event
yields and the distributions of the relevant Higgs boson
kinematic variables, including the m,, variable, of the
sample generated with k; = 10 to the sample generated
with x; = 1 and reweighted to x; = 10. Good agreement is
obtained in all categories. A systematic uncertainty in the
range of 3%—4% is associated with the reweighting
process, based on the maximum differences of signal yields
observed in this validation. For each «; value, the inclusive
cross section is normalized according to Ref. [46]. A fit
with a second order polynomial to the MC prediction is
performed in each analysis category, in order to parametrize
the event yields as a function of «;.

For VBF nonresonant HH production, MadGraph5_
aMC@NLO 2.6.0 [47] was used to generate events at LO
[47,48]. The NNPDF3.0NLO PDF set [49] was used in the
matrix element, interfaced to PYTHIA 8.244. The cross section
of the VBF HH process is evaluated at N3LO in QCD
[50-52], as outlined in Sec. I. Since samples were generated
at LO for four values of the coupling modifier, x; = 0, 1, 2
and 10, the N3LO-to-LO cross section ratio at the SM value
is calculated and this factor is applied to the VBF HH cross
section. These samples are used to derive a parametrization
of the signal yields in the signal region as a function of x, by
fitting a second-order polynomial to the MC predictions in
each analysis category, as described in Sec. IV B 2.

The production of a heavy spin-0 resonance X via ggF
and its decay into a pair of Higgs bosons, pp - X - HH,
was simulated using MadGraph5_aMC@NLO 2.6.1 [47] at LO
accuracy with the NNPDF2.3LO PDF set. The event generator
was interfaced with HERWIG7.1.3 [53,54] to model the
parton shower, hadronization, and underlying event. No
specific theoretical model for the phenomenology of the
new particle is assumed in the process generation. The mass
of X was varied between 251 GeV and 1000 GeV in the
simulation, while its width was set to 10 MeV. In total 25

my mass hypotheses have been generated, corresponding to
my = 251, 260, 270, 280, 290, 300, 312.5, 325, 337.5,
350, 375, 400, 425, 450, 475, 500, 550, 600, 650, 700, 750,
800, 850, 900, 1000 GeV. The interference with nonreso-
nant Higgs boson pair production was neglected.

Production of single Higgs bosons via ggF, VBE, WH,
ZH (qq — ZH and gg —» ZH), ttH, tH (tHq and tHW),
and bbH was modeled using the same set of MC samples as
described in Ref. [55]. For single Higgs boson production,
as well as both nonresonant and resonant di-Higgs pro-
duction, a Higgs boson mass of 125.09 GeV was assumed
[13]. The analysis assumes a branching ratio of 0.227% for
the Higgs boson decay into two photons and a branching
ratio of 58.2% for the Higgs boson decay into two b-quarks
[56,57]. The inclusive cross sections of these processes are
normalized to the most precise available theoretical val-
ues [56].

The yy + jets process was simulated with the SHERPA
224 [58] generator. QCD NLO-accurate matrix elements
for up to one parton, and LO-accurate matrix elements for
up to three partons, were calculated with the Comix [59]
and OPENLOOPS [60-62] libraries. These were calculated in
the five-flavor scheme including b-quarks in the massless
approximation and merged with the SHERPA parton shower
[63] using the MEPS@NLO prescription [64,65] with a
dynamic merging cut [66] of 10 GeV. Within the parton
shower, b-quarks were then treated as being massive.
Finally, events from f7yy processes were produced with
MadGraph5_aMC@NLO in the four-flavor scheme [47]. The
simulation samples used in the analysis are listed in Table I.

Different pileup conditions from additional interactions
the same and neighboring bunch crossings were simulated
by overlaying the hard-scattering event with inelastic pp
events generated by PYTHIAS.186 using the NNPDF2.3L.O PDF
set and the A3 tune [85]. Differences between the simulated
and observed distributions of the number of interactions per
bunch crossing are corrected for by applying pileup scale
factors to simulated events. A full simulation of the ATLAS
detector [86] based on GEANT4 [87] was used to reproduce
the detector response to single-Higgs-boson processes. The
continuum background and signal samples were processed
by AdFastl [88], a fast simulation of the ATLAS detector
response which was shown to be able to accurately simulate
diphoton events.

IV. OBJECT AND EVENT SELECTIONS
A. Object selection

Photons are reconstructed from topologically connected
clusters [89] of energy deposits in the electromagnetic
calorimeter in the region || < 2.37. The transition region
between the barrel and end cap electromagnetic calorim-
eters, 1.37 < || < 1.52, is excluded. Photon candidates
matched to conversion vertices or tracks that are consistent
with originating from photon conversions are classified as
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TABLE L.

Summary of nominal Higgs boson pair signal samples and single-Higgs-boson background samples, split by production

mode, and continuum background samples. The generator used in the simulation, the PDF set, and set of tuned parameters (tune) are also

provided.

Process Generator PDF set Showering Tune
Nonresonant ggF HH POWHEG BOXV2+FT [41,42,43] PDFLHC [44] PYTHIAS.2 [67] Al4 [68]
Nonresonant VBF HH MadGraph5_aMC@NLO [47] NNPDF3.0NLO [69] PYTHIAS.2 Al4
Resonant ggF HH MadGraph5_aMC@NLO NNPDF2.3LO HERWIG7.1.3 [53,54] H7.1—Default [70]
geF H NNLOPS [71-73] [74,75] PDFLHC PYTHIAS.2 AZNLO [76]
VBF H POWHEG BOXv2 [41,72,77-83] PDFLHC PYTHIAS.2 AZNLO
WH POWHEG BOXv2 PDFLHC PYTHIAS.2 AZNLO
qq — ZH POWHEG BOXv2 PDFLHC PYTHIAS.2 AZNLO
99— ZH POWHEG BOXVv2 PDFLHC PYTHIAS.2 AZNLO
ttH POWHEG BOXv2 [78-80,83,84] NNPDF3.0NLO PYTHIAS.2 Al4
bbH POWHEG BOXV2 NNPDF3.0NLO PYTHIAS.2 Al4
tHq MadGraph5_aMC@NLO NNPDF3.0NLO PYTHIAS.2 Al4
tHW MadGraph5_aMC@NLO NNPDF3.0NLO PYTHIAS.2 Al4

vy + jets SHERPA 2.2.4 [58] NNPDF3.0NNLO SHERPA 2.2.4

ttyy MadGraph5_aMC@NLO NNPDF2.3LO PYTHIAS.2

converted photons. Those without a matched conversion
vertex or track are classified as unconverted photons.

The calibration of the photon energy is based on a
multivariate regression algorithm trained with MC samples,
where the input variables are corrected with data-driven
techniques. The calibrated energy is finally corrected by
applying scale factors derived from Z — e*e™ events [90].
The photon direction is reconstructed using the longitudinal
(i.e., shower-depth) segmentation of the calorimeters and
constrained to be compatible with the luminous region of
the proton-beam collisions. Additionally, information
about the position of the conversion vertex and about
the tracks associated with the conversion vertex is consid-
ered in the case of converted photons.

Events are required to have at least one reconstructed
collision vertex, defined as a vertex associated with at least
two tracks with transverse momentum (py) larger than
0.5 GeV. The primary vertex is selected from the recon-
structed collision vertices using a neural-network algorithm
[91] based on the extrapolated photon trajectories and the
tracks associated with each candidate vertex.

Photon identification is based on the lateral shower
profile of the energy deposits in the first and second
electromagnetic calorimeter layers and on the energy
leakage fraction in the hadronic calorimeter. It reduces
the misidentification of hadronic jets containing large
neutral components, primarily z° particles, which decay
into a pair of highly collimated photons. “Tight” identi-
fication criteria, which are tuned for converted and uncon-
verted photons separately, are applied [90].

To further improve the rejection of misidentified pho-
tons, two isolation variables are defined to quantify the
activity around a photon. Calorimeter-based isolation Ei°
is defined as the sum of the transverse energy of topological
clusters within a cone of size AR = 0.2 around the photon,
correcting for the energy of the photon candidate itself as

well as for an average expected pileup contribution. Track-
based isolation pk° is defined as the scalar sum of the
transverse momenta of all tracks with pr > 1 GeV that
originate from the primary vertex and are within a cone of
AR = 0.2 around the photon. Isolated photons must have
EX° < 0.065 - Er and pk° < 0.05 - Ey (the “loose” work-
ing point [90]), where Eg is the transverse energy of the
photon. For isolated photons with transverse momenta
between 30 GeV and 250 GeV, the identification efficiency
for unconverted and converted photons ranges from 84% to
98% [90].

Electrons are reconstructed from energy deposits mea-
sured in the electromagnetic calorimeter which are matched
to ID tracks [90]. They are required to satisfy || < 2.47,
excluding the calorimeter transition region 1.37 < || <
1.52, and have a transverse momentum pr > 10 GeV.
Electrons are required to satisfy a “medium” identification
criterion based on the use of shower shape, track-cluster
matching and TRT parameters in a likelihood-based algo-
rithm [90]. Muons are reconstructed from high-quality tracks
found in the MS [92]. A matching of these tracks to ID
tracks is required in the region || < 2.5. Muons are required
to have |y| <2.7 and py > 10 GeV, and to satisfy a
“medium” identification criterion [93]. Both the electrons
and muons are matched to the primary vertex via require-
ments on the tracks’ longitudinal and transverse impact
parameters, |zo| and |dy|, respectively. These requirements
are |zg|sin@ < 0.5 mm (where 0 is the polar angle of the
track) for electrons and muons and |dy|/c,, < 5(3) for
electrons (muons).

Reconstructed jets are based on particle-flow objects built
from noise-suppressed positive-energy topological clusters
in the calorimeter and reconstructed tracks [94]. The anti-k,
algorithm [95,96] with a radius parameter of R = 0.4 is
used. They are required to have rapidity |y| < 4.4 and
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pr > 25 GeV. To further suppress jets produced in con-
current pp interactions, each jet within the tracking accep-
tance of || < 2.4, and with pp < 60 GeV, is required to
satisfy the “tight” jet-vertex tagger [97] criteria used to
identify the jet as originating from the selected primary
vertex of the event.

The flavor of jets is determined using a deep-learning
neural network, DLIr. The DLIr b-tagging is based on
distinctive features of b-hadron decays in terms of the
impact parameters of the tracks and the displaced vertices
reconstructed in the inner detector [98]. The inputs of the
DLI1r network also include discriminating variables con-
structed by a recurrent neural network (RNNIP) [99],
which exploits the spatial and kinematic correlations
between tracks originating from the same b-hadron. For
high-pr jets, this approach is found to give better
performance [100] than a previously used multivariate
technique [101]. Operating points are defined by a single
selection value on the discriminant output distribution and
are chosen to provide a specific b-jet efficiency for an
inclusive /7 MC sample. The b-tagging requirements result
in an efficiency of 77% for jets containing b-hadrons
(b-tagged jets), and the misidentification rate is 1/130
(1/4.9) for light-flavor (charm) jets [98]. Scale factors are
applied to the simulated events to correct for differences in
b-tagging efficiency between data and simulation. These
scale factors are measured as a function of jet pr using a
likelihood-based method in a sample highly enriched in 77
events [98]. Only jets with || < 2.5 are considered for
flavor-tagging.

The energy of b-tagged jets is corrected for the possible
contribution of muons from semileptonic b-hadron decays.
In addition, the undetected energy of the neutrinos and out-
of-cone effects are corrected for with scale factors derived
as a function of the b-jet pr from a 7 MC sample. The two
corrections together improve the resolution of the invariant
mass of the two jets with the highest b-tagging score (m,,;)
by about 20%. The procedure closely follows the one used
in Ref. [102].

An overlap removal procedure is applied to avoid
multiple usage of the same detector signals in the same
event. Photons are prioritized in this analysis, requiring the
removal of electrons, muons and jets within AR = 0.4 of a
selected photon. Next, jets within AR = 0.2 of electrons
are removed. In the last step, electrons and muons within
AR = 0.4 of any jet are removed.

The missing transverse momentum EF* in an event is
calculated as the magnitude of the negative vectorial sum of
the transverse momenta of all selected and calibrated
physics objects that can be matched to the primary vertex.
A component called the “soft term” is calculated from the
residual tracks that originate from the primary vertex but
are not associated with any other object and is added to the
EMss calculation [103].

B. Event selection

Both the nonresonant and resonant HH searches
employ multivariate analysis techniques to select events.
Events are selected if they satisfy a common set of
preselection requirements; they are then required to fulfill
different requirements for the nonresonant search and
the resonant search. Both analyses employ a fit of the
diphoton invariant mass distribution to extract the HH
signal contribution.

1. Common preselection

For both the nonresonant and resonant analyses, events
are selected using diphoton triggers requiring two recon-
structed photon candidates with minimum transverse
energies of 35 GeV for the leading photon and 25 GeV
for the subleading photon, where leading (subleading)
refers to the photon candidate with the highest (second-
highest) transverse energy [104]. The triggers used in
2015 and 2016 required both photons to satisfy a Loose
photon identification criterion, while the Medium criterion
[90] was adopted in 2017-2018 to cope with the increased
pp interaction rate. Once the full diphoton event selection
described in this section is applied, the average trigger
efficiency for H — yy events is found to be greater than
99% for the 2015-2016 data-taking period, and greater
than 98% for the 2017-2018 data-taking period.

On top of the trigger requirements, events are selected if:

(1) At least two photons satisfy the object selection

criteria detailed in Sec. IVA.

(i) The diphoton invariant mass, built with the
two leading photons, satisfies 105 GeV < m,, <
160 GeV.

(iii) The leading (subleading) photon pr is larger than
35% (25%) of the mass of the diphoton system.

(iv) Exactly two b-tagged jets are present. In order to
remain statistically independent of the ATLAS
search for HH — bbbb [105], any event with more
than two b-jets passing the 77% efficient working
point is rejected.

(v) No electrons or muons are present.

(vi) Fewer than six central (|| < 2.5) jets are present.
This helps to reject t7H events where the top quarks
decay hadronically.

The acceptance times efficiency of the common prese-
lection for the SM ggF HH simulation sample is 14% and it
is 8.5% (14%) for a resonant scalar particle with my =
300 GeV (my = 500 GeV). Multivariate techniques are
then used to target the nonresonant ggF production mode or
the resonant production mode of Higgs boson pairs. For
both the nonresonant and resonant analyses, the resulting
categories, each based on a boosted decision tree (BDT),
must have at least nine continuum background events in the
data sideband region. This guarantees that the final selec-
tion on the data sideband retains enough events to perform a
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FIG. 4. Reconstructed four-body mass for my = 300 GeV and
my = 500 GeV resonant signal benchmarks, for the SM HH
production processes and for the yy + jets background. Dashed
lines represent the distribution of m,;,, while solid lines represent
the distribution of m* by defined in Sec. IV B 1. Distributions are
normalized to unit area.

fit to the distribution of the diphoton invariant mass, my,
The data sideband region is defined as the range
105 GeV < my, < 160 GeV, excluding 120 GeV < my,
< 130 GeV.

The invariant mass of the diphoton plus b-tagged jets
system, mbh , is defined as mbh vy = My = Mpp = My +
250 GeV (Where 250 GeV is about twice the Higgs boson
mass value and m,j is the invariant mass of the two jets
with the highest b-tagging score). It is used to implement
selection criteria for both the nonresonant and resonant
analyses. Figure 4 shows that, compared with m,,,. the

mZEw variable improves the four-object mass resolution,

particularly for resonant signal particles decaying into a
pair of Higgs bosons, due to detector resolution effects
canceling out.

0.25
.o T T T T T 4

F ATLAS Simulation ]
3 o2b Vs =13 TeV 3
g r HH—bbyy ggF 1
g E —x,=-6 ]
2 015 k=0 ]
% F —x =1 1
s o1 K, =2 E
& L —x, =10 ]
§ 0.05 —
w 4

250 300 350 400 450 500 5;50 600 650 700 750
[GeV]

bE'(y

(a) ggF HH production mode

FIG.5. Them;;

values. The value of m;

2. Nonresonant selection

Following the preselection, events are divided into two
regions using the value of the m*fw variable. A high-mass
region, with m’} by > 350 GeV, targets the SM signal

(k; = 1), while a low-mass region, with m by < 350

GeV, is used to retain sensitivity for BSM signals
(k; = 10). The dependence of mzbw on k; can be seen
in Fig. 5.

In each mass region, a dedicated BDT is trained using
XGBoost [106] to discriminate between a benchmark HH
signal and a combination of yy, rfH, ggH, and ZH
simulated backgrounds. In the high-mass region, the SM
HH sample is used as signal, while in the low-mass region,
the x; = 10 sample is used as signal.

The BDT input variables are summarized in Table II.
Identical variable sets are used for high-mass and low-mass
categories. The BDT combines several input variables that
exploit the different kinematic properties of signal and
background events, as well as the b-tagging information.
Observables based on the kinematic properties of the
reconstructed photons, such as the leading and subleading
photon’s angular information, and the transverse momen-
tum of the diphoton system divided by its invariant mass,
are combined with jet-based information. The “single
topness” variable (yy,) is also used. It is defined as

m; i —m 2 m. .. —m,\2
Xwi = mln\/</‘jzw> Jr(M) . (1)
My m,

where the minimum is taken over all combinations of three
jets in the event (with no requirements on b-tagging status),
my = 80 GeV, and m; = 173 GeV. Among the input
variables in Table II, m,; and Hp show the highest
discriminating power against the yy 4+ jets continuum
background. Particular care was taken to ensure that the
BDT event selection does not lead to biases in the m,,
background distribution. Variables which have a strong
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(b) VBF HH production mode

distributions after the common preselection for (a) nonresonant ggF HH and (b) VBF HH signals with several
by = 350 GeV is chosen as the boundary between categories targeting the SM and BSM «; signals.
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TABLE II.

Variables used in the BDT for the nonresonant analysis. All vectors in the event are rotated so that the leading photon ¢ is

equal to zero, while their relative azimuthal angular differences are kept unchanged.

Variable

Definition

Photon-related kinematic variables
pr/ my,
n and ¢
Jet-related kinematic variables
b-tag status

pr.n and ¢

pr’’ nyp and ¢y

Transverse momentum of each of the two photons divided by the diphoton invariant mass m,,
Pseudorapidity and azimuthal angle of the leading and subleading photon

Tightest fixed b-tag working point (60%, 70%, or 77%) that the jet passes
Transverse momentum, pseudorapidity and azimuthal angle of the two jets with the highest b-tagging score
Transverse momentum, pseudorapidity and azimuthal angle of the b-tagged jets system

myp Invariant mass of the two jets with the highest b-tagging score
Hry Scalar sum of the pr of the jets in the event

Single topness For the definition, see Eq. (1)

Missing transverse momentum variables
E!Il:AISS and ¢mlSS

Missing transverse momentum and its azimuthal angle

correlation with the diphoton invariant mass are avoided in
the training in order to prevent the BDT event selection
from biasing the m,, background distribution. To this end,
the transverse momentum values of the photons are divided
by m,, before being used as BDT input variables. A check
for potential biases in the m,, background distribution is
described in Sec. V B. The BDT score distributions in the
low-mass and high-mass regions are shown in Fig. 6 for
events passing the common preselection. In each mass
region, two categories based on the BDT score are defined.
The boundaries of the categories are chosen by maximizing
the combined number-counting significance [107] using
signal and background yields in the mass window
120 GeV < m,, <130 GeV in the chosen categories.
The four resulting BDT categories are defined in Table III.

3. Resonant selection

The resonant search uses a multivariate analysis based on
a BDT technique. A potential limitation of a BDT-based

selection is the low number of background events for higher
resonance masses. To overcome this limitation, BDTs are
trained jointly for all resonance masses hypotheses and
background. The signal events corresponding to the differ-
ent mass hypotheses are combined. The signal events are
reweighted event-by-event to match the m?; distribution
of the background events, such that the training is inde-
pendent of the resonant signal mass hypothesis, but it still
retains information of the correlation with the rest of the
event variables. The procedure allows to reduce the
fluctuations of the BDT performance between nearby mass
points. It was checked that the procedure provides similar
or better performance than employing separated BDT
trainings for each individual signal mass hypothesis.
Using the TMVA toolkit [108], two BDTs are trained to
better separate the signal from backgrounds of different
nature; the yy and #fyy backgrounds (BDT,,) and the single-
Higgs-boson background (BDTg;ngiers), Where the ZH and
ttH processes produce the dominant resonant backgrounds.
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FIG. 6. The BDT distribution of the di-Higgs ggF signal for two different values of k; and the main backgrounds in the (a) low-mass
region and (b) high-mass region. Distributions are normalized to unit area. The dashed lines denote the category boundaries. Events with
a BDT score below 0.881 in the low-mass region or below 0.857 in the high-mass region are discarded.
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TABLE III.

Definition of the categories used in the HH nonresonant search. Before entering the BDT-based

categories, events are required to satisfy the common preselection.

Category

Selection criteria

High mass BDT tight myp., 2 350 GeV, BDT score € (0.967,1]
High mass BDT loose My, 2 350 GeV, BDT score € [0.857,0.967]
Low mass BDT tight myp., < 350 GeV, BDT score € [0.966. 1]
Low mass BDT loose myp,, < 350 GeV, BDT score € [0.881,0.966]

The nonresonant HH process is not included in the training
of the BDTs. A complete list of the variables used for the
BDT training is given in Table IV. The EF* information is
used in the training because it is useful in rejecting the
single-Higgs-boson background (f7H in particular) and the
ttyy background.

The combined BDT score of an event is obtained by
combining the two BDT scores in quadrature, as shown in
Eq. (2),

1

VCi+C

BDT,, + 1\2 BDTginglers + 1) 2

2 144 2 ingle
X\/C1< ) > +C2< B .
)

The two coefficients C; and C, (C, =1—-C) and
BDT,, take values in the range [0, 1]. Only events passing
a minimum requirement on the value of BDT,, are
considered in the analysis. To reduce the effect of limited
statistics of the Monte Carlo samples in the determination
the minimum value required for BDT,,,, and of the C; and

BDT,, =

C, coefficients, a two-stage procedure is used. The values
of the C; and C, as well as the BDT cut value are scanned
twice in order to maximize the significance. This two-stage
optimization procedure first finds the maximum signifi-
cance that can be achieved for each resonance mass point
independently, leading to different coefficient values and
BDT,, requirement values for the various mass points. A
second scan is done to select all coefficients providing a
significance within 5% of the maximum value, for each of
the resonance mass values. From those possible combina-
tions a common C,; coefficient is sought (resulting in
C; = 0.65) across all the resonances so that the selection
will have common coefficients for all resonance mass
points, but different BDT,, values. For each of the
resonance mass hypotheses, a requirement is set on the
mz};w value to select events within +2¢ of the expected
mean value for signal events (where ¢ is the standard
deviation parameter of the Crystal Ball function that best
fits the mziw distribution). In the case of the 900 GeV and
1000 GeV mass hypotheses, the requirement is relaxed to
440 to increase the number of events used for the signal
extraction. The BDT,,, distributions are shown in Fig. 7 for
two signal hypotheses (my = 300 GeV and 500 GeV).

TABLEIV. Variables used in the BDT for the resonant analysis. For variables depending on b-tagged jets, only jets b-tagged using the

77% working point are considered as described in Sec. IVA.

Variable

Definition

Photon-related kinematic variables
P,y

A¢,, and AR,

Jet-related kinematic variables
My, PR and y,p

A(]ﬁb,; and ARH’,

Njcls and Nh—jcls

Transverse momentum and rapidity of the diphoton system
Azimuthal angle and AR between the two photons

Invariant mass, transverse momentum and rapidity of the b-tagged jets system
Azimuthal angle and AR between the two b-tagged jets
Number of jets and number of b-tagged jets

Hry Scalar sum of the pr of the jets in the event

Diphoton + dijet-related kinematic variables
;flw
Ay, phs Ay, 5 and AR, 1p

Missing transverse momentum variables
EP's Missing transverse momentum

Invariant mass of the diphoton plus b-tagged jets system
Distance in rapidity, azimuthal angle and AR between the diphoton and the b-tagged jets system
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FIG. 7. The BDT,, score for the benchmark signals ((a) my = 300 GeV and (b) my = 500 GeV) and for the main backgrounds.
Distributions are normalized to unit area. The dashed lines denote the event selection thresholds. Events with a BDT,,, score below 0.85
for my = 300 GeV or below 0.75 for my = 500 GeV are discarded.

C. Comparison of data and predictions

The analysis selection described in Sec. IV B requires
two “tight” photons and this region is mainly composed of
77, r—jet, and dijet events, where either one or two jets are
misidentified as photons. The fractional contribution of
each component can be estimated using a data-driven
approach [109] based on the photon identification and
isolation distributions from genuine and misidentified
photons. After the common preselection, (85 +3)% of
sideband events are genuine diphoton events, with the
remaining (15 +4)% consisting of y—jet events and a
negligible number of dijet events. The uncertainties in the
above fractions include both the statistical and systematic
uncertainties, where the systematic uncertainty is esti-
mated by using different photon identification criteria. In
the BDT-based categories, the proportion of genuine
diphoton events increases but the method suffers from a
low event count for both the nonresonant and reso-
nant cases.

Figure 8 shows the level of agreement between data and
the background prediction for the m,, and ml*ﬂ—m distribu-
tions, after the common preselection. The continuum
background is scaled by the yy, y—jet, and dijet fractions
and normalized to the data sideband. The yy + jets con-
tinuum background is further divided according to the
flavors of the two jets (for example bb or other jets). This
decomposition is taken directly from the proportions
predicted by the SHERPA event generator, as described in
Sec. III, and it is shown for illustration. Figures 9 and 10
show the m,, distribution after the nonresonant and
resonant BDT categorization and for two benchmark mass
points my = 300 GeV and my = 500 GeV. The figures
illustrate the signal and background composition. The
background distributions shown in these figures are not

directly used to model the background processes in the
analysis workflow explained in Sec. V.

V. SIGNAL AND BACKGROUND
PARAMETRIZATION

The signal and backgrounds are extracted by fitting
analytic functions to the diphoton invariant mass distribu-
tion in the range 105 <m, < 160 GeV in both the
resonant and nonresonant HH searches.

A. H — yy parametrization

For the di-Higgs signal and single-Higgs-boson back-
ground distributions, the parameterized forms are deter-
mined through fits to simulated samples and the expected
normalizations are obtained from their theoretical cross
sections multiplied by the product of the acceptance times
efficiency from the simulation. The diphoton invariant mass
distribution shapes are modeled with a double-sided
Crystal Ball function [91,110], which is characterized by
a Gaussian core and asymmetric power-law tails. This
function allows the modeling of event distributions in
which non-Gaussian tails can arise from experimental
effects, such as photon-energy mismeasurements.

The shape parameters are determined by fitting the
diphoton mass distribution in simulation for each category.
The width of the fitted function is largely insensitive to the
specific signal processes considered in the analysis, with
maximum variations of approximately 10%. For the non-
resonant search, the parameterized form of m,, is obtained
from the simulation of the ggF and VBF HH processes
with k; = 1, described in Sec. III. No significant depend-
ence of the functional form on k; was found. For the
resonant search, the functional form is obtained from the
simulation of the heavy-resonance signals. Table V shows
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Distributions of (a) m,, and (b) m;l;w for events satisfying the common preselection criteria. The data-derived fractions of

nonresonant yy, y—jet or jet—y, and dijet background are applied and the total background is normalized to the data sideband. The scalar
resonance signal is scaled to a total production cross section o(pp — X - HH) = 370 fb for my =300 GeV or o(pp - X —
HH) = 67 fb for my = 500 GeV, corresponding to the expected exclusion limits presented in Sec. VIIC.

the resolution parameter of the double-sided Crystal Ball
functional form fit to the m,, distribution for simulated
Higgs boson pair events in the nonresonant categories and
for two different mass hypotheses for a heavy resonant
signal. For both searches, the chosen functional forms are
found to model both the single Higgs and di-Higgs boson
events well. As no statistically significant bias is observed

in injection tests between the input and fitted signals, the
same parametrized functions are used for both the single
Higgs and di-Higgs boson processes.

B. Background parametrization

The continuum diphoton background is modeled using a
functional form chosen by fitting a highly populated MC
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(a) High mass BDT tight selection
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FIG.9. Distributions of m,, in all signal categories for the nonresonant / H search: (a) high mass BDT tight, (b) high mass BDT loose,
(c) low mass BDT tight, (d) low mass BDT loose. The data-derived fractions of nonresonant yy, y—jet or jet—y, and dijet background are
applied and the total background is normalized to the data sideband.
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FIG. 10. Distributions of m,, for the selections used for the resonance mass points (a) my = 300 GeV and (b) my = 500 GeV for the
resonant search. The data-derived fractions of nonresonant yy, y—jet or jet—y, and dijet background are applied and the total background
is normalized to the data sideband. The scalar resonance signal is scaled to a total production cross section o(pp — X — HH) = 370 fb
for my =300 GeV or o(pp — X - HH) = 67 fb for my = 500 GeV, corresponding to the expected exclusion limits presented in

Sec. VIIC.

background template. Given the high yy purity quoted in
Sec. IV C, the background template is constructed in each
category from the yy + jets simulation which is normalized
to the data sideband in the mass windows of 105 GeV—
120 GeV and 130 GeV-160 GeV in the m,, spectrum.
The potential bias associated with the choice of a specific
analytic function to model the continuum background is
estimated for each category as prescribed in Refs. [91,111].
It is obtained as the signal event yield extracted from a
signal-plus-background fit to the background-only diphoton
invariant mass distribution in the range 105 GeV < m,, <
160 GeV. This bias is also called the “spurious signal”. The
number of fitted signal events is computed for Higgs boson
masses in intervals of 1 GeV from 121 GeV to 129 GeV.
The bias is taken as the largest number of fitted spurious
signal events in this 8 GeV mass window. Of the different
analytic functions that are tested, the one with the smallest
number of parameters is chosen from the functions with a
spurious signal smaller than 20% of the data’s statistical
uncertainty plus two times the MC statistical uncertainty.

TABLE V. The resolution parameter of the double-sided
Crystal Ball functional form and the corresponding statistical
uncertainty are obtained from the fit to the m,, distribution for
simulated Higgs boson pair events for the nonresonant categories
and for two different mass hypotheses for a heavy-resonance
signal.

Category opsce [GeV]
High mass BDT tight 1.33 £0.01
High mass BDT loose 1.47 £0.02
Low mass BDT tight 1.50 £ 0.06
Low mass BDT loose 1.64 £0.03
Resonant my = 300 GeV 1.78 £0.02
Resonant my = 500 GeV 1.46 £ 0.01

In each category of the nonresonant search and in all the
analysis regions defined in the resonant HH search, an
exponential function exp(a - m,,) is found to be the best
choice since it has the smallest number of degrees of
freedom and yields a consistently small bias. Wald tests
[112] on data show that the data do not prefer a higher-
degree functional form to the exponential form. The bias is
found to be at most 40% (60%) of the expected error on the
fitted signal yield originating from the data statistics for the
nonresonant (resonant) search. The difference in shape
between the simulated events and the exponential form
measured in the sidebands is found to have a negligible
impact on the spurious signal. To study the impact on the
spurious signal from the difference in shape between the
MC background template and the data sideband, the MC
template is reweighted to data using a linear function of m,,,
derived from the MC-data difference. The spurious signal
value evaluated from the reweighted MC template is found
to be compatible with the nominal one used as the
systematic uncertainty.

VI. SYSTEMATIC UNCERTAINTIES

The sensitivity of the analysis is limited by the
statistical precision. The assessment of the systematic
uncertainties is described below and their impact on the
results is discussed in Sec. VII D. The uncertainty in the
integrated luminosity of the full Run 2 dataset is 1.7%
[39], obtained using the LUCID-2 detector [38] for the
primary luminosity measurements.

The continuum background processes of the analysis are
estimated from data and are subject to uncertainties related
to the potential bias arising from the chosen background
model, as described in Sec. V B. The background functional
form bias is assessed as an additional uncertainty in the total
number of signal events in each category. For the single

052001-12



SEARCH FOR HIGGS BOSON PAIR PRODUCTION IN THE TWO ...

PHYS. REV. D 106, 052001 (2022)

Higgs boson and di-Higgs boson production processes, both
of which are estimated using simulation, experimental and
theoretical systematic uncertainties are propagated through
the full analysis procedure, as described in the following.

The efficiency of the diphoton trigger used to select events
is evaluated in simulation and data using a bootstrap method
and radiative Z decays [113]. The difference between data
and MC is taken as a systematic uncertainty. In the diphoton
invariant mass range of 105 < m,, < 160 GeV, the trigger
efficiency uncertainty affects the acceptance by 1% in each
category. The uncertainty in the vertex selection efficiency is
assessed by comparing the efficiency of finding photon-
pointing vertices in Z — eTe™ events in data with that in
simulation [114]. The resulting uncertainty is found to have
a negligible effect on the signal selection efficiency.

The systematic uncertainties from the photon identifi-
cation and isolation efficiencies are estimated following the
prescriptions in Ref. [90]. They are evaluated by varying
the correction factors for photon selection efficiencies in
simulation by the corresponding uncertainties and affect the
diphoton selection efficiency. The experimental uncertain-
ties in the photon-energy scale and resolution are obtained
from Ref. [90].

The jet-energy scale and resolution uncertainties [115]
affect the m,;, distribution, while flavor-tagging uncertain-
ties affect the acceptance of the analysis categories. The
experimental uncertainties in jet energy scale and resolu-
tion are propagated to the X calculation. In addition, the
uncertainties in the scale and resolution of the EF® soft
term are evaluated by using the method described in
Ref. [103]. The flavor-tagging uncertainties for »- and c-
jets are estimated in 77 events [98,116], while the mis-
identification uncertainty of light-flavor jets is determined
using dijet events [117]. Additional uncertainties from the
b-jet momentum correction accounting for the presence of
muons and neutrinos are found to be negligible.

For single Higgs boson and SM HH production, the
effects of theoretical scale uncertainties due to missing
higher-order corrections on the production rates are esti-
mated by varying the factorization and renormalization
scales up and down from their nominal values by a factor
of two, recalculating the cross section in each case, and
taking the largest deviation from the nominal cross section
as the uncertainty. The uncertainties in SM HH ggF
production arising from the choice of renormalization
scheme and scale of the top-quark mass and their combi-
nation with those from factorization and renormalization
scale variations are based on Ref. [17]. The uncertainties in
the cross sections, including effects of PDF + a, uncertain-
ties, and the uncertainties in the H — yy and H — bb
branching fractions, are taken from Refs. [14,56]. The
uncertainty in the value of the Higgs boson mass is
considered [13]. An additional 100% uncertainty is assigned
to the single-Higgs-boson ggF and VBF production modes

and to Higgs boson production in association with a W
boson. This is motivated by studies of heavy-flavor pro-
duction in association with top-quark pairs [118,119] and of
W boson production in association with b-jets [120]. No
additional heavy-flavor uncertainty is assigned to the single-
Higgs-boson fH and ZH production modes, where the
dominant heavy-flavor production is already accounted for
in the LO process. For all samples, the uncertainty related to
the choice of parton showering model is evaluated by
comparing the predictions of the nominal MC samples
and alternative samples using a different parton showering
model. In addition, for the nonresonant HH production
processes, a systematic uncertainty is assigned to the x;
reweighting, as discussed in Sec. IIL.

In the resonant search, the systematic uncertainty sources
considered are the same as for the nonresonant case, except
that uncertainties due to the finite order of the QCD
calculations are not assigned to the resonant signal cross
section. In this search the SM HH production processes are
considered as background.

VII. RESULTS

The statistical framework used to derive the results for
both the nonresonant and resonant searches is described in
the following.

A. Statistical framework

For both the nonresonant and resonant searches, the
results of the analysis are obtained from a maximum-
likelihood fit of the m, distribution in the range
105 GeV < m,, < 160 GeV, performed simultaneously
over all relevant categories described in Sec. IV B. The
likelihood function is defined in Eq. (3),

£ =T (poistuln.(0) 1700500 60). o

where for each event i in a category c, n, is the observed
number of events, N is the expected number of events, f . is
the value of the probability density function, € are nuisance
parameters, and G () are constraint pdfs for the nuisance
parameters.

The expected number of events N, defined in Eq. (4), is
the sum of the expected yields from di-Higgs boson
production processes, single Higgs boson production, the
nonresonant background, as well as the spurious-signal
uncertainty,

ield r ield
Nr(o) =H 'NHH.C(ayH;I ) +Ni;;:g¢(0|)'/ef )
+ Ny 65 + N, 4)
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where y is the signal strength, #55¢ represent the nuisance
parameters associated with the background function bias
and @Y represent the nuisance parameters affecting the
event yield, as detailed in Sec. VI. Correlation of the
nuisance parameters across different signal and background
components, as well as categories, is taken into account. In
the case of the nonresonant search, Ny, . = Ny, while in
the case of the resonant analysis Niiee = Nue + Nswmnn e

The probability density function f. represents the shape
information. The sum of the double-sided Crystal Ball
functions modeling the HH production processes, single
Higgs boson production, and the spurious signal, and of the
analytic function modeling the nonresonant background as
described in Sec. V B, is shown in Eq. (5),

fc(myw 0) =[Ny, c(oyleld) func(m myy, ompe)
+ N, () - 13, Oy O3E)
Orisy * Frarc(myy. O3i")
Oromes) /N (Bicares)-
(5)

where @°h%° represent nuisance parameters related to the
shape variations of the functional forms. When a nuisance

+ Nsse -

nonres - gnonres
bkgc fbkgc ( T

parameter is related to shape and yield variations at the
same time, the two effects are correlated.

The nominal yields of the resonant background processes
are initially set to values from simulation. The likelihood
function includes all the nuisance parameters that describe
the systematic uncertainties. The signal strength is a free
parameter in the fit. The measurement of the parameter of
interest is carried out using a statistical test based on the
profile likelihood ratio [107], as shown in Eq. (6),

Ap) = ===, (6)

where p and @ are respectively the parameter of interest
and the nuisance parameters. In the numerator, the
nuisance parameters are set to their profiled values

(), which maximize the likelihood function for a fixed
value of the parameter of interest x. In the denominator,
the parameter of interest and the nuisance parameters are
set to the values fi and 0, respectively, which jointly
maximize the likelihood.

In the absence of signal, exclusion limits are set on Higgs
boson pair production in the bbyy final state. The limits for
both nonresonant and resonant production are calculated
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FIG. 11.

Data are compared with the background-only fit for the four categories of the nonresonant search: (a) high mass BDT tight,

(b) high mass BDT loose, (c) low mass BDT tight, and (d) low mass BDT loose. Both the continuum background and the background
from single Higgs boson production are considered. The data points in the Figure are the same as shown in Fig. 9.
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TABLE VL

The number of data events observed in the 120 GeV < m,, < 130 GeV window, the number of HH signal events

expected for k; = 1 and for k, = 10, and events expected for single Higgs boson production (estimated using MC simulation), as well as
for continuum background. For the single Higgs boson, “Rest” includes the following production modes: VBF, WH, tHq, and tHW.
The values are obtained from a fit of the Asimov dataset [107] generated under the SM signal-plus-background hypothesis, , = 1. The
continuum background component of the Asimov dataset is obtained from the fit of the data sideband. The uncertainties in HH signals
and single Higgs boson background include the systematic uncertainties discussed in Sec. VI. The uncertainty in the continuum
background is given by the sum in quadrature of the statistical uncertainty from the fit to the data and the spurious-signal uncertainty.

High mass High mass Low mass Low mass
BDT tight BDT loose BDT tight BDT loose
Continuum background 4.9+ 9.5113 377 249433
Single Higgs boson background 0.6710% 1.650$ 0.2329% 1.401033
ggF + bbH 0.26107% 04193 0.07790% 0.27%97
17H 0.19%503 049505 0.107 55017 0.75%1}
ZH 014275058 04805 0.040%505 0.27 5508
Rest 0.07495% 0.16°0% 0.012:9%% 0111985
SM HH(x; = 1) signal 0.87-019 0.379% 0.04915:00¢ 0.078+0:908
geF 0.86019 0.3540% 0.0461 500 0.072 9008
VBF (12.65]3) x 107 (16.1714) x 1073 (32594 x 1073 (6.9792) x 1073
Alternative HH (x; = 10) signal 6.539 3.610% 4.5507 8.541%
Data 2 17 5 14

using the CLg method [121], with the profile-likelihood-
ratio-based test statistic g, defined in Eq. (7) [107],

21 M) 5 g
A(0.6(0)) ’
B = oy Ad) . (7)
2InSGowy OSASH
0 o> p.

The asymptotic approximation [107] is used for the test-
statistic distribution. The inaccuracy of the asymptotic
approximation is checked with pseudoexperiment studies
for the key results reported in this paper.

B. Nonresonant search results

Figure 11 shows the background fits to the data. No
significant excess over the SM background expectations is
found, as summarized in Table VI. The statistical analysis
sets a 95% C.L. upper limit on the nonresonant HH
production cross section at 130 fb, while 180 fb is expected.
An observed (expected) upper limit at 95% C.L. on the
signal strength of 4.2 (5.7) times the SM prediction is
obtained. The expected constraints are obtained for a
background hypothesis excluding pp — HH production.
For the upper limits on the cross section, all theoretical
uncertainties are included, except those related to the signal
cross section itself, while constraints on the signal strength
are computed including uncertainties in the predicted signal
cross section. A check of the results that quantifies the
upper limits by using pseudoexperiments is performed and

the increase of the limit value relative to the asymptotic
approximation is found to be less than 8% for both the
observed and expected upper limits. A check of the
expected upper limits using prefit values for the nuisance
parameters associated with the systematic uncertainties is

105 . . . . . . . . .
ATLAS —— Observed limit (95% CL)
\/g: 13 TeV, 139 fb,1 ---- Expected limit (95% CL)
HH%bB’YY 3 Expected limit 1o
= 104} T Expected limit +20 E
= E== Theory prediction
; % sMm prediction
o 108
@
>
TN e
[T s
[ e
© 102
Observed: k) € [-1.5,6.7]
Expected: ) € [-2.4,7.7]
1 01 . . L L n . . .
-10 8 6 4 -2 0 2 4 6 8 10

K

FIG. 12. Observed and expected limits at 95% C.L. on the cross
section of nonresonant Higgs boson pair production as a function
of the Higgs boson self-coupling modifier k; = Ay pp /A3y The
expected constraints on k; are obtained with a background
hypothesis excluding pp — HH production. The + 1o and
420 variations about the expected limit due to statistical and
systematic uncertainties are also shown. The theory prediction
curve represents the scenario where all parameters and couplings
are set to their SM values except for k;. The uncertainty band of the
theory prediction curve shows the cross section uncertainty.
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FIG. 13. Values of the negative log-profile-likelihood ratio

(=2InA) as a function of k, evaluated for the combination of
all the categories of the nonresonant search. The coupling of the
Higgs boson to fermions and gauge bosons is set to SM values in
the profile likelihood calculation. The expected result corresponds
to a Asimov dataset [107] generated under the SM signal-plus-
background hypothesis, k; = 1. All systematic uncertainties,
including the theoretical uncertainties in the di-Higgs boson
production cross section, are included. The intersections of the
solid curves and the horizontal dashed lines indicate the 1o and 26
confidence level intervals.

performed and an increase of 4% relative to the nominal
result is found. The difference is dominated by the con-
tribution from the spurious signal.

Upper limits on the HH production cross section are also
computed as a function of «;, as shown in Fig. 12. For this
purpose, single-Higgs-boson production cross sections and
Higgs boson decay branching ratios are assumed to have
SM values, and the coupling strength between the Higgs
boson and other particles are also set to their SM values
[55]. The theory uncertainties related to the signal cross
section are not included.

TABLE VII.  The number of events observed in the 120 < m,, <
130 GeV window in data, the number of events expected for scalar
resonance signals of masses my = 300 GeV and my = 500 GeV
assuming a total production cross section o(pp — X — HH)
equal to the observed exclusion limits of Fig. 15, and events
expected for SM HH and single Higgs boson production (esti-
mated using MC simulation), as well as for continuum back-
ground. The values are obtained from a fit of the Asimov dataset
[107] generated under the signal-plus-background hypothesis. The
continuum background component of the Asimov dataset is
obtained from the fit of the data sideband. The uncertainties in
the resonant signals and the SM HH and single-Higgs-boson
backgrounds include the systematic uncertainties discussed in
Sec. VI. The uncertainty in the continuum background is given
by the sum in quadrature of the statistical uncertainty from the fit to
the data and the spurious-signal uncertainty.

my =300 GeV  my = 500 GeV
Continuum background SSfII; l,ﬁjg.-g
T hckerond 03y a0l
SM HH background 0.02173:%5 0.2040%
X = HH signl o113 014;
Data 6 4

The expected constraints on x; at 95% C.L., as obtained
with a background hypothesis excluding pp — HH pro-
duction, are [—2.4, 7.7], whereas the observed constraints
are [—-1.5,6.7] at 95% C.L. The inclusion of the VBF HH
production mode tightens the constraints by about 5%
relative to an alternative fit considering only the ggF
production mode.

An alternative statistical analysis consists in determining
the best-fit value of the x; coupling modifier. The best-fit
value of k; and its uncertainty are obtained by means of a
negative log-likelihood scan. The coupling strengths of the
Higgs boson to fermions and gauge bosons are set to their
SM values. The values of the negative log-likelihood ratio,

14T T T T T 3 7ETT T T T T
E ¢ Data ATLAS k| F 4 Data ATLAS ]
120 Continuum Background 1= 13 TeV, 139 fo™' L — Continuum Background 15 =13 TeV, 139 o'
C HH-bbyy 1 £ HH—-bbyy B!
2 10 Total Background 300 GeV Resonance | 3 5F Total Background 500 GeV Resonance |
(OIS ] 6 E E
w0 g - 0 4F =
o 8F B o 4 £ |
~ F ] ~ _F E
2 6 - 2 3F 3
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2f 4 1E E
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FIG. 14. Data are compared with the background-only fit for the resonant search for the (a) my = 300 GeV and (b) my = 500 GeV
mass hypotheses. The continuum background, as well as the background from single Higgs boson production and from SM HH
production, is considered. The data points in the Figure are the same as shown in Fig. 10.
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FIG. 15. Observed and expected limits at 95% C.L. on the
production cross section of a narrow-width scalar resonance X as
a function of the mass my of the hypothetical scalar particle. The
black solid line represents the observed upper limits. The dashed
line represents the expected upper limits. The +lo and +2¢
variations about the expected limit due to statistical and system-
atic uncertainties are also shown.

—21InA(u), as a function of k; are shown in Fig. 13. The
Asimov dataset [107] is generated under the SM signal-
plus-background hypothesis, k; = 1. All systematic uncer-
tainties, including those of the theoretical prediction of the
HH production cross section, are included. The best-fit
value corresponds to k; = 2.873Y (734 for the 1o (20)
confidence interval. The expected value corresponds to
Kk, = 1.033 (173) for the 16 (20) confidence interval. The
second minimum in the expected likelihood scan curve
corresponds to a similar fitted signal yield with respect to

TABLE VIIIL

the k;, point at the first minimum, which is a consequence of
a higher cross section, but lower acceptance and worse
signal-to-background separation. The m distribution has
a different shape at each of the two minima, as shown
in Fig. 5.

C. Resonant search results

Figure 14 shows the fit to the data of the resonant search
for two benchmark values of the mass my of a hypothetical
scalar particle. No significant excess over the SM back-
ground expectations is found, as shown in Table VIL
Figure 15 shows the observed and expected upper limits
at 95% C.L. on the production cross section of a narrow-
width scalar resonance. The observed (expected) upper
limits vary between 640-44 tb (391-46 fb) in the range
251 GeV < my < 1000 GeV. A check on the upper limits
using pseudoexperiments is performed. For the expected
limits, the results based on the pseudo-experiments are
found to be up to 10% higher compared with those derived
based on the asymptotic approximation. As for the observed
limits, the pseudoexperiments yield typically 10% higher
results compared with the asymptotic approximation in
most of the my range explored, and the difference increases
to 15% for the my = 700 GeV signal hypothesis.

D. Impact of systematic uncertainties

The dominant systematic uncertainties are listed in
Table VIII for both the nonresonant and resonant searches.
The main uncertainties are related to the choice of func-
tional form for the continuum background (spurious
signal), to the parton showering model, and to the photon
energy resolution.

Breakdown of the dominant systematic uncertainties. The impact of the uncertainties corresponds to

the relative variation of the expected upper limit on the cross section when reevaluating the profile likelihood ratio
after fixing the nuisance parameter in question to its best-fit value, while all remaining nuisance parameters remain
free to float. The impact is shown in %. Only systematic uncertainties with an impact of at least 0.2% are shown.
Uncertainties of the “Norm + Shape” type affect both the normalization and the parameters of the functional form.

The rest of the uncertainties affect only the yields.

Relative impact of the systematic uncertainties [%]

Source Type

Experimental

Photon energy resolution
Jet energy scale and resolution

Norm. + Shape
Normalization
Flavor tagging Normalization
Theoretical

Normalization
Norm. + Shape

Factorization and renormalization scale
Parton showering model

Heavy-flavor content Normalization
B(H — yy.bb) Normalization
Spurious signal Normalization

Nonresonant analysis Resonant analysis

HH my = 300 GeV
0.4 0.6

<0.2 0.3

<0.2 0.2

0.3 <0.2

0.6 2.6

0.3 <0.2

0.2 <0.2

3.0 33
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VIII. CONCLUSIONS

Searches for nonresonant and resonant Higgs boson pair
production are performed in the bbyy final state using
139 ! of 13 TeV pp collision data collected with the
ATLAS detector at the LHC. No significant excess above the
Standard Model background expectation is observed. A
95% C.L. upper limit of 130 fb is set on the pp - HH
nonresonant production cross section, where the expected
limit is 180 fb. The observed (expected) limit corresponds to
4.2 (5.7) times the cross section predicted by the Standard
Model. Constraints on the Higgs boson self-coupling are also
derived and limits of —1.5 < k; < 6.7 are obtained, where
—2.4 < k; < 7.7isexpected. The expected constraints on the
HH nonresonant production cross section and on x; are
obtained with a background hypothesis excluding pp — HH
production. For resonant production of a scalar particle
X — HH — bbyy, upper limits on the production cross
section are obtained for the narrow-width hypothesis as a
function of my. The observed (expected) upper limits are in
the range 64044 fb (39146 fb) for 251 GeV <my<
1000 GeV. Compared to the previous ATLAS result based
on36 tb~! of 13 TeV pp collisions, the present analysis uses
adataset about four times larger, incorporates a categorization

based on m; i and multivariate event selections, and expands

the analyzed mass range of the resonance search to lower
values. The results improve upon the previous ATLAS limits
onthe HH — bbyy production cross section by up to a factor
of five, and the allowed k, range shrinks by about a factor of
two. For the resonant search, the expected limit on the cross
section improves by a factor of two to three depending on the
my value. Of those improvements, a factor of two arises from
the increase in integrated luminosity, while the additional
improvement can be attributed to the use of multivariate
techniques, more precise object reconstruction and calibra-
tion and, for the nonresonant search, the categorization based

on mIth' The present analysis also sets constraints that are

tighter than those from a combination of ATLAS searches for
HH production in up to 36 fb~! of 13 TeV data.
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This note presents interpretations of searches for Higgs boson pair (HH) production in the
bbyy and bbt*7™ final states, and of their combination, in the framework of Higgs Effective
Field Theory (HEFT). The searches make use of 139 fb~! of proton-proton collision data
recorded with the ATLAS detector at a centre-of-mass energy of /s = 13 TeV at the LHC.
Upper limits on the HH production cross-section are set for seven HEFT benchmark models
at 95% confidence level, with observed (expected) limits ranging from 50.4 (46.0) fb to 135.1
(135.1) fb. Exclusion limits are also set on two HEFT coupling parameters associated with
the couplings of a Higgs boson pair with two gluons, cggnp, and with a top-quark pair, ¢;/pp.
Values of these parameters are excluded outside the observed (expected) ranges of [—0.3,0.4]
([-0.3,0.3]) and [-0.2,0.6] ([-0.2,0.6]), respectively, at 95% confidence level.
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1 Introduction

The Higgs boson (H), a cornerstone of the Standard Model (SM), was discovered by the ATLAS and CMS
collaborations in 2012 [1, 2]. Numerous measurements of its spin and couplings have been performed [3-5]
since its discovery, showing consistency with SM predictions. The trilinear Higgs boson self-coupling,
A HH, provides direct access to the shape of the Higgs potential, and its measurement is a primary
physics goal of the LHC and its forthcoming upgrade, the high-luminosity LHC. Modifications to the
Higgs boson self-coupling can occur through physics phenomena beyond the SM (BSM), which can lead
to an enhancement of the rate of Higgs boson pair production (HH) and modifications of the kinematic
properties of the process.

Effective Field Theories (EFT) provide a generic approach to parametrise the effects of BSM physics at the
high-energy scale in terms of effective couplings at the low-energy scale. Two different EFT formalisms
are widely used: the SMEFT [6] and the Higgs EFT (HEFT) [7, 8]. This note focuses on the HEFT
framework, where the Lagrangian is organised following the guidance of chiral perturbation theory [9]
and where the low-energy dynamics of electroweak symmetry breaking are described using a non-linear
realisation of SU(2) X U(1). In this formalism, anomalous Higgs boson couplings are expected to be the
dominant source of new physics in the electroweak sector. Unlike in SMEFT, they are defined such to
treat separately the couplings to the single Higgs boson and to a Higgs boson pair, making it more suitable
for a simplified HH interpretation. Deviations from SM predictions can potentially be observed in HH
production and can subsequently be interpreted in the HEFT framework.

In the SM, HH production via gluon-gluon fusion (ggF) is the dominant production process accounting for
over 90% of the total production rate. At leading order (LO), it is described by the Feynman diagrams
shown in Figure 1. The two diagrams interfere destructively, resulting in an HH production cross-section
of (J'Sl\g =31.05fb +3% (PDF+aS)th°% (Scale + myop) [10-18], around three orders of magnitude smaller
than the single Higgs boson production process.
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Figure 1: HEFT coupling parameters in SM-like leading-order Feynman diagrams for Higgs boson pair production
through gluon-gluon fusion.

In the HEFT Lagrangian, ggF HH production is described at LO with 5 operators and their corresponding
Wilson coefficients: ¢ppnn, Cihs Caghs Cgghn and cipp. The cppn = AHHH//IZD@H and ¢;n = Al //ltstl\ﬁl
coefficients represent the coupling modifiers for the Higgs boson self-coupling and top-quark Yukawa
coupling (4;;). The remaining Wilson coefficients affect respectively the ggH, ggHH and ttHH vertex
interactions and introduce the three BSM LO Feynman diagrams for ggF HH production shown in Figure 2.
The HEFT Lagrangian reduces to the SM Lagrangian for cppn = ¢, = 1 and ¢iinn = Cggh = Cggnn = 0,

when the Higgs boson self-coupling and top-quark Yukawa coupling have SM values and none of the BSM



production modes are present. Higgs boson pair production is the most promising process to measure the
Higgs boson self-coupling because it gives access to ¢y, at tree level. Furthermore, the HH process gives
unique access to the two other Wilson coefficients, cggpp and ¢;sp,. On the contrary, single Higgs boson
processes have better sensitivity to the remaining two coefficients, cggp, and c4s,. The HEFT formalism
allows to interpret general searches in different BSM scenarios by simultaneously varying multiple Wilson
coeflicients.

. .

Cggh Chhh ,*°

Figure 2: HEFT coupling parameters in BSM leading-order Feynman diagrams for Higgs boson pair production
through gluon-gluon fusion.

Since several LO Feynman diagrams with different mass dependencies contribute to HH production,
variations of the HEFT Wilson coefficients change their relative contributions and interference, thereby
modifying the resulting invariant mass spectrum, mg g .

Cluster analysis [19] is used to define groups of different HEFT models according to their impact on the
shape of the m g g distribution. At next-to-leading order (NLO), 7 HEFT benchmark (BM) models [20],
defined in Table 1, describe representative shape features of the my g distribution, and can be used to
explore multiple BSM scenarios. This largely reduces the number of signal points to probe while providing
a wide variety of characteristic shapes of the m gy distribution. Experimental constraints on the 5 HEFT
couplings can rule out the existence of individual benchmark models defined by a given set of coupling
values. However, many other combinations of the coupling values can give rise to similar m gy shapes as
in the benchmarks. Hence, the study of benchmark models still provides valuable new constraints on BSM
physics.

Table 1: Values of the HEFT Wilson coefficients in the SM and in seven BSM benchmark models.

Benchmark model | cunn Cun Cggn  Cgghh  Crihn

SM 1 1 0 0 0
BM 1 3.94 094 1/2  1/3 -1/3
BM 2 6.84 061 00 -1/3 1/3
BM 3 221 105 1/2  1/2 -1/3
BM 4 279 061 -1/2  1/6 13
BM S 395 117  1/6 -1/2 -1/3
BM6 568 083 -1/2 1/3 13
BM 7 -0.10 094 1/6 -1/6 1

The HH searches performed with the ATLAS Run 2 data in the bbyy [21] and bbrt [22] final states
and their combination [23] produce constraints on the HH production cross-section and on cppp,. The



observed (expected) allowed range of ¢, values at 95% confidence level (CL) from the combination of
both channels is —1.0 < cppp < 6.6 (=1.2 < cppp < 7.2), assuming all other couplings have their SM
values. In this note, a more general interpretation of these HH searches is performed, based on the HEFT
framework. Upper limits on the ggF HH cross-sections are presented for the 7 benchmark models of m g g
shapes, and constraints on the cggpp and c;qp,p couplings are set one at a time, assuming SM values for all
other couplings.

2 Data and simulation samples

The searches documented in this note use 139 fb™! of pp collision data at s = 13 TeV collected by the
ATLAS experiment during the LHC Run 2 data-taking period from 2015 to 2018. The primary luminosity
measurement is made by the LUCID-2 detector [24].

Both bbyy and bbt+1~ search channels use a consistent set of signal Monte Carlo (MC) samples. SM
non-resonant HH production via ggF is simulated at NLO precision and considering finite top-quark mass
effects using the Pownec Box v2 generator [25-29] and the PDF4LHC15 parton distribution function
(PDF) set [30]. PytHia 8.244 [31] is used for the parton shower and hadronisation simulation, utilising the
NNPDF2.3r0 [32] PDF set and the A14 tune [33]. It is prohibitively computationally expensive to simulate
all of the possible variations of the Wilson coefficients described by EFTs. Instead, the mpy g distribution
in different BSM scenarios described by HEFT can be obtained by a reweighting procedure based on the
SM HH sample. As derived in Ref. [34], the NLO differential cross-section for the HH production via
gluon-gluon fusion, doy g /dmpy g, is parametrised in terms of coupling combinations as follows:

dO'HH

= Poly(A, Chhh, Cths Crthhs Cgghs Coghh|MEH)
deH

= Alc?th + AZszhh + (A3C?th + A4C§gh) . C%zhh + ASnghh + (Aé(,‘tthh + A7Ctlhchhh) . c%zhh
+ (A$CutnChnh + AoCoghChinh) * Crenih + A10CtinnCaghn + (A11CgghChinn + A12Cggnn) - €y,
+ (A13ChhnCggh + A14Cgghh) - CrthChih + A15CoghCaghhChih + A16C3, ), Cagh

+ AVTCHnCuunhCagh + A18C1RC gy Chih + A19CIHRCgghCaghh + A20CTChon

2 3 2
+ A2 CrtnnCogp + A2CogpChih + A23Coa Coghhs (€Y

where the differential coefficients A; are evaluated exclusively in the 240 GeV < myy < 1040 GeV range
in bins of 20 GeV. The binned m g g distribution from simulated SM HH events can be reweighted to any
point in the HEFT space using the event weights defined as:

dopn/dmun _ _Poly(Almun)
dG'IS-II\QI/deH PolySM(Almpp)

@

w(myn) =

The reweighting procedure using w(m g p) changes both the m g shape and the overall normalisation
with respect to the simulated SM HH sample. To remove the normalisation effect, normalised weights



w™ (g g ) are defined as

Tiw _ _Poly(Almup)  Poly™(A)
oun  PolyM(A|myy)  Poly(A)

) 3

W' (mpg ) =w(mpy) -

where inclusive A; coefficients, derived from the full HH phase space, are used to cancel the cross-section
contribution from w(mgg).

In this note, the BSM processes are reweighted from simulated SM HH events using the event-per-event
weight W™ (mp ). Events with mppy > 1040 GeV are reweighted using the weight corresponding
to the highest available m gy g bin with a central value of 1030 GeV. Systematic uncertainties stemming
from reweighting are derived directly from events without detector response simulation (particle level)
to account for possible discrepancies between the reweighted distributions and simulated distributions.
The particle level mpy g distribution for the SM HH production and the modified my g distributions in
different HEFT benchmark models are shown in Figure 3.
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Figure 3: Particle level m g g distributions for SM HH production and the HEFT benchmark models. All distributions
are normalised to unity.

The SM vector-boson-fusion (VBF) H H process is simulated at LO with MapGraPHS_AMC@NLO 2.60 [35]
using the NNPDF3.0nxLo PDF set interfaced with PyThia 8.244. In this note, the SM VBF HH process is
treated as a background to all ggF HH signal configurations. Due to the small contribution of the VBF HH
process to the total background, the ¢, dependence of this process is neglected and ¢y, is therefore
kept at its SM value of 1 in such simulated events and when evaluating the final results. The impact of
varying the VBF process with cppp, is found to change the expected limits in the combination by less than
2.4% for all benchmark models, while removing the VBF HH process altogether results in a change of less
than 0.2%. The values of the 5 HEFT couplings in the simulation of the remaining SM backgrounds are
also kept fixed at their SM value.

The single Higgs boson processes are simulated consistently for both the bbyy and bbr*7~ channels
using PowHEG Box v2 with the NNPDF3.0nLo PDF set. Parton showering, hadronisation and underlying



event for single Higgs boson ggF and VBF processes are simulated using PyTHia 8.212 with the AZNLO
tune [36] and the CTEQO6L1 PDF set [37], while for the t7H process, PyTHia 8.230 with the A14 tune
and the NNPDF2.3Lo PDF set is used. In the bbyy channel, the tH and bbH production modes are also
considered, as described in Ref. [38]. A combination of MC simulation and a data-driven method are used
together to estimate the yy+jets background. The MC sample for the yy+jets process is generated using
SHERPA 2.2.4 [39].

In the bb7*7~ channel, the pair production of top quarks (¢7) and single top quark production in the -,
s- and Wt-channels are simulated using PowneG Box v2 and the NNPDF3.0nLo PDF set. The parton
shower and hadronisation are performed using PytHia 8.230 with the NNPDF2.3Lo PDF set using the
Al4 tune. The V+jets, diboson and #7Z processes are simulated using SHERPA 2.2.1, while the #7W
process is simulated with SHErpa 2.2.8; the NNPDF3.0nnLO PDF set with dedicated process-specific
parton shower tunes developed by the SHERPA authors is used for parton shower and hadronisation. The
background contributions from quark- and gluon-initiated jets identified as hadronically decaying r-leptons
are estimated with a data-driven method.

3 Individual search channels

3.1 HH — bbyy

Despite the small branching fraction of the HH — bbyy final state, the search benefits from an excellent
di-photon mass resolution, clean di-photon triggers and relatively small backgrounds. The analysis
described in Ref. [21] uses the full Run 2 dataset of 139 fb™! and selects events with exactly two photons
with || < 2.37, excluding the transition region of 1.37 < |n| < 1.52 between the barrel and the endcap
electromagnetic calorimeters. The invariant mass of the two leading photons, m,,,, must satisfy the
requirement of 105 GeV < m,,,, < 160 GeV, and the transverse momenta of the leading and sub-leading
photons must be greater than 0.35 and 0.25 times m,,,,, respectively. Events are also required to contain
two b-tagged jets, which are identified with the DL1r algorithm [40, 41], using the 77% efficiency working
point. t7H processes with hadronic top-quark decays are rejected by requiring fewer than six central
(In] < 2.5) jets, while 77H processes with semi-leptonic top-quark decays are suppressed by rejecting events
with electrons or muons. The events are classified in two, respectively low-mass and high-mass, regions
according to the modified four-body mass of the di-photon plus b-tagged jets system, mz Byy’ defined as
m]*]l;w = My jy, —Mpp —Myy +250 GeV, where my,;.,., is the four-body mass and m,,; is the invariant mass
of the two b-jets. A Boosted Decision Tree (BDT) algorithm is employed for further event classification
to discriminate the SM HH signal in the high-mass region, and signals with ¢y, > 1 in the low-mass
region, from the corresponding background processes. In each signal region, two classes of events are
defined based on the BDT discriminant, resulting in four categories: High-Mass Tight, High-Mass Loose,
Low-Mass Tight and Low-Mass Loose.

The final statistical results are then obtained from a simultaneous unbinned maximum likelihood fit to the
observed m,,, distribution across the four categories. The dominant continuum di-photon background,
coming from yy, y-jet and jet-jet event production, is modelled by an exponential function directly fitted to
the data. The HH signal and single Higgs boson background components are modelled by a double-sided
Crystal Ball function [42, 43]. No significant dependence of the m.,, distribution on the HEFT parameters
is found, and therefore the SM HH signal template is used for all HEFT signals. The signal reweighting
is applied to model the dependence of the overall signal efficiency on the HEFT parameters in the four



categories. Table 2 shows the signal efficiency of the individual HEFT benchmark models. The HH signal
efficiency dependence on the cggpp, and ¢4, coupling parameters is shown in Figure 4.

Table 2: Efficiency of the HH signal selection for the SM and HEFT benchmark models within the bbyy signal
regions, where LM and HM refer to the low- and high-mass regions, respectively, and Loose/Tight refer to the
selection criteria on the BDT discriminant.

Acceptance X Efficiency [%] ‘ HM Loose LM Loose HM Tight LM Tight Total

SM 3.2 0.6 7.7 04 11.9
BM 1 1.3 2.9 3.8 1.5 9.5
BM 2 1.8 2.2 4.5 1.2 9.7
BM 3 2.2 1.3 8.3 0.6 12.4
BM 4 2.9 0.7 8.6 0.4 12.6
BM 5 3.1 0.3 9.8 0.1 13.3
BM 6 2.6 1.2 7.0 0.7 11.5
BM 7 3.1 0.3 10.8 0.2 14.4
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Figure 4: Efficiency of the HH signal selection for the cg4gnp (a) and ¢;4pp, (b) scans within the bbyy signal regions,
where LM and HM refer to the low- and high-mass regions, respectively, and Loose/Tight refer to the selection
criteria on the BDT discriminant.

3.2 HH — bbt*t~

The bbt*7~ search channel benefits from a sizeable branching fraction and a moderate background. The
analysis described in Ref. [22] uses the complete Run 2 dataset of 139 fb~! and splits events into categories
containing one lepton (electron or muon) and one hadronically decaying 7-lepton (bET]epThad), and events
containing two hadronically decaying 7-leptons (bbThadThad)- The bl_rqep'rhad category uses a combination
of single-lepton triggers (SLT) and lepton + tau triggers (LTT), while the bbTh,qThag category utilises the



single-tau and di-tau triggers. In both categories, priority is given to the single-lepton/tau triggers when the
pr of the corresponding offline object is above the pr threshold of that trigger.

The bBTlepThad events are required to have exactly one lepton and exactly one hadronically decaying 7-lepton
of opposite charge to the lepton. The bbTyaqThag events require exactly two hadronically decaying 7-leptons
with opposite charge, and events with electrons or muons are vetoed. Both categories require two b-tagged
jets (DL1r at the 77% efficiency working point) and the invariant mass of the 77 system (calculated using
the Missing Mass Calculator [44]) to be greater than 60 GeV. Events passing these selection criteria form
the bETlepThad and bbThadThad signal regions. The bl_rr]ep'rhad category is further split into SLT and LTT
signal regions according to the trigger fired in the event.

The dominant SM backgrounds for the bbt+7~ channel arise from top-quark, W /Z+jets, diboson, single
Higgs boson and multi-jet production processes. The simulated estimates for the 7 and Z+heavy-flavor jets
processes are each normalised to data in a dedicated control region. For both the bETlepThad and bbThadThad
categories, fake factors for quark- and gluon-initiated jets misidentified as a hadronically decaying 7-lepton
are estimated from data. For the bET]epThad category, fake factors are derived for the #f and multi-jet
processes, and then combined to give an overall estimation of the jet-to-tp,q misidentification rate.

A multivariate (MVA) classifier is trained to separate the SM HH signal from the backgrounds in each of
the signal regions. For the bET]epThad category, a deep neural network (NN) is trained in each of the signal
regions using 11 (8) kinematic and angular input variables for SLT (LTT) events. A BDT classifier is
trained for bbThadThad €vents using 5 kinematic and angular input variables. The final results are obtained
through a fit to the multivariate classifier outputs in the signal regions, shown in Figures 5 and 6. The
signal reweighting described in Section 2 is used to model the signal acceptance and the MVA output
distributions for the different HEFT coupling configurations. Table 3 shows the signal efficiency obtained
for the individual HEFT benchmark models. The signal efficiency for the cggp, and c¢;pp, scans is shown
in Figure 7.

5 R Baa B S R T~ A AL AN A R A RN AR
= ATLAS Preliminary ® ba@a — SMHH = E ATLAS Preliminary ® D@ —SMHH
~ g - BM1 - BM3 —~ 1 - BM1 -~ BM3
a (s =13TeV, 139 fb* 5 10 Es=13Tev, 139 1
2 Wbt © SLT Top-quark Jet - 1, fakes 2 sE bbe < LTT Top-quark Jet - 1, fakes
51 lepthad I Other Z - 1+ (bbibe.co) g 10 epThad M Other Z - 1+ (bbbe.ce)
> > "
w SMHiggs [ Uncertainty w0t SMHiggs [ Uncertainty
«+sPre-fit background 5 «+=: Prefit background
10° g i e e e,
onny
b Ls L P
- 10? R
g
10 g
S T FETTN P R PR PR P R FEE- AT FEET FTEE SRR ST R SN SR N TS PR R
8 R RARAARRRARRARRRRRRARRRRI ARRSRR U 8 A RARRRRARRRRRRRRRARRARRRRRRARASSERRARRRRARRR T
B 12 g
a 1 g a M,....u.,\\.M.\\\,m.m‘\\\‘ 8
£ 08 E
] o 5§ U b a o oo b Lon
o 0 . . . . . . § . . o 01 02 03 04 05 06 07 08 09 1
NN score
(a) (b)

Figure 5: Distributions of the bbTiepThaa SLT (a), bbTiepThaa LTT (b) MVA discriminant for the data, the SM
backgrounds and a selection of reweighted HEFT benchmark signals.
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Figure 6: Distributions of the bbThaThag MVA discriminant for the data, the SM backgrounds and a selection of
reweighted HEFT benchmark signals.

Table 3: Efficiency of the HH signal selection for the SM and HEFT benchmark models within the bb7+7~ signal
regions.

Acceptance x Efficiency [%] ‘ bbTiepThad (SLT)  bbTiepThad (LTT)  bbThaaThaa  Total

SM 4.1 1.0 4.1 9.2
BM 1 32 0.7 2.7 6.6
BM2 33 0.8 29 7.0
BM 3 4.7 0.9 4.9 10.5
BM 4 4.6 1.0 4.7 10.3
BM 5 5.0 1.0 53 11.3
BM 6 4.0 0.9 4.0 8.9
BM7 55 1.0 59 12.4
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Figure 7: Efficiency of the HH signal selection for the cggnp, (a) and ¢;;4p, (b) scans within the bbt*1~ signal regions.
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4 Systematic uncertainties

Uncertainties on the SM backgrounds are evaluated considering the data-taking conditions, the reconstruc-
tion and modelling of physics objects, and theoretical uncertainties of the simulation. These are described
for the HH — bbyy and HH — bbt*1 searches in Ref. [21] and Ref. [22], respectively. In addition, for
both search channels, uncertainties on the signal event yields from the reweighting procedure described in
Section 2 must be considered. For this purpose, HH samples with 100 000 events are simulated for the
7 HEFT benchmark models and the SM HH process with the PowHEG Box v2 generator [45] interfaced
with PyTHia 8.244 for parton showering and hadronisation. The reweighting uncertainty for each HEFT
benchmark model is estimated as the difference in signal yields of the simulated benchmark sample and
the reweighted sample. In all channels, the MVA is not applied when calculating the HEFT reweighting
uncertainty due to the use of particle level samples for the evaluation of this uncertainty. The effect of
the reweighting on the MVA shapes has been studied for each channel and signal region at reconstruction
level for cppp, = 10 and is found to be negligible. The uncertainties for each channel are summarised in
Table 4. Furthermore, the acceptance uncertainties related to the choice of the strong coupling constant,
as, the renormalisation and factorisation scales and the choice of PDF sets and parton shower model are
evaluated for each HH signal configuration. Each signal acceptance uncertainty is taken as the envelope
between the given signal hypothesis and the SM HH signal. In the case of the cggpnp, and c;rpp couplings,
the corresponding uncertainties are evaluated by comparing the simulated and reweighted samples with the
coefficient values —0.5, 0.5 and 1.0, while all the other Wilson coefficients are fixed to their SM values.
The envelope of the three sets of differences is defined as the uncertainty for the final fit of parameters. The
uncertainties due to the choice of @g, renormalisation and factorisation scales, the PDF sets are found to be
below 5% in the bbyy channel and below 3% in the bb7+7~ channel. The uncertainty due to the choice of
the parton showering algorithm ranges from 2 to 15% in the bbyy channel while in the bbr* 7~ channel it
ranges from 4 to 8%. The HEFT reweighting uncertainties are summarised in Table 5.

Table 4: Signal normalisation uncertainty due to the reweighting procedure, for each of the HEFT benchmarks. In the
bbyy channel, the uncertainties presented are applied in both the Tight and Loose categories, separately for the low-
and high-mass regions.

Channel | bbyy \ bbr*T™

Region | LM HM | bbTiepThaa (SLT)  bbTiepThag (LTT)  bbThagThaa
BM 1 49%  0.4% 14.6% 8.3% 3.8%
BM2 | 24% 4.2% 12.6% 5.5% 3.7%
BM 3 6.1%  4.7% 9.9% 14.1% 14.8%
BM 4 5.3% 1.4% 2.1% 8.5% 2.5%
BM5 | 10.8%  2.5% 8.4% 16.9% 10.0%
BM6 | 28% 1.3% 3.3% 13.7% 2.8%
BM7 | 03% 23% 1.0% 11.6% 5.9%

Following Ref. [23], in the statistical combination of the HH — bbyy and HH — bbt*1~ searches,
uncertainties related to the data-taking conditions, such as the uncertainties on the integrated luminosity and
pile-up modelling, are treated as fully correlated across both channels. Systematic uncertainties related to
the reconstruction and calibration of shared physics objects, such as jets and b-jets, are treated as correlated
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Table 5: Normalisation uncertainties due to the reweighting procedure, for the cggpp, and cs¢pp, scans. In the bbyy
channel, the uncertainties presented are applied in both the Tight and Loose categories, separately for the low- and
high-mass regions.

Channel | bbyy | bbr*T™

Region | LM HM | bbTiepThaa (SLT)  bbTiepThag (LTT)  bbThaaThaa
Cogh | 98%  6.2% 10.5% 11.2% 21.6%
Conn | 8.7% 1.6% 4.2% 10.1% 5.3%

where possible. Theoretical modelling uncertainties on both the signal and background processes, such
as the QCD scale and the PDFs, are correlated where possible. Finally, HEFT reweighting uncertainties
are also correlated between the two analyses. When setting exclusion limits, the dominant systematic
uncertainties, which affect most the statistical combination of the bbyy and bbt*7~ search channels, are
found to be the modelling of top-quark backgrounds and the modelling of additional heavy-flavor jet
radiation in single Higgs boson production processes.

5 Results

An interpretation of the HH searches in the bEyy and bbtt channels, and their combination, within the
HEFT framework is performed, using a statistical framework based on the profile likelihood ratio [46].
Upper limits are set on the ggF HH production cross-section following the CL; prescription [47], using the
asymptotic approximation. The limits on or(HH) are presented for the 7 HEFT benchmark models,
and constaints are set separately on the cggpnn and c;yp, couplings, assuming that all other couplings
take their SM values. The contribution from SM VBF HH events is treated as a background in all limit
computations.

51 HH — bbyy

The upper limits at 95% CL on the ggF HH cross-section for the different HEFT benchmarks derived
in the HH — bbyy channel are shown in Figure 8, and listed in Table 6. The most stringent observed
(expected) upper limits are set for BM 7 at 88.9 fb (126.3 fb); the least stringent limits are set for BM 1 at
189.3 fb (293.0 fb). The expected limits are obtained assuming no ggF HH production. Figure 9 shows the
upper limits at 95% CL on the ggF HH cross-section as a function of the cggnp, and c¢;¢p, HEFT Wilson
coefficients. The observed (expected) 95% CL intervals on cggnn and c;pp are —0.4 < cgonn < 0.5
(=0.5 < cggnn < 0.7), and 0.3 < c41pp < 0.8 (0.4 < ¢ypp < 0.9), respectively.
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Figure 8: Observed and expected upper limits at 95% CL on oer(HH) for the seven HEFT benchmarks and the SM,
obtained from the HH — bbyy analysis. The expected limits are obtained assuming no ggF HH production.

Table 6: Observed and expected upper limits at 95% CL on oger (H H) for the seven HEFT benchmarks and the SM,
obtained from the HH — bbyy analysis. The expected cross-section limits assume no ggF HH production.

‘ Upper limits at 95% CL on the ggF HH cross-section [fb]

Benchmark | Obs. 20 -lo Exp. +lo +20

SM 127.7 92.1 123.6 171.6 253.7 380.4
BM 1 189.3 157.3 211.2 293.0 429.2 632.5
BM 2 183.2 143.7 192.9 267.7 3935 584.4
BM3 109.8 87.6 117.6 163.2 242.2 366.4
BM 4 111.2 83.6 112.2 155.8 230.7 3472

BM 5 97.8 73.9 99.2 137.7 204.2 308.3
BM 6 134.4 101.4 136.1 188.9 279.2 418.5
BM 7 88.9 67.8 91.0 126.3 187.4 283.1
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Figure 9: Upper limits at 95% CL on the ggF HH cross-section as a function of the cggpnp (a) and ¢4 (b) HEFT
Wilson coefficients, obtained from the HH — bbyy analysis. The expected limits are obtained assuming no ggF
HH production. The theory prediction curve in red presents the scenario where all Wilson coefficients are set to their
SM values except for the one under study.
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52 HH — bbt*t~

The observed (expected) upper limits at 95% CL on the ggF HH cross-section for the different HEFT
benchmarks derived in the HH — bbt*t~ channel are shown in Figure 10 and Table 7. The most stringent
(expected) upper limits are set for BM 7 at 65.9fb (51.2fb). The least stringent limits are set for BM 2, at
203.0fb (163.7 fb). The expected limits are obtained assuming no ggF HH production. Figure 11 shows
the upper limits at 95% CL on the ggF HH cross-section as a function of the ¢4, and ¢4, HEFT Wilson
coefficients. The observed (expected) 95% CL intervals on cggpn and c;ipp are —0.4 < cgopn < 0.4
(0.4 < cggnn < 0.4)and 0.3 < ¢;pn < 0.7 (=0.2 < c4rnn < 0.6), respectively.

= T
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T Vs=13TeV, 139 fb~' o Expected limit (95% CL)
%108 HH-bbt* T~ Expected limit +10 -
3'VF - ]
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Figure 10: Observed and expected upper limits at 95% CL on oyer(HH) for the seven HEFT benchmarks and the
SM, obtained from the HH — bbt*r~ analysis. The expected limits are obtained assuming no ggF HH production.

Table 7: Observed and expected upper limit at 95% CL on oer(HH) for the seven HEFT benchmarks and the SM,
obtained from the HH — bbt*t™~ analysis. The expected cross-section limits assume no ggF HH production.

‘ Upper limits at 95% CL on the ggF HH cross-section [fb]

Benchmark | Obs. -2 -lo  Exp. +lo +20

SM 130.9 59.1 79.3 110.1 156.9 2214
BM 1 195.8 80.8  108.4 150.5 216.9 312.0
BM 2 203.1 879 118.0 163.7 235.0 3355

BM 3 82.8 33.8 453 62.9 92.1 136.3
BM 4 94.6 40.5 54.4 75.4 107.9 153.0
BM 5 78.5 33.1 444 61.6 89.1 129.1
BM 6 126.1 54.7 73.4 101.8 145.6 206.4
BM 7 65.9 27.5 36.9 51.2 73.5 104.8
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Figure 11: Upper limits at 95% CL on the ggF HH cross-section as a function of the cggnp (a) and ¢;pp (b) Wilson
coefficients, obtained from the HH — bbt*t~ analysis. The expected limits are obtained assuming no ggF HH
production. The theory prediction curve in red presents the situation where all Wilson coefficients are set to their SM
values except for one under study.

5.3 Combination

The upper limits at 95% CL on the ggF HH cross-section for the combination of the HH — bbyy and
HH — bbt*1~ searches for the HEFT benchmarks are shown on Figure 12 and Table 8. The most stringent
limits are set for BM 7 with an observed (expected) limit of 50.4 fb (46.0 fb) while the least stringent limits
are set for BM 2 with an observed (expected) limit of 135.1 fb (135.1 fb). The expected limits are obtained
assuming no ggF HH production. The combined upper limits at 95% CL on the ggF HH cross-section
as a function of cggpp, and ¢4y, are shown in Figure 13 and Table 9. The observed (expected) 95% CL
intervals on cggpnp and cypp are —0.3 < cgepn < 0.4 (=0.3 < cgenn < 0.3) and —0.2 < ¢ypp < 0.6
(=0.2 < ¢4tnn < 0.6), respectively.
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Figure 12: Observed and expected upper limits at 95% CL on oggr(HH) for the seven HEFT benchmarks and the
SM, obtained from the combination of the HH — bbt*t~ and HH — bbyy analyses. The expected limits are
obtained assuming no ggF HH production.

Table 8: Observed and expected upper limits at 95% CL on oo (H H) for the seven HEFT benchmarks and the SM,
obtained from HH — bbyy, HH — bbt" 7™, and their combination. The expected cross-section limits assume no

ggF HH production.
Upper limits at 95% CL on the ggF HH cross-section [{b]
bbyy bbbttt Combination

Benchmark| Obs. Exp. Obs. Exp. Obs. —20 -1lo Exp. +lo +20
SM 127.7  171.6 (1309 110.1 88.1 478 642 89.1 1269 1788
BM1 1893 293.0 (1958 1505 (1350 699 938 130.2 1863 264.7
BM2 1832 267.7 |203.1 163.7 (1351 725 974 1351 193.1 2738
BM3 |109.8 163.2 82.8 62.9 629 306 41.0 569 82.7 120.8
BM4 |111.2 1558 94.6 75.4 69.2 352 472 65.6 93.,5 1320
BM S5 97.8 137.7 78.5 61.6 584 29.1 39.1 543 78.1 1119
BM6 |1344 1889 |126.1 101.8 89.1 464 623 865 1233 1740
BM 7 88.9 1263 65.9 51.2 504 247 332 46.0 65.8 93.3

Table 9: _Allowed ranges at 95% CL for the cggnn and cqp, HEFT coupling coefficients, obtained from the
HH — bbyy and HH — bbt*7™ analyses, and their combination.

bbyy bbbttt Combination
Wilson coeflicient Obs. Exp. Obs. Exp. Obs. Exp.
Cgghh [-0.4,0.5] [-0.5,0.7] | [-0.4,0.4] [-0.4,0.4] | [-0.3,0.4] [-0.3,0.3]
Ctthh [-0.3,0.8] [-0.4,0.9] | [-0.3,0.7] [-0.2,0.6] | [-0.2,0.6] [-0.2,0.6]
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Figure 13: Upper limits at 95% CL on the ggF HH cross-section as a function of the cggpnpy (a) and ¢;pp, (b) HEFT
Wilson coefficients, obtained from the combination of the HH — bbyy and HH — bbt*7~ analyses. The expected
limits are obtained assuming no ggF HH production. The theory prediction curve in red presents the situation where
all Wilson coefficients are set to their SM values except for the one under study.
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6 Conclusions

Exclusion limits on HEFT benchmark models with different my g shapes and on the individual HEFT
coupling parameters cggpp and ¢, are presented, using searches for HH production in the bbyy and
bbt*1~ decay channels and their combination. These searches are performed with 139 fb™! of pp collision
Run 2 data recorded with the ATLAS detector at a centre-of-mass energy of /s = 13 TeV at the LHC.

Using the statistical combination of the HH — bbyy and HH — bbt*1~ search channels, upper limits at
95% CL are set on the HH production cross-section in the gluon-gluon fusion production mode for the
seven HEFT benchmark models defined in Ref. [20]. The contribution from VBF HH events is treated as
a background and is found to be neligible. The observed (expected) limits range from 50.4 (46.0) fb in
benchmark model 7 to 135.1 (135.1) fb in benchmark model 2. Limits are also set on the HEFT Wilson
coefficients cggnn and c;pp. Values outside the observed (expected) ranges of [—0.3,0.4] ([-0.3,0.3])
and [-0.2,0.6] ([-0.2,0.6]), respectively, are excluded at 95% CL for one coupling at a time, assuming
that the other coefficients have their SM values.
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This thesis describes different analyses of data from proton-proton
collisions at a center-of-mass energy of 13 TeV recorded by the ATLAS
detector during Run 2 of the Large Hadron Collider.

All the searches for beyond Standard Model physics presented in this
thesis contain beauty quarks from the decay of Higgs bosons or top
quarks. These particles are detected using the so-called b-tagging
algorithms which are trained using simulated events and therefore need
to be calibrated in data. A search for the supersymmetric partner of the
top quark and two searches for beyond the Standard Model Higgs
bosons are presented. The nature of these beyond the Standard Model
particles is strongly influenced by the breaking of the supersymmetry or
electroweak symmetry, respectively. Hence the title, The Beauty in
Broken Symmetries, nicely encompasses the work that is presented in
this thesis.
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