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RESUME

La supersymétrie (SUSY), une des extensions les plus attractives du Modele
Standard (MS), prédit I’existence d"un partenaire pour chaque particule du MS en
introduisant une symétrie fermion-boson. Cette théorie offre une réponse a plusieurs
des questions encore ouvertes de la physique, comme 1’origine de la matiére sombre,
le probléme de la hiérarchie de masse du boson de Higgs et 1'unification des forces
élémentaires a haute énergie. Les particules SUSY pourraient se manifester de
plusieurs fagons dans les collisions proton-proton (p-p) du Large Hadron Collider
(LHC), ce qui permet la conception de plusieurs analyses de données visant a explorer
leurs signatures caractéristiques.

Ce travail se focalise sur I'analyse de données de la collaboration ATLAS qui
explore les longues cascades de désintégration des particules SUSY. Celles-ci résultent
en des états finaux avec zéro lepton, une large multiplicité de gerbes hadroniques
(8-12 gerbes) et une Quantité de Mouvement Transverse Manquante (Er}ﬁss) modérée.
La stratégie de l’analyse ainsi que les résultats obtenus utilisant les 139 fb~! de
données du détecteur ATLAS & /s = 13 TeV pendant la durée compléte du Run 2 du
LHC sont présentés. Aucun exces par rapport a la prédiction du Modéle Standard n’a
été trouvé, et plusieurs limites d’exclusions a 95% CL ont été placées sur différents
modeéles simplifiés de supersymétrie.

Cette analyse de données est la premiere analyse d’ATLAS a utiliser 1’algorithme
de reconstruction “Particle Flow” pour les gerbes hadroniques et ER, une technique
qui combine l'information de plusieurs sous-détecteurs, ce qui permet d’améliorer
la précision de reconstruction et donc la sensibilité a de la nouvelle physique. Ce
travail décrit le développement de Particle Flow EXMS, une nouvelle technique de
reconstruction pour cette quantité qui a été commissionnée pendant le Run 2 du
LHC. Les améliorations fournies par cette quantité par rapport a la reconstruction
actuelle, basée sur la seule information du calorimetre, sont démontrées. Ce travail
présente également des nouvelles idées pour la suppression de la composante neutre
des interactions p-p multiples du LHC (pileup). Ces études ont été réalisées dans
le contexte de Particle Flow en utilisant des techniques d’analyse multivariée des
données. A l'avenir, ces idées pourraient améliorer encore davantage la stabilité de
’algorithme Particle Flow d’ATLAS a ces effets.

En 2026, le LHC sera modernisé avec le High-Luminosity LHC (HL-LHC), qui
sera capable de délivrer une luminosité cinq fois plus élevée comparée a la valeur
de design du LHC. Ceci résultera en une augmentation du pileup et du taux des
données, dépassant les fonctionnalités actuelles du détecteur ATLAS. Une révision
du trigger et du systéme d’acquisition des données sera donc indispensable pour la
réalisation du programme de physique du HL-LHC. De plus, un nouveau systéme
de hardware tracking pour le trigger (HTT) sera inclus afin de réduire le taux de
données et d’augmenter la sensibilité a la nouvelle physique. Ce travail présente
aussi des études sur la suppression du pileup dans des sélections avec ETS et avec
plusieurs gerbes hadroniques (multi-jet), grace aux traces fournies par le systeme
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HTT. Ces études montrent une réduction significative du taux d’événements pour ces
signatures, ce qui permet d’augmenter l'efficacité de détection de signaux physiques
importants comme ZH — bbvv et HH — bbbb.



ABSTRACT

Supersymmetry (SUSY) is one of the most appealing extensions of the Standard
Model (SM), predicting the existence of a partner for each particle of the SM introduc-
ing a fermion-boson symmetry. This theory offers an answer to many of the current
open questions of physics, such as the origin of Dark Matter, the Higgs boson mass
hierarchy problem and the unification of elementary forces at high energy. SUSY
particles could manifest themselves in different ways in the proton-proton (p-p)
collisions of the Large Hadron Collider (LHC), allowing the design of dedicated
searches that explore these characteristic signatures.

This work focuses on a search carried out by the ATLAS collaboration targeting
SUSY particles that decay via long cascades, leading to final states with zero leptons,
large jet multiplicities (8-12 jets) and moderate Missing Transverse Momentum
(ERiss). The analysis strategy and results obtained using 139 fb~! of /s = 13TeV
data collected by the ATLAS experiment during the complete Run 2 of the LHC are
presented. No significant excess above the SM prediction was found, and 95% CL
exclusion limits were set on different simplified SUSY models.

This search is the first ATLAS analysis to use Particle Flow jet and ET re-
construction, a technique that combines information from different sub-detectors
in order to improve the reconstruction precision and thus the sensitivity to new
physics. This work describes the development of the ATLAS Particle Flow ETsS, a
novel EMSS reconstruction technique commissioned during the second Run of the
LHC. Improvements of this quantity with respect to standard calorimeter-based ETss
reconstruction techniques are shown. This work also presents novel ideas for the
mitigation of the neutral component of the multiple p-p interactions of the LHC
(pileup). These studies were made in the context of Particle Flow using multivariate
analysis techniques. In future, these ideas might further improve the ATLAS Particle
Flow stability to pileup.

In 2026, the LHC will be upgraded to the High-Luminosity LHC (HL-LHC),
being able to deliver five times more luminosity than the original LHC design
value. This will result in much higher pileup and data rates, exceeding the current
design features of the ATLAS detector. The upgrade of the ATLAS Trigger and Data
Acquisition system will be essential to realise the HL-LHC physics program. In this
context, a novel Hardware Track Trigger (HTT) will be included for reducing the
trigger rates and increase the sensitivity to new physics. This work presents a set of
studies and techniques for the suppression of pileup using online HTT tracks in the
context of multi-jet and ET*® triggers. These studies show significant reductions in
the rates of these triggers, leading to better acceptance of important signals such as
ZH — bbvv and HH — bbbb.
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INTRODUCTION

“Mary Lou: Are you a seeker? A seeker after truth?
a beat.

Newt: I'm more of a chaser, really.”
- J.K. Rowling, Fantastic Beasts and Where to Find Them

What are we made of? How was the universe created and which features of
nature allowed stars, planets and life to exist today? These are only some of the
fundamental questions that have fascinated humans for centuries, and only partial
answers to these have been found. Particle Physics provides a remarkable description
of the atomic and subatomic world that, going back in time to the Big Bang, allows
to explain many features of the current cosmological observations. However, not all
features of our universe are currently understood and further investigations, based
on the scientific method, have to be performed.

A long time has passed since ancient civilizations introduced for the first time
the concept of symmetries inside art, music and mathematics. After many centuries,
passing through the pioneering work of E. Noether and E. Wigner [1], physicists
around the world started to understand that, similarly to how crystals are invariant
under certain sets of rotation groups, symmetries can give rise to an extremely
precise description of the atomic and subatomic world, also known as the Standard
Model of Particle Physics. But, how is it possible that symmetries, a human concept
expressed through mathematical laws, can describe the natural world in such a
precise way? Does nature know what symmetry really is? The remarkable precision
of the Standard Model suggests that this is the case, and that nature has induced in
our mathematics the power to describe the natural world. However, it is not clear
whether these symmetries can also describe nature at smaller and larger length scales
with respect to what has been currently tested and, in this work, we will address this
question.

One way to test the correctness of the Standard Model today is through dedi-
cated physics experiments. Collider experiments are a particular category of such
experiments, allowing to probe the existence of new phenomena at high energy. The
Large Hadron Collider (LHC) is the largest and most energetic particle collider ever
built for this scope. This machine collides protons at a center-of-mass energy of
13TeV in the 27 km tunnel located one-hundred meters beneath the city of Geneva,
in Switzerland. The ATLAS experiment is one of the apparatus recording the results
of these proton-proton (p-p) collisions, chasing inconsistencies with the predictions
provided by the mathematical framework of the Standard Model.

This thesis focuses on searches for new phenomena in events with high jet
multiplicities produced during the Run 2 of the LHC between 2015 and 2018. Such
phenomena may be interpreted within Supersymmetry, a popular theoretical model
extending the Standard Model and aiming at solving many of its open questions such
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as the origin of Dark Matter and the unification of elementary forces at high energies.
This work illustrates also the recently developed ATLAS Particle Flow algorithm for
jet and Missing Transverse Momentum (MET) reconstruction, a technique aiming at
improving the sensitivity of these searches to new physics and the overall precision
of the experiment.

This thesis is organized as follows. The first part of this work, including Chapter
2, 3, 4 and 5, is dedicated to the review of the Standard Model, Supersymmetry, the
Large Hadron Collider and the ATLAS detector. After these reviews, a second part
is dedicated to the performance of hadronic reconstruction in the ATLAS experiment.
In particular, Chapter 6 reviews the Missing Transverse Momentum reconstruction
and performance, Chapter 7 provides a description of Particle Flow jet and ETs$
reconstruction commissioned during the Run 2 of the LHC. Chapter 8 provides a set
of studies performed for further improvement of the current Particle Flow algorithm
in the context of neutral pileup mitigation. In Chapter 9, an overview of track-based
pileup mitigation techniques in multi-jet and MET triggers for High-Luminosity LHC
is presented. The third part of this thesis is dedicated to description of the ATLAS
search for new phenomena in events with large jet multiplicities, zero leptons and
moderate ET*. Chapter 10 provides a description of the different analysis versions
performed during the second run of the LHC. Chapter 11 present the results obtained
using the complete Run 2 dataset collected by the ATLAS experiment between 2015
and 2018.



PERSONAL CONTRIBUTIONS

The ATLAS collaboration is composed of more than 3000 scientists and students
from all over the world working on the various operations of the experiment including
the maintenance and construction of the detector, the collection and analysis of the
data, the calibration of the detector, and many other tasks. The work presented in
this thesis could not be performed by a single individual and it relies on the work of
many people. The major contributions from the author of this thesis are listed below.

PART II — HADRONIC EVENT RECONSTRUCTION, PERFORMANCE AND PILEUP
SUPPRESSION

The author was one of the major contributors to the commissioning of the ATLAS
Particle Flow algorithm during the LHC Run 2. These contributions focused on
the Missing Transverse Momentum (MET) reconstruction through the performance
evaluation using early Run 2 data. This lead to the first publication documenting the
ATLAS Particle Flow MET reconstruction in Run 2 [2].

The author has also significantly contributed to the offline MET reconstruction
operations during the Run 2 of the LHC, studying the performance of this quantity
during the 2015-2016 data taking periods and developing the framework necessary
for the estimation of systematic uncertainties used by the ATLAS collaboration
in Run 2. The uncertainties estimation was provided also for Particle Flow MET
reconstruction.

The author is the principal designer and developer of the multivariate neutral
pileup suppression techniques described in Chapter 8. Studies and plots have been
made together with the CERN summer student (Melina Liithi) and the master student
(Julien Songeon) that the author supervised for the development of these techniques
during 2018-2019.

The author has also made the studies, illustrated in Chapter 9, for the mitigation
of pileup jets in multi-jet and MET triggers for the ATLAS trigger upgrade for
High-Luminosity LHC. These studies document the features of the future ATLAS
online tracking system, known as Hardware Track Trigger (HTT). This work is
included in the Technical Design Report (TDR) of the upgraded ATLAS Phase-II
Trigger and Data Acquisition system [3].

PART III — THE HUNT FOR NEW PHENOMENA IN SIGNATURES WITH LARGE JET
MULTIPLICITIES

The author has been one of the main analyzers of the ATLAS zero-lepton search
for new phenomena in events with large jet multiplicities and Missing Transverse
Momentum using the complete Run 2 dataset. Contributions focused on the analysis
of the collected dataset, definition of analysis objects, optimization of the analysis
signal regions, estimation of Standard Model backgrounds and of experimental
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systematic uncertainties. The author has also played the main role in the implemen-
tation of Particle Flow reconstruction in this analysis, leading to the first ATLAS
search exploiting this novel reconstruction technique using the LHC Run 2 dataset [4].
Contributions were also made to the previous versions of this search with reduced
Run 2 statistics [5, 6].

The author has also contributed to the derivation of the 95% CL exclusion limits
for the ATLAS R-parity violating (RPV) reinterpretation in the context of the SUSY
search mentioned above [7].
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The Standard Model is a theoretical model that aims at describing the properties
and interactions of elementary particles composing the natural world at its most
fundamental level. This model makes many predictions, some of which are tested
experimentally at O(10~'2) precision [8]. We can certainly say then that, among other
physical models describing the nature of the subatomic world, the Standard Model is
the most descriptive and complete subatomic physical model ever created. However,
it is far from being a complete model as several parameters take extremely precise
values to fit certain observations® and it does not describe Nature in a complete way
since gravity can not be accounted in its mathematical framework and it does not
provide an explanation for the Dark Matter content of the universe.

The Standard Model is a Quantum Field Theory, a framework mixing quantum
mechanics and special relativity, and describes elementary particles as quantizations of
tields spread across the entire universe. Similarly to the classification developed by
Mendeleev for the Periodic Table of the Elements, elementary particles can be classified
through their interaction properties. In this context, as visually represented also in
Figure 2.1, elementary particles can be divided in four main categories:

e The gauge bosons, represented by four different spin-1 particles mediating
elementary forces such as the strong, electromagnetic and weak interactions.
The Standard Model’s gauge bosons include: the gluon mediating the strong
force, the photon mediating the electromagnetic interaction and the weak W, Z
bosons mediating the weak force.

T Also referred to as the fine-tuning problems of the Standard Model.



8 THE

STANDARD MODEL OF PARTICLE PHYSICS

(sopew-pueg+)

{epew-ue g+

st nd rd

generation

electro-weak
symmetry breaking
(mass giving)

outside of

everyday matter exofic matter force particles standard model

N A~ N ~
s I ~ N o — —
r/r - 7‘\
; =)
's Gy
EYIT RN - 2/3 9 D1
3 <«— charge F]
g
<— color charge frgorb) @
mass (eV) g
«— spin 7
o up ]
2 g
5 8
2 5 2
k ]
d g :
g
3 o
down strange bottom gluon C g
/ J g
3
- &
Q
0.511M ‘ 105.7M ‘ 1777G ‘ 3
5
e H
l 3
&
(-] lect %
electron uon =
2 2 tau 4
H
3! o
=1 S - I @
] 22 ‘ [ <o1mm ‘ <15.5M ‘ 804G 9126 5 2
8 g
] =
V V V ] graviton g
e u t 3 g
e-neutrino H-neutrino J 1-neutrino § g
¥ e Y &

12 fBI‘ITIiOﬂE‘; {+12 anti-matter) 5 bosons (+1 -onnnsne charged W)

INCreasing Mass e

Figure 2.1 — Overview of the particles composing the Standard Model [9].

The quarks, represented by six spin one-half fermions grouped in three families,
being the only Standard Model fermions feeling the strong force. These particles
also carry an electric and weak charge, making them interacting also through
the electromagnetic and weak force. Among these particles we can find the
quark up (u), down (d), charm (c), strange (s), top (t) and bottom (b).

The leptons interact through the weak and electromagnetic force and are
composed of electrons, muons and taus. Similarly to the quarks, leptons are
also grouped in three families where each one of the previous particles is
coupled to a neutrino. Neutrinos are a special type of lepton since they interact
only weakly and do not carry any electric charge.

The Higgs boson is the only scalar spin-zero particle of the Standard Model.
Through the spontaneous symmetry breaking mechanism described in Section 2.3,
it provides masses to the weak W, Z bosons and also to quarks and leptons.
This boson differs from vector bosons as it couples only to particles carrying a
mass, and not a charge as for the vector (spin-1) gauge bosons.

With the only exception of the top quark, quarks are only observed inside bound
states known as hadrons. Many different types of hadrons have been observed in
nature, for example mesons composed of two valence quarks and baryons composed
of three valence quarks. However, hadrons also contain “sea quarks” represented by
quark-antiquark pairs bound together to the valence quarks through the strong force
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mediated by gluons. Typical examples of mesons are pions formed by combinations
of up and down quarks whereas baryons are generally represented by protons and
neutrons. Further states also exists, such as the recently discovered pentaquarks [10]
having spin 3/2 and 5/2. Due to its large mass, the top quark decays very quickly
(t="h/T ~5x 1072 s where I't = 1.41 GeV [11]) and it does not have the necessary
time to create a bound state together with other quarks.

This chapter illustrates the Standard Model using the quantum field theory
mathematical framework and it is largely based on the works of [12, 13, 14]. The
Standard Model is described by a non-abelian Yang-Mills theory based on the
invariance of the theory from the SU(3)c ® SU(2); ® U(1)y group. From Noether’s
theorem [1], it is well known that for each of these symmetry groups corresponds
a conserved quantity, generally referred to as the charges of the symmetry group.
For the SU(3)c group describing the strong interaction (also known as Quantum
Chromodynamics) as illustrated in Section 2.1, three charges are present, and called
color charges (or simply colors). The SU(2)r x U(1)y group describes the electroweak
interaction, resulting from the unification of the weak and electromagnetic forces.
Two charges are associated to this symmetry group: the electric charge and the weak
hypercharge described further in Section 2.2.

A short review of these theories and of gauge invariance is provided in the next
sections but more details can be found in Appendix A.

2.1 QUANTUM CHROMODYNAMICS

Quantum chromodynamics (QCD) is the Yang-Mills theory associated to the
symmetry group SU(3)c and it describes the strong interaction binding together the
atomic nuclei. The number of degrees of freedom associated to this group is exactly 8
(further details can be found in Section A.2.2), corresponding to the 8 generators and
gauge bosons fields G (x) generally called gluons. In this notation, a =1,...,8. The
triplets qf = (ql,49%,4q3), where qt is the quark field with flavour f = u,d,c,s,t,b
and color i = 1,2, 3, can be used in order to build the Lagrangian in the compact form

1 .
L= —ZGSVGEV + Z qsiy.D"qs. (2.1)
f

In this expression, the quark mass term has been explicitly ignored as it will be
introduced by the Higgs mechanism in Section 2.3. The SU(3) transformation U is
described by

U =exp {igs)‘z‘lea}, (2.2)

where % are the generators of the fundamental representation of the SU(3) group
and 0¢ are arbitrary parameters, acting on the quark and gluon fields as

qgr  — (q¢)" =Ugqy,
GEx) — (GE(x)) = UGE()UT + gi (2"U) U, (3)
S
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Figure 2.2 — QCD gauge interaction terms.

The covariant derivative D¥, transforming as (D*) = UD*U', is defined as

. A¢
DHq¢ = (6“ —1952620«)) qs, (2.4)

where gs is the strong coupling constant and A® are the Gell-Mann matrices:

010 0 —i 0 1 0 0
AM=110 0], M=|i 0 o], M=o -1 o],

000 0 0 0 0 0 0

0 0 1 0 0 —i 0 0 0
M=o o0 0|, A>=|00 0|, A°=0 0 1],

100 i 0 0 01 0

00 0 , (100
MN=10o0 —i], A=—1|01 0].

0 i 0 \/goofz

In the QCD Lagrangian provided in Equation (2.1), the gauge invariant kinetic
tensors G are built from the gluon fields G (x) of color a, and defined as

GHY = "Gy —9VGH + gsf*P°GLGY. (2.5)
The QCD Lagrangian can be written in its extended form as

1
L=—7 (0"Gy —2YGY) (0,GS —0vG2) + D qrivud“ar
f

2
— gsF¢ (0,Gay) GHGY — %fqbcf“deGgGZGduGev (2.6)

wy§ Go A% B

+9$Ganqu 5 qf -

f xp

In this expression, the first row represents the kinetic term of the gluon and quark
fields. The second row represents the self-interacting terms of the gluon fields
implied by the non-commutativity of the SU(3)c group and the presence of the
additional terms proportional to the SU(3) structure constants £2°¢ (see Appendix A
for more details). The last row represents the gluon-quarks interaction introduced by
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the gauge terms of the covariant derivative provided in Equation (2.4). Figure 2.2
shows the Feynman diagrams associated to these gauge interaction terms.

From these interaction terms it is possible to note that the strong interaction does
not allow quark mixing as gluon-quark-quark interactions for different quark flavors
are forbidden. This feature has deep phenomenological implications considering that
only the weak interaction allows the mixing of quark families. However, a quark can
change its color charge from emission or absorption of one of the eight gluons.

2.2 ELECTROWEAK UNIFICATION

The Electroweak (EW) interaction of the Standard Model is described by the
symmetry group SU(2); ® U(1)y. Here, the index L denotes the act of the SU(2)
group on the left-handed components of the lepton and quark fields while Y denotes

the weak hyper-charge acting on both left- and right-handed components of these
tields.

Since SU(2)r acts only on the left-handed components of lepton and quark fields,
it is convenient to write the left-handed components of these fields as doublets

[ VeL VuL VL
1f_<€L>'<HuL)'<TL>’ 27)
_fu cL tL
ot = () () (o1) 5

where the fundamental representation of the SU(2); group can act. The local
transformations associated to these groups can be written as

. 0f 4
Usy(2), =exp {19706 (X)}, (2.9)

Uu(r)y =exp {ig’\z(ﬁ(x)}, (2.10)

where i (x) and (x) are general parameters of the transformation, g and g’ are the
coupling constants associated to the SU(2)r and U(1)y gauge groups and o; are Pauli
matrices generating the SU(2); group transformations

01:<0 ]>, 02:<(,) _i), 0'3:(1 O). (2.11)
10 i 0 0 —1

These transformations act on the left-handed lepton doublets and right-handed
singlets as

er — (ef)/ =Uy(1)y ers (2.12)

11
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The same transformations are valid for qf,uf and df. Similarly to the QCD case
described in Section 2.1, the EW Lagrangian invariant under SU(2); @ U(1)y can be
written as

1 1
T L L i

e e e
+ Z 1 iy D" +vhiy, D"vE +ekiy,D*ek (2.13)
P

_f. _f. —f,
+ Z q{qu”q{ +u]2qu”u}; + deuD”df,
f

where B*Y and W!'" are the kinetic gauge tensor associated to the U(1)y and SU(2);
groups described by

WEY =3, W, — 3, W}, + gf*** WL WL,

2.1
B*Y = 9,B, —d,B,.. (2.14)

We remark that the gauge invariance of the W', B, fields implies once again the
absence of any mass term associated to these gauge fields. The generation of this
mass term represents the central motivation for the Higgs mechanism described later
in Section 2.3.

The covariant derivatives applied in Equation (2.13) are defined according to the
acting of the SU(2); and U(1)y groups on the left-handed and right-handed Dirac
spinors

DM = <auig(§w{‘ig’§Bu> U,
Y
DVel = <a“—ig’28”) ek, (2.15)

Y
DHvE = (a“ —ig’zB“> Vi

The same relations are valid for spinor quantities associated to quarks: qf,uf, and
d%. The transformations of the lepton, quark and gauge fields are identical to the
ones introduced for QCD in Equation (2.3).

Despite the fact that 4 gauge fields have been introduced for the description of
the electroweak interactions (three associated to W}'(x) and one associated to B*(x)),
these do not correspond yet to the photon and weak gauge bosons W*, Z introduced
at the beginning of this chapter. In the next sections we will quickly discuss the
derivation of such gauge boson fields by splitting the interaction terms of the EW
Lagrangian into charged and neutral interactions.

2.2.1  Charged interactions

Electroweak charged interactions consist of the interaction terms of the EW
Lagrangian provided in Equation (2.13) corresponding to a lepton-neutrino or up-
type-down-type quark transition. These interactions are described by the off-diagonal
terms of the SU(2); generators (i.e. the Pauli matrices) and, as seen in Equation
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Figure 2.3 — Electroweak charged interaction terms. V,4 corresponds to the CKM matrix term
related to the up-quark and down-type quarks u =u,c,tand d =d, s, b.

(2.11), the only terms bringing to off-diagonal terms are o7 and o,. Therefore, the
charged interaction terms of the EW Lagrangian are

Loe=3Y Uvu (W +oaWi) 1

g f ) ; (2.16)
T3 Zﬁm (o1W) + 02 WE) gt
P

In order to observe the gauge fields associated to the W= bosons, it is necessary to
rewrite these terms as function of the complete diagonal basis given by

1 . 0 1
ot = 3 (01 +i02) = (0 0) (2.17)
_ 1 : 00
o 7 (07 —iop) = (1 O) (2.18)
such that, by defining the new gauge fields W (x) and W*" (x) as
W (x) = \16 (WH(x) FiWg (x)), (2.19)

it is easy to show that the interaction term of Equation (2.16) becomes, in the compact
form

S = 2\9/Z(Ve’W'VTWu(1 ys)WY u)
d (2.20)
9 (w5
- /C/ 'Yp(] 'YS)W VCKM S +hC
V2 b

Here, Vcxwu is the Cabibbo-Kobayashi-Maskawa (CMK) unitary matrix [11] providing the
quark mixing through

d’ d Vud Vus Vw d
s"l =Vexkm | s | = | Vaa Ves Vo s . (2.21)
b’ b Via Vis Vin/ \b

~

13
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Figure 2.4 — Electroweak neutral interaction terms.

Figure 2.3 shows the Feynman diagrams associated to these charged interactions
through the W* bosons. The precision on the single terms of Vcky ranges from
O(1072) to O(10~4) [11], and the unitarity of the matrix is tested at high precision
today. Further investigations on the violation of this unitarity due to the presence
of new physics are currently performed at different experimental facilities, such as
LHCb (LHC, CERN) and Belle II (SuperKEKB, Japan).

2.2.2  Neutral interactions

Neutral EW interactions correspond to the diagonal interaction terms of the EW
Lagrangian provided in Equation (2.13). These interactions are described by the
diagonal terms of the SU(2); generators (i.e. Pauli matrices) as well as the interaction
terms of the right-handed spinors. Looking at Equation (2.11), the only diagonal
terms are those invoking the right-handed spinor plus the ones proportional to o3.
Therefore, the neutral interaction terms of the EW Lagrangian are

N 9 —f f =f f
Lint = 2 ng (VLYuVL - eLYueL)
f

/ (2.22)
+ 23 VB (Vv +elvuel + Vhvvk +ehvaek)
f
or, in the compact form
—f Y
La=> Y Wiy, <9T3W3” + 9’28“> Wl (2.23)
f i=q,l

Here, ¥ is a column vector formed with all left-handed and right-handed fields of
the theory (i.e. quarks and leptons) and T3 is a new tensor defined with the following
values

1 1
Ts(vi) =Ts(ug) =+5,  Tslef) =Ts(d) =—5, (224)
T3(vR) = Ts(er) = T3(ug) = T3(dg) = 0.

A valid description of the Weak and Electromagnetic interactions can be derived
once the fields B", W} are rotated by an angle 0y

B*\ [cosOw —sinOw ) (A" (2.25)
WL \sinbw  cosBw ") 25
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Fermion | Electric charge Q ‘ T. ‘ Y ‘ Weak charge Qz (- cos Oy sinOyy)

3
f 1 1
V]E_ 0 +? -1 ] 5 5
e —1 —5 | —1 —5 +sin” Oy
vi 0 0 0 0
eh —1 0 | =2 sin? Oy
uf +% +% +% %—%Sinz Ow
af —1 —1 | +3 —1 +1sin?0
L 3 2 3 27173 w
ub +3 0 | +3 —2Zsin? Owy
f 1 2 12
dR -3 0 -3 gSII’I BW

Table 2.1 — Electroweak charges for leptons and quarks.

Ow is commonly known as the Weinberg angle or the weak mixing angle. By substituting
inside Equation (2.23) we obtain a new compact Lagrangian under the form

W Y
Lhe = Z Z W{Yu (9 sin Oy T3 + g'i cos 6W> YAk,
F oi—ql

—f Y .
+ Z Z Yivu <g cos Oy T3 — g’z sin GW) yize,
f i=q,l

(2.26)

where the term proportional to A" has to match the EM interaction term given by
[13] _

LE\{[ =e(eLyMeL +eryter) AY = eWyHQYAH. (2.27)
In this formula, Q corresponds to the electromagnetic charge obtained in the theory

of Quantum Electrodynamics (QED). Therefore, it is simple to show that these terms
are matched if

g’ cosOy = gsinOy = e, (2.28)

and if the hyper-charge Y, the electric charge Q and the tensor T3 satisfies

Q=T+ g (2.29)

Using these relations, it is possible to further simplify the neutral interaction La-
grangian provided inside Equation (2.26) and write it as

L= Y eWyHQUIAM 4 eWiyHQoWIZY, (2.30)
f i=q,l
where
Q= (T3 — Qsin Bwy) (2.31)
sin Oyy cos Oy '

is the weak charge. Therefore, from the rotation of this neutral interaction Lagrangian
by an angle 0y, two interaction terms, corresponding to the photon and Z-boson
interactions, have been obtained.

Table 2.1 report a summary of the values of Y,Q,Qz and T3 for each lepton
and quark. From this table, it is possible to see that Q(ver) = Qz(ver) = 0,

15



16

THE STANDARD MODEL OF PARTICLE PHYSICS
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Figure 2.5 — Electroweak self-interaction terms.

implying that right-handed neutrinos are completely decoupled from the Weak
and Electromagnetic interactions and so they are completely non-interacting (or
sterile) particles. Due to this reason, only left-handed neutrinos interact weakly
implying that the Z-boson can decay to left-handed neutrinos leading to important
phenomenological consequences at particle colliders where Z-bosons are abundantly
produced. This feature is represented also in Figure 2.4, where Feynman diagrams
associated to EW neutral interaction terms are shown.

2.2.3 Gauge bosons self-interactions

It is possible to show that the kinetic terms of Equation (2.13) lead to the self-
interacting terms of the W,Z and photon fields through
1 uv 1 uv 1 -+ wv
Lk]’n —_ ZFHVF - ZZHVZ — ZWHVW_
+1igsin By (W, WEAY — W, WEAY +F,,WEWY)
+igcosOw (W, WHZY — W WEZY + 7, ,WiWY) (2.52)
2.32
2

g y 1 ——

+ 5 (294797 —g"Pgv7 — g"7g™?) | SW W W W,

—WIW, (ApAq) sin® Ow + ZpZg cos” Ow + 2A 5 Zs sin Oy cos Oy

where the kinetic tensors are defined by

FHY =09HAY —0VAY, (2.33)
VARE N LA AVAS (2-34)
WEY =2*wY — YWl (2.35)

Figure 2.5 shows the Feynman diagrams associated to these terms.

2.3 THE HIGGS MECHANISM

It was clear that the EW unification represented one of the greatest success of
Yang-Mills theories and of the Standard Model. However, gauge invariance prevents
mass terms for gauge vector bosons, implying that a piece of the puzzle is still
missing for the correct description of the electroweak interaction considering the
observation of two massive vector bosons associated to the W and Z bosons in 1983
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by the UA1 Collaboration at the CERN Super Proton Synchrotron (SPS) [15, 16]. A
very elegant solution to this problem was provided by R. Brout, F. Englert, P. Higgs,
G. Guralnik, C. R. Hagen and T. Kibble in 1964 [17, 18, 19] following the work
made in the context of broken symmetries for superconductivity theory with the
introduction of a new complex scalar field commonly called the Higgs field. In 2012,
after 48 years from its theorization, the massive scalar boson associated to this field
known with the name of Higgs boson was successfully observed at CERN [20, 21]
leading not only to a historical discovery, but also to an additional confirmation to
the validity of the Standard Model. This section is dedicated to the description of
such an important piece of the EW theory and of the Standard Model.

2.3.1  Masses of vector bosons

This section illustrates how the introduction of two massive complex scalar fields
coupled inside an SU(2); doublet can provide a mass to vector bosons through a
process called Spontaneous Symmetry Breaking (SSB) or Higgs-Kibble mechanism. This
doublet, invariant under SU(2), can be written as

(P4 (x)
D(x) = ( ¢Z(x)> . (2.36)

It is possile now to add to the EW Langrangian of Equation (2.13) the following
potential using this new doublet

Ly = (D*0) D@ — V(D) (237)

where V(®) is the Higgs potential defined as
2
V(D) = uzqﬁcpﬂ(qﬂq)) . (2.38)

Since ®(x) is a SU(2). doublet, the covariant derivative D" acting on this field is
defined, similarly to left-handed leptons and quark components, as

0y

DO = (a“—ig 5

Y
W{L—ig’zB”) O. (2.39)
Figure 2.6 shows a representation of this potential, for A > 0 and different values
of u?. In particular, it is possible to note how, in the case u? < 0, this potential has
an infinite number of minima described by

2 T p2

O =00 =1/—. .

o] P (2.40)
Additionally, it is possible to note how, by thinking of an observation point at |®|? = 0,
the potential is perfectly symmetric, while it is not when this observation point is
moved to the local minima of the potential. This effect is crucial as it is the core idea
behind the Higgs-Kibble mechanism. When the @ (x) value is positioned at |®12 =0,
everything is symmetric and gauge bosons do not carry any mass. When it moves

to the minimum described by |2 = —%, gauge symmetry is broken and all the

17
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Figure 2.6 — Higgs potential representation.

Standard Model particles acquire a mass. In this scenario, we say that the symmetry
is spontaneously broken by the new vacuum state (0| ¢o(x)[0).
In order to illustrate this effect, we decide to choose the minimum of this potential

2
(O do(x)[0) = \/gr (2.41)

and to rotate the other components of @ according to three new real scalar fields
0i(x). The new parametrization for the field ® becomes

.04 1 0
D(x) =exp {1791(@} \ﬁ (H(x) +v> . (2.42)

in

where v = \/E is the vacuum expectation value (or VEV). We will see that 0;(x)
corresponds to three Goldstone bosons that, being absorbed by the W, Z fields, provide
them with masses. It will be shown that H(x) is a new real scalar massive field
corresponding to the Higgs boson.

By injecting now the new parametrization of the ®(x) doublet around the v it is
possible to see that the kinetic term of Equation (2.37) becomes

1
(DH*®) D, ® =+ 50" MO, H
2 2

2
HZ g NTym 9 —\ T /1 g e
L H) (4 (W) Wi+ & (W) Twet 7,7

(243)

Here, the terms proportional to v? correspond to the mass terms of W", W and
Z*, while the terms proportional to vH and to H? represent the interaction terms
between the Higgs and the W, Z bosons. The photon field A" stays massless while
the masses of the W and Z become [11]

My — % — (80.379 4+ 0.012) GeV, (2.44)

__v9 _
Mz = TcosOw (91.1876 +0.0021) GeV. (2.45)
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Figure 2.7 — Higgs interaction terms.

Due to this reason, photons do not interact directly with the Higgs, even though
quark-mediated and W-mediated loop diagrams can lead to a Higgs-photon-photon
process. The Higgs potential described inside Equation (2.38) becomes, in this new
parametrization of ®(x),

2 2 2
m m m
V(D) = ZHHer 2\‘)*H3+ Sv';H“. (2.46)

where the constant term has been ignored and where the term proportional to H2
corresponds to the mass of the Higgs boson my defined as

my = vV—2u2 = V2Av. (2.47)

The additional terms proportional to H3 and H* are the self-interactions of the Higgs
boson, created by the SSB mechanism.

All these relations between W, Z and Higgs boson are very consistent with the
current observations provided by the LHC, illustrating the huge predictive power of
the Standard Model [11].

2.3.2  Masses of fermions

It has been illustrated in the previous sections how the Higgs-Kibble mechanism
can provide masses of W and Z bosons, resulting in the presence of Higgs-Z, Higgs-
W and self-Higgs interactions. However, the fermion masses need an additional
set of terms in the Standard Model Lagrangian in order to generate fermionic mass
terms through spontaneous symmetry breaking. Fermion mass terms are forbidden
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by the gauge invariance of the theory acting differently on left-handed and right-
handed spinor components, making the Higgs-Kibble mechanism well suited for the
generation of fermion masses.

The fermion masses can be provided by the Yukawa interaction terms of the Higgs

[14]:
Ly = —Z C? (ﬁ,a)l_ D dg — Z ey (ﬁ,a)l_ O* ug — Z c¢ (Ve, ) @ eg + hec.
f f £
(2.48)

After spontaneous symmetry breaking, it is possible to show that this Lagrangian
becomes

1 _
Ly =——7>(v+H cddeds + c¥pus + céerer) . 2.

Y ﬁ( );(fff Fleue + cferer) (249)
The terms proportional to the VEV correspond to the mass terms of fermions, which

can be written as
avV LV e V
Mg, =Cf—=, My, =Cf—=, M, =Cf—7x. 2.50
ds f V2 f f V2 ef f V2 (2.50)
The terms proportional to the Higgs field becomes Higgs-fermion-fermion interaction
terms with coupling constant m¢/v. Therefore, the higher the mass of the fermion, the
higher the coupling to the Higgs, as confirmed by the ATLAS and CMS experiments
with the observation of the ttH and H — bb processes [22, 23]. Figure 2.8 shows
the Higgs cross-sections (normalized to Standard Model value) split by decay and
production mode of the current observed Higgs modes. The compatibility of the
measurements with the unity value illustrates the nice agreement of the formalism

previously described with the experimental observations.

2.4 OPEN PROBLEMS AND QUESTIONS OF THE STANDARD MODEL

Figure 2.9 shows the fiducial cross sections measured by the ATLAS experiment
for different Standard Model processes during Run 1 and 2. Despite the good
agreement between the predictions and the observations, several questions are still
open and can not be explained by the mathematical framework illustrated in the
previous sections. In the following a summary of these questions is provided:

DARK MATTER
From astrophysical and cosmological results, we know that only 4% of our
universe is composed of ordinary matter described by the Standard Model [12].
In fact, we know from cosmological and astronomical observations that the
other 74% and 22% of the universe’s energy is composed of the mysterious
dark energy and dark matter. Additionally, we know that dark matter has to be
more massive than other Standard Model particles (e.g. neutrinos) in order to
be non-relativistic and form large galactic structures at the time of decoupling
from the early universe plasma [12]. Considering that dark matter is also
invisible in the current astronomical observations, a standard solution to this
problem is the existence of a new unobserved particle - or a set of particles -
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Figure 2.8 — Cross sections times branching fraction for ggF, VBF, VH and ttH+tH production

o X BR normalized to SM

in each relevant decay mode, normalized to their SM predictions [24].
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Figure 2.9 — Summary plot of the fiducial cross-sections measured by the ATLAS experiment for different processes [25].
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Figure 2.10 — Higgs mass corrections from a fermions f and a boson b.

carrying a very high mass and interacting only through weak or gravitational
interaction. This particle and the interactions related to its phenomenology is
still unknown and it represents one of the biggest mysteries of our century.

HIERARCHY PROBLEM
As illustrated in the previous sections, the mass of the Higgs boson my is a free
parameter of the Standard Model and it depends only on the Higgs potential
and the VEV. However, the physical mass of the Higgs my is affected by the
sum of the radiative loop corrections squared dm?, as

mzH = mﬁlo + 6m,24, (2.51)

where m#, corresponds to the Higgs mass of Equation (2.47). Given that

new physics is expected to be present between the electroweak and Planck
scale due to the large number of unanswered question and the unification
of gravity with the Standard Model, the $m?, term makes the Higgs mass
extremely sensitive to new physics, and with a value expected in the Planck
energy scale (mp ~ 10'8GeV). However, the Higgs mass has been measured
to be my ~ 125 GeV. This effect implies an exceptionally precise cancellation
between myo and dm?,, also called fine tuning problem. It is known that
fermions and bosons contribute with two opposite sign contributions to the
Higgs mass (see Feynman diagrams of Figure 2.10)

ém%l x —m% In <n:c> , (2.52)
sm{ o +mi In <Tr:j> , (2.53)

where p is a momentum scale. These two contributions might cancel when
m¢ & My, providing a possible solution to this problem assuming a boson-
fermion symmetry (see supersymmetry description in Chapter 3).

UNIFICATION OF ELEMENTARY FORCES
Taking into account a theoretical simplicity argument, it is a desired feature the
unification of the Standard Model SU(3)c ® SU(2)r ® U(1)y into a single gauge
group (i.e. a single force) at high energy. At 1-loop level, the Renormalization-
Group (RG) equations of the Standard Model can be written as

d _ b
o (=3¢ (254)
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Figure 2.11 — Gauge couplings provided by the RG equations [26]. Dashed lines correspond
to the Standard Model couplings, which do not merge into a single point. Solid lines
corresponds to RG equations in the MSSM, which gets modified by the larger number
of particles in this model. The blue and red lines corresponds to sparticle masses with a
common threshold at 750 GeV and 2.5 TeV.

where Q is the RG energy scale, b, are three constants depending on the
number of particle in the theory and, for the Standard Model, these constants
are (by,bz,b3) = (41/10,—19/6,—7). The variable t is defined as t = In (Q/Qo)
while & is defined as 5

Kaq = Zi:tl (255)
where g1, g2, g3 are the Standard Model coupling constants.

Figure 2.11 shows the «, parameters associated to these gauge couplings, and
it is possible to note how these do not merge at high values of Q, creating
a puzzle for the unification of forces at high energy. With supersymmetry,
the {b,} factors are changed to (33/5,1,—3) above a certain mass threshold
due to the larger number of particles in the theory, making the unification at
high energy possible. This feature, together with the loop cancelations in the
hierarchy mass problem previously illustrated, makes supersymmetry a good
candidate for physics beyond the Standard Model at the TeV scale.

MATTER AND ANTI-MATTER ASYMMETRY

We know that the Standard Model does not allow any lepton or baryonic
number violating decay. Considering that we are made of matter and not of anti-
matter, and considering that before the Big Bang nothing was supposed to exist,
there must be at high energy some fundamental interaction violating baryonic
and leptonic number in order to explain the current universe observations.
Additionally, CP-violation is also a fundamental ingredient to explain the
matter-anti-matter asymmetry of the universe. Despite CP-violation is a well
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known feature of weak interactions in the Standard Model, the intensity of this
effect is not enough to explain the matter-dominated content of the universe,
and new sources of CP-violation are expected to be present at higher energy
scales.

ANOMALOUS MUON MAGNETIC MOMENT

2.5

It is well knows that particles carrying a spin S, such as the muon, carry a
magnetic moment M defined as

e
M = QHHS. (2.56)

Here, m is the muon mass, e the fundamental charge and g,, the muon g-factor
taking the value of 2. This value is modified by radiative quantum corrections,
making g,, slightly larger than this value and measurable via the quantity
a, = (g —2) /2. This quantity can be measured with extremely high precision
by storing muons into storage rings using magnetic fields and then measuring
the processing frequency of their spin. Recent measurements at Brookhaven
National Laboratory (BNL) have reported [27]

Aa, = aflbs — aiM = (261463 exp. +48 th.)- 1017, (2.57)

corresponding to a 3.30 deviation between the value experimentally measured
and predicted by the Standard Model. If confirmed at 50 in the next years,
this measurement could be explained by the presence of new massive particles
acting in the correction loops. Current experiments at Fermilab will soon
increase the precision of this measurement, clearing the mystery behind this
discrepancy of the Standard Model that stands for almost 20 years now.

CONCLUSION

This chapter introduced the Standard Model of strong and electroweak inter-

actions, as well as the Higgs mechanism providing masses to vector boson and
fermions. Additionally, some questions that this model fails to explain have also
been illustrated. A popular extension of the Standard Model aiming at solving these
questions is supersymmetry, a theory for which a description is provided in the next
chapter.
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“Ron: You're a little scary sometimes, you know that? Brilliant... but scary.”
—J.K. Rowling, Harry Potter and the Philosopher’s Stone
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As described in the previous chapter, the Standard Model of high-energy physics
provides a remarkably good description of the subatomic world. However, we have
also seen how this theory fails to explain some important questions such as the
origin the Dark Matter, the unification of elementary forces at high energy and the
unification of gravity with the Standard Model. Additionally, considering the vast
range between the electroweak and gravity (or Planck) energy scales?, it is natural to
expect new physics phenomena somewhere between these two energy scales.

Supersymmetry (or SUSY) is an extension of the Standard Model, aiming at solving
several of these problems by introducing an additional symmetry between bosonic
and fermionic particles. This is done by adding, for each Standard Model particle, a
massive supersymmetric partner (or simply super-partner) differing by a half-integer
spin from its Standard Model relative. Super-partners of fermions are generally spin-
o particles called sfermions — composed of sleptons and squarks — while super-partners
of gauge bosons are spin-1/2 particles called gauginos. On the other hand, due to the
impossibility to build a SUSY theory including a single Higgs doublet, two Higgs
doublets are expected in the Standard Model (one coupling to up-quarks and the
other to down-quarks) and four spin-1/2 super-partners of the Higgs boson are
expected and referred to as Higgsinos.

This kind of theories started to become popular in the early 1970’s with the works
of Wess and Zumino [28], which are reviewed quickly in Appendix A.3. Additionally,
the Coleman-Mandula theorem [29] largely restricts the possibilities of interacting

We remind that the energy order of electroweak interactions is O(100 GeV), while Planck-scale gravity
interactions are expected at O(1 018 GeV).
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field theories extending the Standard Model, making supersymmetry one of the best
candidates for physics beyond the Standard Model.

Similarly to multiplets (or N-tuplets) in Yang-Mills SU(N) theories, SUSY single
particle states are represented by supermultiplets. Each supermultiplet contains both
fermion and boson states, which are the superpartner of each other. It can be shown
that Supercharges Q are quantum operators transforming bosonic and fermionic states
inside a supermultiplet [26]:

Q [Boson) = |Fermion), Q [Fermion) = [Boson) . (3.1)

Note that Q does not carry any spinor index here since a detailed description of
these go beyond the scope of this work. In this simplified picture, the SUSY algebra
is [26]

{Q’Q} :{QT,QT} =0, (3-2)
{QQ} =Py, (3:3)
[QP.] =[QF,P.] =0. (3-4)

These relations might seem meaningless, but they encode extremely important
informations about the SUSY phenomenology. In particular, it is easy to show
that Equation (3.4) imposes that the mass equality between fermionic and bosonic
superpartners (i.e. mp = my), since

m? |Boson) = P,.P*[Boson) SE P,.P*Q |[Fermion) S5 QP P" |Fermion)

5 _ , (3:5)
= Qmf [Fermion) = mf [Boson) .

In this equation, we have considered P, P" as the mass-squared quantum operator.
However, this feature is unphysical since no bosonic partners having the same mass
of electrons, muons, etc. has been observed so far. Therefore, considering that if
supersymmetric partners exist their mass must be larger than the Standard Model
relatives, this imposes that supersymmetry must be a broken symmetry. A possible
way to solve this problem is that, similarly to how the W and Z boson acquire
masses when gauge symmetry is spontaneously broken, superpartners obtain large
masses through spontaneous symmetry breaking. This mechanism is also known as
spontaneous supersymmetry breaking, and further discussion about it will be made in
Section 3.1.4.

The next sections aim at reviewing the theory and phenomenology of the Minimal
Supersymmetric Standard Model (MSSM) at the LHC. These are largely based on
the works of [12, 30, 26].

3.1 THE MINIMAL SUPERSYMMETRIC STANDARD MODEL

The Minimal Supersymmetric Standard Model (MSSM) is a supersymmetric theory
describing only the minimum number of new particle states and new interactions
starting from the Standard Model components.

For the quark and lepton fields, superpartners are complex scalar fields (i.e.
spin-o particles) corresponding to the two spin states or the original particles. The
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Names Label spin o spin1/2 | spin1 | SU(3)c ® SU(2)L
@U(T)y
Q (g dp) | (updp) 3,2,%)
Quarks, squarks u i u% (3,1, _%)
d ax df (31,3)
T 1
Leptons, sleptons E el | TeL) (1,2, —3)
& el (1,1,1)
+ o 1+ 140 1
Higgs, higgsinos M (HE Hlj) (]:lg ]jf) (1.2, +$)
Ha (Hd Hd) (Hd Hd) (1,2,—5)
Gluon, gluino ‘ g ‘ ‘ g ‘ g ‘ (8,1,0)
W bosons, wino ‘ w ‘ ‘ \//\V/i,\/NVo ‘ w=, WO ‘ (1,3,0)
B boson, bino ‘ B ‘ ‘ B ‘ B ‘ (1,1,0)

Table 3.1 — Superfield content of the Minimal Supersymmetric Standard Model (MSSM).

supermultiplet associated to these fields is known as chiral (or scalar) supermultiplet,
while the supermultiplet associated to gauge bosons is known as vector (or gauge)
supermultiplet, and it is composed by the gauge boson and the spin-1/2 superpartners
called gauginos. The last component of the MSSM are the spin-1/2 partners of
the Higgs boson, also known as higgsinos. However, one chiral supermultiplet is
not enough for the description of spontaneous symmetry breaking in SUSY due to
the fact that one Higgs supermultiplet would lead to gauge anomalies that would
be inconsistent as a quantum theory. However, two Higgs supermultiplets — one
associated to up-type quarks and one to down-type quarks — would allow to solve
this problem and to provide a good description of the Higgs mechanism in SUSY.
Therefore, two scalar Higgs bosons are expected in the MSSM, meaning that the
MSSM is a Two-Higgs-Doublet model (or 2HDM). Superpartners are generally labeled
with the ‘tilde’ label, and the content of the MSSM is shown in Table 3.1.

3.1.1  Supetfields, superspace and SUSY invariant lagrangians

We want to use now the supermultiplets in order to build a Lagrangian which is
explicitly invariant under SUSY. This feature is provided by the superfields formalism.

In this formalism, the standard four-dimensional spacetime x" is extended with
four anti-commuting coordinates, generally grouped into two spinors 0 and 0f

described by:
9! of .
0 (92> and 6 <9T2> . (3.6)
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In this picture, the action S can be defined as
S = / dxH / d2ed%et £ (x”, 6, eT) ) (3.7)
where £ (x*,0,0) is the superlagrangian composed of the superfields

o(x*,0,07). (3-8)

The extension of the space-time x" with the four anti-commuting coordinates (also
known as Grassmann coordinates) provided by 0 and 0T is also known as the superspace
of the theory. We remark that 8 and 07 have no physical meaning, they are simply
used to write supersymmetric invariant Lagrangians in a manifest way before being
integrated out to form physical Lagrangians £ (x").

In order to write down the most general SUSY invariant Lagrangian, we must
define the superfields describing the chiral and gauge supermultiplets provided in
Table 3.1. Is it possible to show [26], that the superfield describing the content of
the most general chiral superfield composed of a scalar field ¢(x) and a left-handed
Weyl spinor 1 (x) is provided by

®(x,0,07) =d(x) +1076"00, (x) + %eeeTeTapauq)(x) +V20(x)

L 000750 0OF 59
-5 or 0 (x) + 00F(x),

also known as left-chiral superfield due to the helicity of {(x). Once this definition is
included, it is possible to show that the superlagrangian defined by

C (X, e,eT> — ®(x,0,01)"®(x,0,0), (3.10)

provides, after integration on the superspace, a Lagrangian density corresponding to
the kinetic terms of the Wess-Zumino model described in Appendix A.3

— [ a%2042et tyx f
£ (x) /d 0d20 [(D(X,G,G )*®(x,0,0") )
= "™ (x)dud(x) + 1T (x)TH0 P (x) + F* (x)F(x)

It is possible to show that any product of the left-handed chiral superfields
provided in Equation (3.9) is also a left-handed chiral superfield. Additionally,
since the dimension of ¢(x) is 1 it is clear that also the dimension of the left-chiral
superfield ®(x) is 1. This defines the renormalizable superpotential

1 .. 1 ..
W(x,0,0") = iMllcpiqaj + gy”k@qnj@k + h.c. (3.12)

where MY has dimension 1 (i.e. a mass dimension) and y'* has dimension zero and
it corresponds, as we will see in the following sections, to the Yukawa couplings of
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the Higgs superfields. It is possible to show that, after integration over the 0 space
we obtain the terms

/ d’0 W(x,0,0") =— M MY o™i — fM”wlw] — fM* jbitp?

— MY O 0k — MY bid T T — Sy T iy
_Eyijkq) Ptk — ZUURUkLn‘biq’i‘b “prt

(3-13)

which corresponds to the mass and interaction terms of the Wess-Zumino model.
It is clear then why we call W(x, 0,07) the superpotential: because it provides the
interaction terms of the supersymmetric theory. The MSSM Lagrangian for a single
chiral superfield is then

x) :/dx“/dzedzeT {cp(x,e,eT)*m(x,e,eT)} +/d26 W(x,0,00)  (3.14)

However, we can see that the gauge field interaction terms are missing in this La-
grangian. This is because the vector supermultipliets V(x) have not been introduced
this stage. It is possible to show that for each algebra generator T corresponding to
the SU(N) group the vector supermultiplet corresponding to the vector field Af(x),
the spin-1/2 gaugino A%(x) and the auxiliary field D¢(x) is, in the Wess-Zumino

gauge
1
Ve (x, 0, eT) = 0T5"0AS(x) +6T0TOA% (x) + 000TAT (x) + EeeeTeTDa(x). (3.15)

It is possible to show that the supersymmetric invariant gauge interaction terms are
provided by

/dZGdZGT |:(D>k1 (eZigTﬂVa)]: (D]:| :_Duq)*leq)l_i_anlﬁuDuwl
—V2g (¢ TOY)AT — V20hra (WITO)  (316)

+g (qﬂTaq)) DO 4+ FHF,,

where the D", D, in the first rows corresponds to the covariant derivatives leading
to the gauge interaction terms of the Standard Model and described in the previous
sections. The second row of Equation (3.16) is extremely important as it expresses
the gaugino-fermion-sfermion interaction terms. It is possible to note that gauge
interaction terms are provided with the same coupling constants as the Standard
Model, implying important production rates from gluons at the LHC as discussed
later in this chapter.

From this section we can see that a good mnemonic rule for the SUSY interactions
is to take the Standard Model interaction terms and simply exchange two fields with
the superpartner fields.
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Figure 3.1 — Dominant MSSM superpotential interactions.

3.1.2  MSSM superpotential

It has been illustrated in the previous sections how to build a supersymmetric
theory using superfields. It is now the moment to build the MSSM superpotential,
providing the interaction terms of the Standard Model and of the superpartners. This
superpotential can be written as

Witssm = UyuQHy — dyaQHg — €yeLHq + pHyHg, (3.17)

where Hy,Hqg, Q,L, 1, d, € are the superfields listed in Table 3.1 and yy, y4 and ye
are the dimensionless Yukawa couplings determining, after spontaneous symmetry
breaking of H,, and Hq, the masses and CKM mixing parameters associated to quarks
and leptons. The interaction and mass terms provided by Wyssm are provided by
Equation (3.13). Figure 3.1 reports some of the interaction terms fundamental for
phenomenology (see Section 3.2) where we have assumed only the presence of
the top Yukawa coupling inside y,. It is possible to note that these diagrams,
corresponding to the Higgs-quark-quark and Higgsino-quark-squark share the
same Yukawa coupling by construction. This feature, valid also for the down-
type quarks and leptons, has extremely important phenomenological effects and it
illustrates a remarkable economy of supersymmetry: there are many interactions
determined by one single coupling parameter. Moreover, due to the lower value
of the electroweak Yukawa couplings with respect to strong interaction couplings,
the production of SUSY particle at the LHC is dominated by the supersymmetric
interactions of gauge-coupling strengths, as quickly explained in the previous section.
The two Higgs SU(2)1 doublets will take two different vacuum expectation values
(VEV) for their neutral components generating the masses of leptons, up-type and

down-type quarks
(HO) =vy and (HY)=va. (3.18)

These two VEVs are related to the Standard Model one through the relation

V2 vd =yt = P17 Gey? (3-19)
whva=ve =g , 3.19

where and angle 3, not fixed by current and previous experiments, can be defined
such as the two VEVs can be related through

vy =vsinf3 and vgq =vcosf. (3.20)
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3.1.3 R-parity

Some supersymmetric Lagrangians are invariant under a global U(1)g symmetry
commonly known as R-symmetry. This symmetry is imposed by the following
transformations of the superspace coordinates

0 — el®p, ot — e~ t®pf. (3.21)
From these equations, a chiral superfield ® will transform as
O — ek? 0, (3.22)
if
b — ek, P — e HkmToy, F— e tk=2)of, (3.23)
When ¢ = m, this U(1)g R-symmetry is known as R-parity (or matter symmetry). It is
possible to see from Equation (3.23) that the R-parity between bosonic and fermionic
states ¢ and 1 differ by a unity. From Equation (3.22) it is clear that the kinetic
terms of the Wess-Zumino Lagrangian provided in Equation (3.11) are invariant
under R-parity due to the multiplication of ® by its complex conjugate. However,
the renormalizable superpotential described in Equation (3.12) does not contain
any term proportional to ®* meaning that it does not conserve R-parity in a trivial
way. However, it is possible to show that all the terms of the MSSM superpotential
defined in Equation (3.17) are invariant under R-parity thanks to the presence of
Higgs-fermion-antifermion and Higgs-Higgs superfields interactions only, meaning
that R-parity is conserved in the MSSM interactions [26]. This feature implies always
the presence of two supersymmetric partners in Feynman vertices imposing that a
SUSY partner can decay to a Standard Model particle plus a particle in the SUSY
sector. One striking consequence of this feature is that, since there are no SUSY
interactions in the MSSM implying a superpartner and two Standard Model particles,
the lightest supersymmetric particle (LSP) could not decay to pure Standard Model
states, meaning that it must be stable and have a long lifetime. As the LSP is stable
and supposed of having been abundantly produced in the early phase of the universe
after the Big Bang, these particles represent a perfect candidate to explain the Dark
Matter content of our universe. Due to this reason, the SUSY models allowing to
explain Dark Matter are generally those implying R-partity conservation, also known
as R-parity conserving (or RPC) SUSY scenarios. Further discussion about possible
terms allowing to violate R-parity are discussed later in Section 3.2.3.
R-parity can be also be associated to each MSSM particle through the equation

R = (_1 )3(B—L)+ZS , (324)

where B, L and s are the baryonic number, leptonic number and spin of the particle.
From this expression it is possible to see that the parity between Standard Model
particles and SUSY partners differ exactly by a unity.

3.1.4 Soft supersymmetry breaking

We have already illustrated how the algebra of supersymmetry charges imposes
equal masses between Standard Model particles and respective superpartners (see
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Equation (3.4)). However, SUSY particles have not yet been observed, meaning that
these must exist at higher energy scales. The mechanism producing such mass
difference has to be similar to the spontaneous symmetry breaking mechanism
allowing to provide gauge bosons with masses in the Standard Model, and it is
known in SUSY as spontaneous supersymmetry breaking.

In order to not break the loop corrections allowing SUSY to solve the hierarchy
problem of the Higgs, this effect must be soft. Many different ways to break SUSY
softly exists, and no physical observation indicates exactly how this is done [26].
However, it is possible to introduce in the MSSM Lagrangian some specific terms
breaking SUSY and allowing to parametrize our ignorance. It is possible to show that
the most general terms breaking supersymmetry in the MSSM, conserving R-parity
and gauge invariance are:

1 =3 YTy e
LM = — 5 (M1 BB + MWW + M3gg + h.c.)

— (Ta,OH, — dagOHy — Fa.LH h..)
(uauQ - agQHg —eae ~d—|—~c (3.25)

— QTmEQ — tTmif — ﬁmfﬁT —dmjd — %m’e%T

—mf, HiHy — mf; HjHa — (bHuHga + h.c))

In this equation, M1, M, and M3 correspond to the masses of the bino, wino and
gluino while the other terms correspond to the masses of the other sfermions and
symmetry-breaking contributions of the Higgs potential. It is possible to note that
supersymmetry breaking, opposed to supersymmetry, introduces an extremely large
number of parameters (roughly 100) in the MSSM.

3.1.5 Charginos and neutralinos

In the MSSM, due the effects of supersymmetry breaking and of the superpotential
Whiissm, the Higgsinos and and the electroweak gauginos mix with each other. In
fact, in the basis formed by the neutral higgsinos (i.e. H and H) and the neutral
gauginos (i.e. B and W) PO = (g, W,ﬁ%, ﬂﬂ), the Lagrangian associated to the
masses of these fields can be written as

1 T
Lneutral mass = _E (lpo) MNq)O + h.c. (3.26)
where
A
0 M; g% —gu
MN=1_/ve gw (\)ﬁ e (3-27)
97 9,2 [

95 9 0

In this expression, it is possible to see how the off-diagonal terms provides the
mixing interactions allowing to form, after basis transformation, four diagonal mass
eigenstates. These states corresponds to the neutralinos, noted )2?, )N(g, )?g and )~(91 where
the ordering is increasing in mass.
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On the other hand, the charged higgsinos (ltlj and ﬁg) and winos (W+ and W‘)
will be subject to similar mixing effects through the matrix

0 0 My gvg
_ 0 0 gvu n
Mc = My gvy O 0 (3-28)

gva w0 O

expressed in the basis (W*, lfli ,\/NV*, ﬁg). From diagonalization of this matrix, two
mass eigenstates per electric charge +1 are formed and known as charginos. These
states are noted )ﬁ[ and >~<2i

When R-parity is conserved, the lightest neutralino generally provides the Dark
Matter candidate, allowing to solve the Dark Matter issue of cosmology and of the
Standard Model. Therefore, the phenomenology related to neutralinos and charginos
is extremely important for SUSY searches and it will be discussed further in Section

3.2.
3.2 SUSY PHENOMENOLOGY AT THE LHC

Due to the large number of parameters and particles composing the SUSY par-
ticle spectrum, phenomenology of the hidden SUSY sector is very rich and largely
dependent on the solutions provided to the open questions of physics discussed
in the previous section. However, under some assumptions - in particular that the
hierarchy mass problem is solved by SUSY - it is possible to provide a pretty clear
set of signatures for SUSY at the LHC. The goal of this section is to illustrate such
signatures, starting from typical productions of SUSY particles at the LHC and also
the decay of the superpartners leading to new physics signatures at the LHC.

3.2.1  SUSY production at the LHC

If SUSY solves the hierarchy problem discussed in the previous section, the LHC
has very strong chances to provide evidence for the existence of supersymmetric
particles. SUSY production modes are fundamental for the identification of the
best signatures for the observation of superpartners at the LHC. Differently from
quark-antiquark colliders such as the Tevatron at Fermilab, the LHC can be seen as a
gluon-gluon and a gluon-quark collider due to the large amount of gluons inside the
proton Probability Density Functions (PDFs) [26]. Under the Higgs hierarchy mass
problem constraint, gluinos, stops and sbottoms are the sparticles having the lower
masses in the SUSY mass spectrum and are then expected to be observed first in the
p-p collisions of the LHC.

It has been illustrated in the previous section that the Standard Model and SUSY
sector shares the same gauge and Yukawa couplings. Therefore, it is expected
that, if stops, gluinos and sbottom have masses in the TeV range these should be
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Figure 3.2 — Dominant SUSY diagrams for squark and gluino production.
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Figure 3.3 — Dominant SUSY diagrams for production of electroweakinos.

mostly produced by strong interactions. Under these assumptions, the processes
contributing the most to the creation of these particles are

gg — gg, (3-29)
g9 — qid;, (3-30)
g9 — gdi- (3.31)

Feynman diagrams of these processes are reported in Figure 3.2. The squark-
mediated diagrams also contribute to the production of such particles, but we
usually assume at the LHC that all squarks and sleptons — with the exception of
the stop — have very high masses and so these diagrams contribute much less to the
production cross-section. Due to this reason, the g — q production of Equation (3.31)
is also considered to be largely suppressed in general searches for SUSY at the LHC.
Therefore, we can note how, under the assumption that SUSY solves the hierarchy
problem of the Standard Model, the primary source of SUSY particles at the LHC is
provided by pairs of gluinos and squarks (in particular pairs of stops). This is well
illustrated by Figure 3.4 where the production cross sections for strong (i.e. gluinos
and stops) and electroweak sparticles (i.e. charginos and neutralinos) are compared.

When SUSY provides a Dark Matter candidate via the neutralino (i.e. the LSP),
at least one or more neutralinos and charginos must have masses lower than the
gluino and stop masses, meaning that these particles could also be directly produced
at the LHC. However, since these particles are composed of the mass eigenstates
of higgsinos and electroweak gauginos, the production of such particles happen
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Figure 3.4 — SUSY cross-sections for colored and electroweak superpartners. Here, the full
degeneracy of the gluino and squark masses has been considered [31, 32].

only via electroweak and Yukawa interaction terms, meaning that the creation of
charginos and neutralinos is provided by

a9 = X X; » XoX5 - (3:32)
ud — X{ XY, (3-33)
ud — X; X;- (3-34)

It is possible to note that similarly to the gluino and stop production, charginos and
neutralinos are also produced in pairs at the LHC. This feature is a direct consequence
of R-parity conservation, illustrated in the previous sections. Feynman diagrams of
these processes are provided in Figure 3.3. These processes are extremely suppressed
also due to the lower amount of anti-quarks available inside protons compared to
gluons. This makes the direct production of such particles more challenging but
potentially the only way to observe SUSY at the LHC in case the gluino and stop
have masses higher than 2 —3 TeV.

3.2.2  Decays of SUSY particles

Now that it has been illustrated how gluinos, stops and charginos can be produced
in the p-p collisions of the LHC, it is the moment to explain how these particles
can decay and manifest themselves inside the ATLAS detector. In the assumption
that R-parity is conserved, all the SUSY particles are expected to decay to the LSP
represented by the neutralino x¢, which is stable and weakly interacting.

The decay of the gluino can only proceed via a virtual or on-shell squark through
the the two-body decay g — qq, as shown in Figure 3.5g. Depending on the mass of
the squarks, we can then distinguish two decay cases:

e When light squarks are present (¢.¢. the stop t and the sbottom b), the dominant
two-body decays for the gluino is g — qq.
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e When squarks are all heavier than the gluino, the gluino will decay only through
off-shell squarks inside the g — qqx® and g — qq’ )N(li decays. Feynman
diagrams of these processes are provided in Figure 3.5h and 3.5i.

About the squarks decays, if ¢ — qg is not kinematically forbidden, then this
decay mode will dominate the squark decay due to the QCD strength of this channel.
On the other hand, when gluinos are more massive than squarks, these tend to decay
via charginos )?ic and neutralinos )N(]Q , as shown in Figure 3.5a, 3.5b and 3.5c. The
resulting charginos and neutralinos are generally wino- or bino-like, considering that
the Higgs Yukawa couplings are extremely low for most of the fermions and that
electroweak coupling dominates. When squarks are stops or sbottoms, the Yukawa
couplings become more important and the production of higgsino-like neutralinos
and charginos become more feasible.

Once the heavy charginos and neutralinos are produced from the gluino and
squark decays, they decay to the LSP X9 through emission of a electroweak or Higgs
boson when sneutrinos and sleptons masses are large. Feynman diagrams of such
processes are illustrated in Figure 3.5d, 3.5e and 3.5f.

Therefore, it is clear now that, assuming high masses of most sfermions, the
signature for gluinos and squarks particles at the LHC is represented by chained
decays of sparticles leading to n quarks (generally reconstructed as jets as illustrated
later in Chapter 5), m leptons and Missing Transverse Momentum EI}“SS, where n
and m are integers ranging from zero to O(10) values depending on the length of
the decay chain.

3.2.3 R-parity violation

In supersymmetry theories, the most generic superpotential implying violation
of R-parity (RPV) is [26]

1"

s s _ AL o
Wrpy = %kl—il—jék + A LiQjdk + %kﬁidj dy, (3-35)

where 1i,j and k are quark and lepton generation indices. L; and Q; represents the
SU(2)1 lepton and quark superfields and H,, the Higgs superfield associated to up-
type quarks. The €i,d; and u; are the lepton, down-type quark and up-type quark
superfields respectively. The terms proportional to A and A’ are the dimensionless
RPV-couplings allowing for lepton-number violation while A" allows for baryon-
number violation. The Ay, Afj; and Afjy terms are completely antisymmetric?
meaning that diagonal tensor components (i.e. i =j = k) are zero by contruction.
These terms are not considered in the MSSM superpotential, mainly because of the
constrain imposed by proton decay* and the fact that, when R-parity is violated, the
LSP is allowed to decay to two light Standard Model particles being unstable and
not a suitable candidate to explain Dark Matter. However, constraints from proton
decay are less strict when heavy quark flavours are considered in A" terms and also
when squarks and sleptons are very massive due to the mediation of a virtual squark

3 A tensor Ajjy is completely antisymmetric if: Ajjc = —Akij = —Ajki
4 Proton decay would require violation of both leptonic and baryonic number by at least a unity.



3.2 SUSY PHENOMENOLOGY AT THE LHC 39

q d, S, b u,c,t
G- < et -mmmee < 4,56 <
S+ ~_
Xt Xi Xi
© (b) (©)
Z w | "
St 50 P ,
o X « X7 *%M\
v
(d) ) (f)
q q q
N N . q
q Xi
(8 )
q q
g ceﬁﬁﬁﬁ/N -
q
X

(¥
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Figure 3.7 — Feynman diagrams R-parity violating decays of SUSY particles associated to
AMA and A

through a p — e*7® decay (see Figure 3.6). For example, in proton tree-level decay,
at least one between A{jk or Ay fori=1,2;5=1,2;k = 2,3 must be in the order of
about 1072 for squark masses of 300 GeV [33].

Figure 3.7 shows the feynman diagrams associated the slepton and squark decays
implied by these new A, A’ and A" couplings, which are not present in the Standard
Model similarly to the gauge and Yukawa couplings. The presence of such terms in
the MSSM Lagrangian has as primary effect the instability of the LSP, resulting in
final states with lower E and possibly larger numbers of leptons and jets when
the A couplings are large enough to guarantee a prompt decay of the SUSY LSP. On
the other hand, when A couplings are not too large, the LSP can be provided with a
sufficiently long lifetime and leave a displaced signature at hadron colliders. These
kind of models are ofter less constrained by current SUSY searches, and further
discussion will be provided later in Chapter 11.

3.3 CONCLUSION

This chapter has introduced one of the most widely studied supersymmetric
extensions of the Standard Model also known as Minimal Supersymmetric Standard
Model (MSSM). Now that the phenomenology for the observation of such new
physics processes has been established, it is the moment to illustrate how to observe
such processes. In order to achieve this goal, physicists have built among the years
amazing machines, able to collide particles at high energies and reveal hidden effects
of nature. The Large Hadron Collider (LHC) is the collider that has been employed
for this work, with the final state detection provided by the ATLAS experiment.
These extraordinary machines are both illustrated in the next chapter.
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4.1 THE LARGE HADRON COLLIDER

The Large Hadron Collider (LHC) is a two-ring-superconducting-hadron collider
located in the 27 km underground tunnel constructed between 1984 and 1989 for the
Large Electron Positron collider (LEP) [34], at the Franco-Swiss border near Geneva
(Switzerland). The accelerator has been designed to provide proton beams up to a
design energy of 7 TeV. In 2011-2012, it operated at a center-of-mass energy of 8 TeV
during the Run 1 of the LHC, and at 13 TeV between 2015-2018 during the LHC Run
2. Between each LHC Run, a 2-3 years long upgrade phase is performed, where
the LHC is entirely non-operational and the detectors and accelerating devices can
be repaired and upgraded. These upgrade periods are commonly known as Long
Shutdowns (or simply LS) and, until now, two Long Shutdowns have taken place:
the LS1 (2012-2015) and the LSz started in 2018 and expected to end in 2021 with the
start of the LHC Run 3.

The LHC tunnel is located at a depth of approximately 100 meters and the LHC
represents the final step of a multi-stage accelerator system as shown in Figure 4.1.
The proton beams are accelerated in opposite directions inside the LHC tunnel and
then brought to collision at four specific interaction points where experiments are
located. These experiments are:

e ATLAS and CMS, representing the two largest multi-purpose experiments
located at the opposite sides of the LHC (Figure 4.1). These experiments are
meant to probe new physics by exploiting as much as possible the large energy
and luminosity of the LHC.
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Figure 4.1 — CERN Accelerator’s complex and LHC accelerator stages [35].

e LHCD, a single arm forward spectrometer aiming at measuring with large
precision the CP violation occurring in the quark sector and rare decays of
bottom and charm hadrons.

e ALICE, an experiment dedicated to study the properties of quark-gluon plasma
created in heavy ions collisions.

Every circular particle accelerator needs two essential ingredients: the Radio-
Frequency (RF) cavities providing the longitudinal acceleration necessary to increase
the beam energy and the bending Magnets ensuring the transverse acceleration
necessary to keep the particles in a circular trajectory. At the LHC, 1232 dipole
superconducting magnets are used to maintain the protons in orbit at the design
energy level of 7 TeV [36]. These magnets use Nb-Ti superconducting coils cooled
down to a temperature of 1.9 K by superfluid helium and they provide a magnetic
field of 8.33T. Each dipole is 15m long. A section view of the LHC dipoles is
shown in Figure 4.2a. In order to guarantee p-p interactions, quadrupole magnets are
designed to focalize the beams of the accelerator.

At the LHC, the usage of RF cavities imposes that protons must be accelerated us-
ing bunches instead of a continuous beam. For a collider, the instantaneous luminosity

L can be defined as
an] %3

A 4
where nj,n; represent the number of protons in the colliding bunches, Ny, the
number of bunches in the accelerator, f the revolution frequency of one bunch and

L=A1 (4.1)
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Figure 4.2 — Section view of LHC magnets.

A the total overlapping area of the colliding bunches. The integrated luminosity L™t
directly quantifies the size of a dataset with respect to a certain process. This quantity
is simply defined as

Lint — /L dt. (4.2)

From this expression, it is easy to show that the total number of events N associated
to a certain quantum process produced with a cross-section o can be expressed as

N =L".g. (4-3)

Equation (4.3) shows that, the larger the accelerator luminosity, the larger the number
of signal events produced by a particle accelerator. Therefore, having the largest
possible luminosity represents a key factor for a particle accelerator, and this can be
achieved in different ways. By looking at Equation (4.1) it is possible to see that the
luminosity can be increased by:

1. Increasing the bunch revolution frequency f and the number of colliding
bunches Ny,.

2. Increasing the number of protons in each bunch nj,n;.

3. Reducing the total bunch overlap area A by squeezing the proton beams in the
transverse plane.

The first option is difficult to achieve considering that protons already travel very
close to the speed of light at the LHC. However, the last two options represent
key aspects for the performance of the LHC and of the High-Luminosity LHC, an
upgrade of the accelerator expected to start in 2026 (see Chapter 9 for further details).

Since a larger number of bunches can provide a larger luminosity of the LHC,
different bunch schemes have been adopted at the LHC during its operational period.
In 2016, a vacuum leak present in the Super Proton Synchrotron (SPS) high energy
beam dump limited the intensity that could be accelerated in the SPS [39] resulting
in only 2220 bunches that could be stored in the LHC, corresponding to the filling
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Figure 4.3 — Bunch filling schemes and integrated luminosity for different data-taking periods
for the LHC Run 2.

scheme illustrated in the top part of Figure 4.3a. In 2017, vacuum issues were fixed,
which allowed the LHC to increase its brightness with respect to 2016. Due to some
other issues caused by air trapped into the beam screen at 20 K, the filling scheme
was changed to the so called 8bge beam type consisting of 8 filled followed by 4
empty bunches [40]. This led to stable operations of the LHC with 2556 bunches
providing larger luminosity with respect to 2016 operations as illustrated in Figure
4.3b. In 2018, the 2544 bunch filling scheme with 25 ns spacing was established again
for stable collisions [41].

4.1.1  Pileup at the LHC

We have seen in Section 4.1 the importance of having a high luminosity for a
particle accelerator. However, despite the gains in terms of production of new physics,
a very high luminosity can result in a negative impact on the performance of the
detectors, mainly due to difficulty to disentangle the interesting interactions from
the rest of the particle interactions. We generally refer to this effect as the pile-up
contamination of the event. We distinguish two types of pile-up effects:

e The in-time pile-up denoting the contamination of signal events due to multiple
interactions happening simultaneously in the detector. This effect can be
generally mitigated using the tracker of the detector through track and vertex
reconstruction (further details are provided in Section 5.1).

o The out-of-time pile-up denoting the contamination of the detector from previous
and subsequent collisions in the accelerator. This effect is generally caused by
the calorimeter cells (see Section 4.2.3) being partially excited from a previous
collision or by a subsequent collision contaminating the calorimeter during the
readout of the detector.

Several variables are used for the quantification of pileup at the LHC. One of the
most common ones is the mean number of interactions per crossing (u), calculated as the
mean of the Poisson distribution of the number of interactions per crossing in each
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Figure 4.4 — Average number of interactions per bunch crossing (u) recorded in stable beam
collisions of the LHC Run 1 [43] and Run 2 [42].

bunch p. This quantity is computed from the instantaneous per bunch luminosity

Lbunch as
Lbunch Oinel
f

where 0y, is the total inelastic cross-section corresponding to 80 mb for 13 TeV p-p
collisions, and f is the LHC revolution frequency. Figure 4.4 shows the distributions
associated to such variable in Run 1 and Run 2. From this figure it is possible
to note how (i) increased through time due to the better knowledge of the LHC
acquired year after year and the better operations resulting from this knowledge.
Another useful variable is the number of primary vertices Npy, computed after
vertex reconstruction described in Section 5.1.

= (4-4)

4.2 THE ATLAS EXPERIMENT

ATLAS [44] (A Toroidal LHC ApparatuS) is a multi-purpose detector aiming
at probing new physics signals exploiting the high energy p-p collisions of the
Large Hadron Collider. The detector has a cylindrical shape measuring 45m in
length and 25 m in height, and weights approximately 7ooo tons. The LHC beams are
injected through the end-caps and brought to collision in the middle of the cylinder.
As shown in Figure 4.5, the detector has a layered structure composed of different
sub-detectors arranged in a concentric way. Starting from the center of the detector,
the sub-detectors comprise:

1. An Inner Detector measuring the tracks associated to charged particles produced
by the p-p collisions.

2. The Solenoid magnets providing the magnetic field necessary to bend charged
particles inside the Inner Detector.

3. Two Calorimeters measuring the energy of charged and neutral interacting
particles.

4. The Toroidal magnets providing the magnetic field necessary to bend charged
muons passing through the calorimeter system.
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5. The Muon spectrometer, composed of different muon chambers, providing the
measurement of the muon leptons possibly created in the center of the detector.

After a quick review of the ATLAS coordinate system, these sub-detectors will be
described in the next sections of this chapter.

4.2.1 Detector coordinate system

In order to quantify directions and positions inside the detector, a suitable
coordinate system has to be defined. At first, a cartesian xyz coordinate system
can be considered where the nominal interaction point represents the origin of this
coordinate system. The z-axis is chosen to be the beam axis while the xy-plane
is transverse to the beam>. The positive x-axis is defined as pointing towards the
centre of the LHC ring and the positive y-axis is defined as pointing in the upwards
direction [44]. The azimuthal angle ¢ is measured as usual around the z-axis in the
xy-plane while the polar angle 0 is defined with respect to the beam axis.

Since the momentum of partons along the beam axis is unknown, it is useful to
define boost-invariant transverse quantities, such as energy and momentum, through
projection on the xy-plane:

pr =4/P2+pj =Iplsin6, Er =Esin6. (4-5)

Another important quantity used to describe massive objects at hadron colliders

is the rapidity y, defined as
1 E+
y:21n<E_zZ>. (4.6)
z

It is possible to show that the difference in rapidity Ay between a pair of particles
is invariant under a Lorentz boost along the beam axis, a feature which makes this
quantity extremely useful at hadron colliders. When the particle mass is negligible
with respect to its momentum, it is possible to approximate the rapidity y with the

pseudo-rapidity n defined as
0
n=—In (tan <2>> . (4.7)

This quantity is broadly employed in high energy physics experiments due to its
simple estimation from 0 and to the generally negligible masses of final state particles
at high energy.

In the 1 — ¢ plane, the distance AR between two objects with coordinates (¢i,1i)
and (¢j,m;) is defined as

ARyj = \/(Anii)z + (A‘bii)z = \/(Tli —le)z + (d)i — d>j)2- (4.8)

The complete detector is split into Barrel Region (BR) sections and End-Cap (EC)
Regions sections: in the former the detector layers are positioned on cylinders around
the beam axis, in the latter these are positioned in wheels perpendicular to the beam

pipe.

5 The xy-plane is generally called the transverse plane of the collision.
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Figure 4.6 — Transverse section of the ATLAS Inner detector with structural elements [45].

4.2.2  The Inner Detector

The ATLAS Inner Detector (ID) is the innermost part of the ATLAS experiment
and it is designed to perform robust track measurement of charged particles with
excellent momentum resolution and both primary and secondary vertex identification
[44]. This detector is expected to measure charged particle tracks within its | < 2.5
pseudorapidity range and track pt down to 100 MeV. The ID is contained in a
cylindrical envelope of length 7.024 m and of radius 1.15m immersed in a solenoidal
magnetic field of 2T.

The ID is composed of three independent and complementary sub-detectors (see
Figure 4.6):

e At inner radii, the silicon pixel layers provide highly precise bi-dimensional
track hit measurement through planar pixel technologies.

e At approximately 30 cm from the beam axis, the Semiconductor Tracker (SCT)
also provides bi-dimensional track hit measurements using different layers of
silicon strip technologies in stereo arrangement.

e Finally, the outermost part of the ATLAS tracking system is composed of
the Transition Radiation Tracker (TRT), measuring track hits using straw tubes
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different structural elements [45].

4.2.2.1

filled with transition radiation material. With an average of 36 hits per track,
it provides continuous tracking and improves momentum resolution for the
pseudorapidity range n| < 2.0 and also electron identification complementary

to the calorimeter.

The Pixel detector

The pixel detector is the innermost part of the ATLAS tracker and it plays a
fundamental role for precise track and vertex measurements. These features make
the pixel detector the most important detector for flavour tagging and pileup rejection.
The working principle of silicon detectors is based on a silicon p-n junction operating
in reverse bias voltage. A schematic of a planar pixel detector is shown in Figure 4.8,
where a charged particle creates the electron-hole pairs by exciting electrons from the
valence band to the conduction band in silicon creating an electric current passing
through the electric circuit.

The ATLAS pixel detector is composed of 1744 pixel modules arranged in three
barrel layers and two end-caps with three disks each as shown in Figure 4.7. 16
front-end electronic chips, each with 2880 electronics channels, are directly mounted
on the detector providing sensor signals to the trigger and data acquisition system
(see Section 4.2.5). The nominal pixel size is 50 x 400 pm? (about 9o% of the pixels)
and is dictated by the readout pitch of the front-end electronics [44]. The remaining

pixels size is 50 x 600 pm? in the regions close to the front-end chips on the modules.
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Figure 4.8 — Irradiated and non-irradiated ATLAS silicon pixel detectors [46]. After irradiation,
the slightly doped n-type bulk becomes p-type but still keeping the functionalities of the
pixels.

Being the closest detector to the interaction point, the damage caused to the
silicon crystals by p-p radiations has very important consequences on the operations
and design of this sensor. In particular, the required operating voltage is determined
by the effective doping concentration of silicon which can be largely modified by
irradiation through time. The n-type bulk material used for the design of the ATLAS
pixel layers effectively becomes p-type after a fluency Fneq & 2 x 10'3 cm ™2 [44] (see
Figure 4.8). In order to contain these effects, two operation requirements have been
imposed:

1. The detector needs to be operated at a temperature range between —5°C and
—10°C in order to reduce radiation damage effects.

2. The applied bias voltage needs to be increased from 150V to 600V over 10
years of operations in order to keep the charge collection efficient depending
on sensor position, integrated luminosity, etc.

The sensors are 250 pm thick and produced using oxygenated n-type wafers with
readout pixels on the n*-implanted side of the detector. This particular doping
configuration was used mainly because of the good charge collection after type
inversion of the n-type wafers (see Figure 4.8). On the other hand, the oxygen
treatment has been proved to provide increased radiation tolerance to charged
hadrons.

During the Long Shutdown 1, an additional pixel layer has been added inside
the LHC beam pipe in order to increase the flavour tagging performance. Due to this
reason, this detector is called the Insertable B-Layer (IBL) and, differently from other
pixel layers, it is based on two different silicon sensor technologies: planar n*-on-n
pixels and 3D pixels with passing through columns. IBL consists of 14 carbon fibre
staves each 2 cm wide and 64 cm long, and tilted by 14° in ¢ surrounding the beam-
pipe at a mean radius of 33 mm and covering a pseudo-rapidity up to n| < 3.0 [47].
The planar pixel modules cover the central part of the stave while the 3D modules
are positioned in the forward regions of both ends of the stave. This detector has
been built around the new beryllium beam pipe and then inserted inside the Pixel
detector in the core of the ATLAS detector.
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4.2.2.2  The Semiconductor Tracker (SCT)

The SCT consists of 4088 modules, assembled in four cylindrical layers in the
barrel region and two end-caps each containing nine disk layers [44].

Differently from the pixel layers, the SCT is based on silicon mono-dimensional
strips and it represents the middle part of the ATLAS tracking system (see Figure
4.6). The larger detection surface (63m?) and lower track hit precision required
at this distance from the interaction point, made classical p-in-n strip technologies
well suited for this detector. This technology has been also preferred due to its
reliability, simple readout and low construction cost. Since silicon strips provide only
mono-dimensional track hit measurement, each module is composed of a double
layer of strips tilted by a stereo angle of 40 mrad®.

The 15919 strip sensors composing the SCT system have a thickness of 285 um
and a strip pitch of 80 pm. The sensors operates at 150 V bias voltage, but operating
voltages between 250 and 350 V are required for good charge collection efficiency
after ten years of operation.

4.2.2.3 The Transition Radiation Tracker (TRT)

The TRT is the outermost part of the ATLAS Inner Detector. This detector is based
on drift tubes technologies of 4 mm diameter filled with a gas mixture of 70% Xe,
27% COz and 3% O3 [48]. In the centre of each drift tube there is a gold-plated
tungsten wire of 31 ym diameter kept at the ground potential while the tube walls
are kept at —1.5kV. When a charged particle passes through the gas, it creates
electrons, which are then captured by the wire creating an avalanche effect which
makes each tube acting as a proportional counter. Stacking multiple tubes together
make tracking possible. Additionally, the spaces between the straws are filled with
transition radiation materials which produce an X-ray radiation dependent on the
type of the incident relativistic particle. These X-rays can be collected and used to
identify electrons already in the tracking system providing a complementary electron
identification to the calorimeter system in the n| < 2.0 pseudorapidity range.

The TRT is composed of a barrel and two end-caps covering respectively the
pseudorapidity range [n| < 1.0 and 1.0 < n| < 2.0 (see Figure 4.7). The barrel region
contains 52544 straw tubes of 1.5 m length located in a parallel direction to the beam
axis and covering the radius range from 0.5 m to 1.1 m. Each end-cap contains 122880
0.4m long straw tubes disposed perpendicularly to the beam axis and covering the
geometrical range 0.8 m < [z| < 2.7 m. The transition radiation materials are made of
polymer fibre in the barrel and foils in the end-cap.

4.2.3 Calorimeters

Immediately after the Inner Detector and the solenoid providing the magnetic
tield necessary to bend charged particles inside the tracker, a set of calorimeters
measure the particle energies by completely absorbing them into their volumes. In
contrast to the Inner Detector, this detector can detect both charged and neutral

® The small stereo angle is necessary to avoid a massive fake hit measurement.
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Figure 4.9 — Calorimeter resolutions of ATLAS and different LHC experiments [49]. We
can see the excellent performance achieved by the ATLAS hadronic and electromagnetic
calorimeter.

particles, with the exception of less interacting particles such as neutrinos and muons
which can pass through the calorimeters undetected.

In general, particle physics calorimeters can be divided in two categories: sampling
calorimeters and homogeneous calorimeters. These two types of calorimeters differ
in the technologies used for the measurement of the incident particles. In the case
of the sampling calorimeters, different layers of a heavy absorber” are alternated
with different layers of an active material. The function of the absorber is to degrade
progressively the energy of the incident particle by producing a sequential set of
secondary particles also known as particle showers, whereas the active material is
necessary for the generation of the electric signal used for the measurement of the
particle energy. An homogeneous calorimeter is composed of a single active material
providing both absorption and measurement functionalities. Due to the different
natures of hadronic and electromagnetic showers, these calorimeters are generally
non-compensating, meaning that the calorimeter signal formation is proportional to the
energy of incoming electromagnetic particles (i.e. electrons, positrons and photons)
but not for hadrons. This effect is generally compensated after collection of data by
applying a calibration, as discussed later in Chapter 5.

The ATLAS calorimeter consists of two different sampling calorimeters with full
¢ symmetry and coverage around the beam axis [44] covering up to n| < 5.0. This
detector is composed of:

e An electromagnetic calorimeter based on liquid Argon (LAr), providing the
measurement of light electroweak particles such as electrons, positrons and
photons.

o A hadronic calorimeter based on steel/scintillator tiles in the barrel and copper/
liquid-argon in the end-caps, allowing to measure the energies of the the
hadronic particles such as pions, protons, neutrons, mesons, etc.

7 In general, calorimeter absorbers are made of heavy materials such as lead or steal.
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Figure 4.10 — Section view of the ATLAS calorimeters and schematic of sampling calorimeter
technologies [45].

The calorimeter resolution represents one of the main figures of merit for describ-
ing and comparing the performance of calorimeters. This quantity is parametrized

as:

o(E) S N

TZﬁ@f@Cz (4.9)
where S, N and C are the so-called stochastic, noise and constant terms and @ is a
quadratic sum. The stochastic term accounts for energy fluctuations due to ran-
domness of the number of particles in the shower evolution. The noise term N is
independent of the deposited energy and it describes the effect of pile-up noise and
noise from readout electronics. Lastly, the constant term accounts for systematic
effects due to mis-calibration of the detector as well as detector inactive material. It is
easy to understand that at very low energies the noise term is the dominant term of
the calorimeter resolution, while at high energies is the constant term that limits the
performance. For the ATLAS detector, the electromagnetic (hadronic) calorimeter has
been designed to achieve an energy resolution with S = 10%(50%), N = 0.1%(1%)
and C = 0.7%(3%) [50, 51]. Figure 4.9 illustrates the resolution curves of the ATLAS
calorimeters and compare them also with other LHC experiments.

4.2.3.1  The Electromagnetic Calorimeter

The ATLAS electromagnetic (EM) calorimeter is a liquid-argon (LAr) sampling
calorimeter kept at the boiling temperature of Argon (88 K) by three cryostats sur-
rounding the detector.
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Advantages Drawbacks Table 4.1 illustrates the main advan-
Detector uniformity. Sampling calorimeter (worse tages and drawbacks of using a llql.lld-
stochastic term resolution). argon calorimeter. A particularly impor-

Response linearity (no signal | Cryogenics (difficult opera-
amplification needed due to | tions and more dead mate- tant drawback is represented by the slow

high density). rial). . .
Radiation hardness. Slow  charge  collection collection of the Charges P roduced in the
= — (4507s). liquid-argon (450 ns) at a nominal opera-
High ionisation yield an . .
granularity. tional voltage of 2kV for the calorimeter.
Stability with time. This time is much larger than the 25ns

bunch crossing time gap of the LHC and
this could create enormous issues with
the extraction of physics signals from
the EM calorimeter. This problem is solved integrating the signal current over a
specific time t,, which is fixed at 50 ns for the LAr calorimeter. This creates an ideal
pulse shape for the electric signal as shown in Figure 4.11a, with the drawback of
reducing the signal-to-noise fraction. Given these timing issues, also the length of
the readout cables represent a potential problem that could delay the calorimeter
readout by 10-20 ns. Sampling the LAr calorimeter with a vertical geometry instead
of a horizontal one could reduce dramatically the time delay due to long cables
(see Figure 4.11b). However, this option would result in poor interaction with the
active material for particle aligned with the absorber layers. This is why an accordion
geometry has been designed and employed for the entire LAr calorimeter, by stacking
layers of lead absorber filled with liquid-argon.

Table 4.1 — List of general advantages and
drawbacks using a liquid-argon calorimeter.

This calorimeter aims at measuring the energies of particles stopped through
electromagnetic showers® and it is composed of two sub-detectors: the EM barrel
(EMB) LAr calorimeter covering the n| < 1.475 region and the EM EndCap (EMEC)
LAr calorimeter covering the 1.4 < [n| < 3.2 region (see Figure 4.10). A presampler
positioned inside the barrel cryostat consists of a separate thin liquid-argon layer
(1Tmm in depth), which provides shower sampling in front of the active electro-

These showers are the result of sequential Bremsstrahlung and Pair creation processes from electrons,
positrons and photons.
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magnetic calorimeter [44]. The EMB is made of two half-barrels covering the region
with z >0 (0 <n < 1.475) and z < 0 (—1.475 <1 < 0) respectively. The total barrel
measures 6.4 m in length with an inner and outer diameter measuring respectively
2.8 m and 4 m. A half-barrel is made of 1024 accordion-shaped absorbers (see Figure
4.12a for an illustration), interleaved with readout electrodes. The electrodes are
positioned in the middle of the gap by honeycomb spacers. The size of the drift gap
on each side of the electrode is 2.1 mm, which corresponds to a total drift time of
about 450 ns for an operating voltage of 2kV. The total thickness of a module ranges
from 22 Xy to 33 X ? depending of the 1 positioning of the incoming particle. The
depth segmentation is done using 3 layers:

o The strip cells representing the first layer of the calorimeter with an (n, ¢) seg-
mentation of 0.0031 x 0.098. The extremely fine granularity of this calorimeter
allows optimal identification between 7° and .

e The middle cells segmented with 0.025 x 0.025 in (1, $) and representing the
second layer of the calorimeter.

e The back cells having a 0.05 x 0.025 segmentation providing the last layer of
the EMB calorimeter.

The EMEC calorimeters consist of two wheels, one on each side of the electro-
magnetic barrel. Each wheel is 63 cm thick and weighs 27 tonnes. Each end-cap
contains 768 absorbers interleaved with readout electrodes in the outer wheel and
256 absorbers in the inner wheel. As for the barrel electromagnetic calorimeter, the
precision region in the end-cap electromagnetic calorimeters is divided in depth into
three longitudinal layers in order to ensure optimal particle identification.

4.2.3.2  The hadronic calorimeter

The hadronic calorimeter represents the outermost part of the ATLAS calorimeter
system and it is designed to measure hadronic particles such as charged pions,
protons, neutrons, etc. This calorimeter of ATLAS is composed of different modules
made of different technologies: the Tile calorimeter, the liquid-argon hadronic end-cap
calorimeter (HEC) and the liquid-argon forward calorimeter (FCal).

The Tile Calorimeter, represents the core of the ATLAS hadronic calorimeter
system and it is composed of two sub-detectors: the HAD Tile barrel covering the
| < 1.0 range and the HAD Tile Extended barrel covering the 0.8 < n| < 1.7 range
(see Figure 4.10). Both these calorimeters are composed of alternated tiles of crystal
scintillators and steel absorber oriented in a radial direction with respect to the beam
line (see Figure 4.12b). This geometry allows to combine a homogeneous signal
extraction with a low construction cost. The scintillators produce scintillation light
from the deexcitation of electrons from an excited electric state and this light is
collected by wavelength-shifting fibers and finally measured by photomultipliers
positioned at the top of each module. Similarly to the EM calorimeter, front-end
electronics also provide analogue sums of subsets of the channels, forming trigger
towers, for the L1 trigger. The Tile barrel measures 5.8 m in length, whereas the two

9 Xo denotes here the radiation length.
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Figure 4.12 — Sketches of barrel electromagnetic LAr and hadronic Tile calorimeters [44].

extended barrels 2.8 m each. Both systems have an inner radius of 2.28 m and an
outer radius of 4.25m.

Similarly to the LAr electromagnetic End-Cap calorimeter, the Hadronic End-Cap
Calorimeter (HEC) uses liquid-argon technologies to measure the energy of hadronic
particles in the 1.5 < [n| < 3.2 range. However, the HEC uses copper instead of
lead as absorber grouped inside different wheels with inner radius ranging from
372 mm to 475 mm. The modules of the front wheels are made of 24 copper plates,
each 25 mm thick, plus a 12.5 mm thick front plate. In the rear wheels, the sampling
fraction is coarser with modules made of 16 copper plates, each 50 mm thick, plus a
25 mm thick front plate. Three electrodes divide the 8.5 mm gaps into four separate
LAr drift zones of 1.8 mm width each.

4.2.3.3 The forward calorimeters

The forward calorimeters (FCal) are also based on LAr technologies and they
are located in the same cryostats as the end-cap calorimeters. These detectors are
designed to provide coverage over the very forward region of the ATLAS detector
(3.1 < In| < 4.9) and they are located at approximately 4.7 m from the interaction
point. Being extremely close to the LHC beamline, these modules are exposed to
high particle fluxes implying the design of thiner liquid argon gaps in order to avoid
ion build-up problems and to provide at the same time the highest possible density.
These smaller gaps also lead to a faster signal with roughly the same instantaneous
current but smaller integrated current.

Each FCal is split into three 45 cm deep modules: one electromagnetic module
(FCal1) and two hadronic modules (FCal2 and FCal3). Figure 4.13 illustrates the
amount of material associated to these modules and also to the other calorimeters.
The FCal1 absorber is composed of lead while the two hadronic modules are provided
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Figure 4.13 — Cumulative amount of material, in units of interaction length, as a function of |,
in front of the electromagnetic calorimeters, in the electromagnetic calorimeters themselves,
in each hadronic layer, and the total amount at the end of the active calorimetry [44]. Also
shown for completeness is the total amount of material in front of the first active layer of the
muon spectrometer (up to | < 3.0).
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Figure 4.14 — Transverse view of the muon spectrometer in the plane containing the beam
axis [44].

with tungsten plates. signals are read out from the side of FCal1 nearer to the
interaction point and from the sides of FCalz2 and FCal3 farther from the interaction
point. This arrangement keeps the cables and connectors away from the region of
maximum radiation damage. The three modules have a LAr gap of 0.269, 0.376 and
0.508 mm respectively.

4.2.4 Muon Spectrometer

When traversing the calorimeters, muons loe only a small fraction of energy and
their precise detection needs a dedicated muon spectrometer (MS) in the outermost
part of the ATLAS detector. This detector is based on the bending of muon tracks in
the toroidal magnetic fields, and it can measure muons up to a pseudorapidity range
n| < 2.7 with a goal momentum resolution of 10% for 1 TeV muons.

In the barrel region (In| < 2.0), the MS is composed of precision-tracking chambers
located between and on the eight coils forming the superconducting barrel toroid
magnet. The ¢ symmetry of the detector is also reflected in the symmetry of this
subsystem, consisting in eight identical octants. In the transverse plane, barrel
chambers are arranged in three concentric cylindrical shells, located around the beam
axis at radii of approximately 5m, 7.5m and 10 m as shown in Figure 4.14. The
precision momentum measurement is performed by the Monitored Drift Tube chambers
(MDTs), combining high measurement accuracy and simplicity of construction.
These chambers are composed of eight layers of drift tubes, operated at an absolute
pressure of 3 bar, achieving an average resolution of 80 pm per tube, or about 35 pum
per chamber [44].
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In the forward region (2 < | < 2.7), the end-caps of the muon detector are
composed of four layers of Cathode Strip Chambers (CSCs), assembled in large wheels
and located at distances of 7.4 m, 10.8 m, 14m, and 21.5m from the interaction point
and perpendicularly to the z-axis (see Figure 4.14). CSC’s are multiwire proportional
chambers with cathode planes segmented into strips in orthogonal directions. The
resolution of a chamber is 40 pm in the bending plane and about 5mm in the
transverse plane [44].

While MDTs and CSCs can provide good muon reconstruction when combined
with the inner detector measurement, these detectors can not supply muons with
sufficient rapidity for the L1 trigger. This is why an additional muon system was
designed in order to trigger on muons up to [n| < 2.4. This system is composed
of Resistive Plate Chambers (RPC) in the barrel region up to | < 1.05, and Thin Gap
Chambers (TGC) in the end-cap region (1.05 < | < 2.4). RPCs units are composed
of two parallel resistive bakelite plates filled with a gas mixture, whereas TGCs are
based on a similar concept to multi-wire proportional chambers. The combination of
these two subsystems allow to deliver muon track information within a few tens of
nanoseconds after the passage of the particle.

4.2.5 The Trigger and Data Acquisition system

The Trigger and Data Acquisition system (TDAQ) is an essential component of
collider physics experiments as it is responsible for deciding whether an event will
be kept for the offline physics analysis or not. It would be physically impossible to
record all the collision events from the LHC due to the recording bandwidth and to
the huge offline computing resources that would be needed to analyze such a large
amount of data. However, characteristics of interesting events are mostly known
and so the TDAQ system could already separate the interesting events from the less
interesting ones.

During Run 2, the ATLAS TDAQ system was essentially composed of (see Figure
4.15 for a visual representation):

e A hardware-based Level-1 trigger (L1) responsible for taking the raw data
from the various sub-detectors and making a first selection based on simplified
object reconstruction. This system is composed of three subsystems: LiCalo,
LiMuon and LiTopo.

e A software-based High Level Trigger (HLT) making an additional selection of
the events accepted at Level-1 stage with the full detector readout available at
L1 trigger rate.

Once the HLT accepts an event, after storage to disks, the events are sent to the
Tier-o computer farm at CERN for preliminary analysis for calibration and trigger
performance checks.

4.2.5.1  The level-1 (L1) Trigger

The Level-1 (L1) Trigger system represents the first stage of the ATLAS online
selection process and it is designed to reach selection decisions within a latency
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Figure 4.16 — L1 and HLT trigger rates during an LHC fill in October 2015 with a peak
luminosity of 4.5 x 1033 cm =25~ divided by trigger signature [52].

of less than 2.5 ps [53]. The L1 Trigger is implemented on custom-built electronics,
and is designed to reduce the 40 MHz LHC input rate to the 100 kHz to be passed
to the next selection stage represented by the HLT. This trigger is composed of
two subsystems operating independently with Calorimeter and Muon information
(L1Calo and L1Muon). Another subsystem known as L1Topo applies more complex
topological cuts on jets, electrons, taus and muons after L1Calo and the resulting
object are finally processed by a Central Trigger Processor (CTP) as illustrated in
Figure 4.15. The final output of this trigger system is a single-bit L1-accept signal
providing the relevant physics detectors the acceptance signal for the front-end
electronics readout to be passed to the HLT. Figure 4.16a shows the L1 trigger rates
split by physics signature.

The LiCalo trigger is dedicated to the analysis of analogue signals coming the
ATLAS calorimeters (see Section 4.2.3 for more details). However, due to limited
bandwidth capabilities, L1Calo can not read the calorimeter with its full granularity
but instead it receives as input the sum of analogue signals formed by 0.1 x 0.1
(barrel) up to 0.4 x 0.4 (end-cap) n x ¢ regions also known as calorimeter trigger
towers. In total, 7168 trigger towers are formed [53] separately for electromagnetic
and hadronic layers of the ATLAS calorimeters. From central towers (| < 3.2), jets,
electrons/photons and hadronic taus are formed using a sliding window algorithm
searching for local energy maxima against thresholds defined in the trigger menu.
Trigger towers in the forward calorimeter (FCAL) are used for forward jet triggers as
well as “global’ trigger items such as Missing Transverse Momentum (MET) triggers.
Around these objects, Regions of Interests (Rols) are formed in order to allow further
processing at the HLT.

The L1Muon trigger searches for coincident muon hits using the Resistive-Plate
and Thin-Gap chambers (RPCs and TGCs), being designed for fast muon recon-
struction. For muon objects, Rols are also created for further processing at the
HLT.
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4.2.5.2  The High Level Trigger

The High Level Trigger (HLT) is the last step of the ATLAS trigger system and it
takes the 100 kHz L1 input rate and reduces it down to 1kHz by applying a more
sophisticated object and event reconstruction. The HLT is composed of a CPU farm
of 28000 CPU cores where software algorithms are run. The processing of the data
starts once the events are accepted by the L1 trigger, through the event buffering
provided by the Read-Out System (ROS). The event reconstruction exploits offline-like
reconstruction algorithms, full detector granularity and partial track reconstruction
based on the Rols provided by the L1 trigger.

The events accepted by the HLT are separated in different streams, characterizing
their function (debug, physics, etc.) and transferred to local storage in order to
be processed by the Tier-o facility. The Main Physics stream is the main stream
for physics analyses and it selects different categories identified by their physics
signatures relevant for physics analysis (b-jets, muons, electrons, taus, etc.). Figure
4.16b shows the HLT trigger rates split by physics signatures in early Run 2 data
taking conditions. A small fraction of the Main stream events (roughly 10 —20 Hz)
are also written to an Express stream that is promptly reconstructed offline in order
to provide calibration and data quality information. The reconstruction of the Main
physics stream generally happens up to 36 hours after the end of the stable beams
status. Events that can not be processed by the HLT or for which there was a data
flow processing issue are stored to the debug stream for further diagnosis of potential
issues. Figure 4.17 shows the output bandwidth for the different HLT streams in
early Run 2.

4.3 CONCLUSION

This chapter illustrated how the ATLAS detector extract signals from particles
produced in the p-p collisions of the Large Hadron Collider and interacting with
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the different sub-detectors. After that data are selected by the Trigger and Data
Acquisition system, the process of offline reconstruction begins, providing physics
objects needed for the physics analyses carried out by the ATLAS collaboration. This
process is reviewed in the next chapter.
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ATLAS OBJECT RECONSTRUCTION

“ Vernon: What were you doing under our window, boy?
Harry: Listening to the news.
Vernon: Listening to the news! Again?

Harry: Well, it changes every day, you see.”
- J.K. Rowling, Harry Potter and the Order of the Phoenix
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The previous chapters have introduced the incompleteness of the Standard Model
and how the ATLAS detector can detect particles resulting from the p-p collisions of
the LHC. However, four-vectors suitable for the interpretation of physics collisions
are needed instead of raw detector signals in order to verify the existence of new
phenomena at high energy. These four-vercors are generally known as the physics
objects of the collision as they represent the quarks, leptons and gauge bosons
resulting from the p-p collisions of the LHC. This chapter illustrates how these
objects were reconstructed by the ATLAS experiment during the Run 2 of the LHC.

5.1 TRACK AND VERTEX RECONSTRUCTION

Before constructing the interaction vertices which ideally represent single p-p
interactions, tracking needs to be performed. This step is fundamental for precise
measurement of charged particle momentum and for the suppression of the mis-
reconstruction effects due to pileup interactions. Tracks are described through a
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reference point — generally the beamspot position ° — and five track parameters
(do,zo,d,6,q/p). These parameters correspond to:

e The polar and azimutal angles 0 and ¢.

o The transverse impact parameter do, defined as the closest point in the transverse
plane to the reference position.

o The longitudinal impact parameter zo, defined as the closest point in the longitu-
dinal plane to the reference position.

e The ratio q/p of the reconstructed track charge q and momentum p.

Figures of merit for good track reconstruction are represented by low resolution on
these parameters, high reconstruction efficiency (i.e. the fraction of tracks that are
generated by a true particle) and low fake reconstruction rate.

In ATLAS, tracking is performed from pure Inner Detector information and using
an inside-out track finding strategy at first, where tracks are formed starting from
the innermost pixel layer, followed by an outside-in tracking approach [54], where
the track formation built starting from the TRT. The procedure of the inside-out
approach is as follow:

TRACK SEEDING provides the necessary input objects for track finding in three-
dimensional space. Track seeds are created as sets of three space points in the
pixel, strip or in a combination of both silicon detectors (see Figure 5.1a for
a schematic). Once these seeds are found, a rough estimation of the seed
parameters - such as pt,do and ¢ - is performed and a preselection based on
these track parameters is applied.

TRACK FINDING is done by combining track seeds together using a window search
performed with a combinatorial Kalman filter [54].

AMBIGUITY SOLVING allows to select the best tracks based on a score assigned
using the track parameter. Track candidates can also be merged within this
stage in order to favor complete over incomplete track segments or purely
random hit combinations [55].

EXTENSION TO THE TRT is performed in order to check whether the silicon track
candidates left a useful set of hits also in the TRT. The quality of the resulting
extension is evaluated based on the track fit and a track score calculated using
tools similar to those used in the ambiguity solving. Any track which is
successfully extended from the silicon detectors into the TRT is said to have a
TRT extension [54].

Once the inside-out tracking is performed, the outside-in approach takes place in
order to enhance the efficiency to TRT initiated tracks. In this second tracking
iteration, standalone TRT track segments are considered in regions seeded by the
electromagnetic calorimeter. The resulting TRT segments can then be extended
back into the silicon detectors by using the leftover silicon hits from the inside-out

'°The beamspot position is generally the average position of the p-p interactions in the Inner Detector.
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Figure 5.1 — Schematics of tracking inside-out approach.

approach. TRT segments without any silicon hit are also kept and used for tasks as
photon conversion reconstruction [54].

Once tracks are created, primary vertices (PV) are reconstructed in order to identify
the hard-scatter (HS) interaction, i.e. the interaction having the largest collision energy.
Primary vertex finding is divided in two steps: vertex finding and vertex fitting [56].
This procedure allows to identify possible primary vertex candidates and it can be
summarized as follows:

e Selection of tracks passing specific quality criteria [57].

e Creation of a vertex seed by looking for the global maximum in the z-distributions
of track coordinates.

e Association of tracks to this seed vertex and determination of the best vertex
position through an iterative approach.

e Once the iterative approach stops, the full procedure is repeated on the tracks
incompatible with the previously reconstructed primary vertex.

The procedure stops when the full set of tracks is used and vertices having at least two
associated tracks are considered as primary vertices. The number of primary vertices
Npv in the event corresponds to the total number of primary vertices resulting from
this procedure. Finally, a list of three-dimensional vertices positions and covariance
matrices are provided as a result of the vertex finding algorithm.

The hard-scatter interaction, corresponding to the vertex where interesting physics
is more likely to have been produced, is identified as the primary vertex carrying
the largest amount of squared transverse track momenta defined, for each primary

vertex PV, as
2
> vt (5.1)
track € PV;

Once the hard-scatter vertex has been identified, all the other vertices are considered
as pile-up vertices.
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Figure 5.2 — Schematic of a jet creation from soft QCD radiation.

5.2 JET RECONSTRUCTION

Jets represent a key observable for the searches for new physics carried out by the
ATLAS experiment. These objects are sprays of well collimated particles resulting
from the radiative showering of strongly interactive particles (i.e. quarks and gluons)
being produced at high energy regimes. The probability of a quark to emit a gluon
can be written as
N 20(2CF dE de dd)
~  m  E sin® 2w

ds (5.2)
Here, Cr is the QCD color factor corresponding to the value of 4/3 ~ 1.33. From this
expression, it is possible to note that it diverges in two cases:

e For E — 0. We generally refer to this feature as the infrared (or soft) divergence
of the gluon emission.

e For 6 — 0 and 6 — 7. We generally refer to this feature as the collinear
divergence of the gluon emission.

These two divergences implies that an initial high energy quark radiates with an
infinite probability soft gluons along the same axis of the initial quark. This process
happens iteratively for each radiated gluon until the energy of the initial partons
is reduced to a hadronisation energy scale. This process is called the showering of
the initial parton and the result is a large set of well-collimated hadronic particles
also known as jets. Figure 5.2 provides a schematic illustrating this process. The
same reasoning is valid for an initial gluon parton with the only difference that the
Cr factor must be replaced by another constant, namely Co = 3. From this value
we remark that gluons have more tendency to radiate gluons rather than quarks,
resulting in a larger number of final particles in gluon-initiated jets rather than quark-
initiated jets. This effect generally implies a larger number of particles composing
gluon-initiated jets, representing a key observable for the tagging of quark- and
gluon-initiated jets.
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5.2.1 Jet constituents and calorimeter topoclusters

Now that the jet composition and its origin has been described, it is possible to
describe how these objects are reconstructed inside a particle detector such as ATLAS.
From the previous discussion, it is natural to split jet building in two steps:

1. Building constituents resulting from the showering of the initial parton. This
can be done using several techniques such as topoclustering and calorimeter
towers as we will explain below.

2. Use the constituents built from raw detector signals to form the groups of
particles representing the physical jets. This step can be done using several
iterative algorithms, which will be described later in this chapter.

This procedure is currently used by the ATLAS jet reconstruction algorithm,
even though different techniques have been historically employed for this task. In
the context of constituent building, several approaches based on pure calorimeter
measurements have been explored. In this context, the inclusion of additional
detector information rather than calorimeter only information has been recently
explored at ATLAS in the Particle Flow algorithm that combines tracker and calorimeter
information as described in Chapter 7.

In what follows topoclustering, the standard ATLAS jet constituent reconstruction
technique, is described. This procedure consists in the clustering of entire calorimeter
cells into three-dimensional clusters using an algorithm based on the absolute value
of the cell energy significance [58]

EEM

EM __ ce

Ceell = EM . (53)
noise,cell

The EM index indicates that Efg{{ and Gfé\l/{ are measured at the electromagnetic (EM)
scale, where the energy of electrons and photons is reconstructed correctly but not
the one of hadronic particles since no corrections for the non-compensating character
of the ATLAS calorimeters have been taken into account [58]. In Run 2, ATLAS
compensated this effect in jet calibrations as described in Section 5.2.3.

The topoclustering algorithm works as follows:

1. The clustering starts from a seed calorimeter cell with Iegel\ﬁ\ > S. Here, S
represents the primary seed threshold set to S =4 in Run 2.

2. The cluster then grows around the seed cell adding neighboring cells satisfying
|eEM| >~ N. The threshold N is known as the growth control threshold and it

cell
was set to N = 2 in Run 2.

EM
cell

3. Finally, cluster boundaries are created by adding cells satisfying |e_.;;| > P. In

Run 2, the value of P was set to o.

A schematic of this procedure is given in Figure 5.3. The three parameters (S, N, P)
completely defines the topoclustering algorithms and, considering the (4,2, 0) values
used in Run 2, this clustering procedure is commonly known as the 420 ATLAS
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Figure 5.3 — Topocluster formation schematic.

topoclustering algorithm. This algorithm represents the standard ATLAS jet constituent
reconstruction technique.

While this procedure is very robust for identifying the energy deposits in the
calorimeter, large topoclusters can easily originate from the merging of different
particles decaying very close in the calorimeter. In order to avoid biases in jet-finding,
to support good jet substructure analysis and EXSS reconstruction, topoclusters with
two or more local maxima are split between each signal peaks in three dimensions
passing through a procedure called cluster splitting. A local signal maximum is
defined by EEM > 500 MeV and by the presence of at least four neighbor cells out
of which none of the neighbor has larger signal. Moreover, the local maxima cells
are restricted to the EM sampling layers EMB2 , EMB3 , EME2 , EME3 and FCAL1 in order
to exploit the high granularity of these calorimeter layers for better identification of
separated clusters. The cluster splitting algorithm finds cells which are neighbors
of two or more local signal maxima. Calorimeter cells can be shared once at most
between two local clusters and the sharing of its signal is done for two clusters of
energies EfM and EEM with the following set of weights:

EEM
Weell,1 = m, (5-4)
Weell,2 = 1 — Weell, 1/ (55)

r=exp(d; —dz). (5.6)
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Here, d; and d, represent the position of the center of gravity of the two clusters.
After splitting, the two subclusters are considered as two topoclusters exactly like
the others and as input for jet reconstruction.

Once the topoclusters are formed, cluster kinematic quantities are defined starting
from the associated cluster cells. For this purpose, it is useful to define the total
energy of the topocluster as

Ncell
EM __ EM
Eclus - Z WCGll,iEcell,i‘ (57)
i=1

The kinematic quantity x associated to a topocluster can be defined as the energy-
average across each topocluster cell
Nce
L2 Weell,i - |E§3{ii| “Xeell i (5.8)
- NCG ’ ’
Zi:111 Weell,i |Efel\1/{/i|
We generally refer to these quantities as the topocluster moments. Here, the absolute
value of the energy has been used to avoid distortions due to negative signals.
From this definition, it is possible to define cluster directions as

Xclus

_ > N Wy [EENL] - Meelni (5.9)
e Nt s ] >
> N W - [EENL - deeni

¥ N ween - [EENL |

Other important cluster moments are provided in Table 5.1.

q)clus = (5 10)

5.2.2 Jet building: the anti-kt algorithm

Jet building uses topoclusters as inputs to reconstruct jets. Historically, several
jet building algorithms have been employed at hadron colliders. A very important
feature of jet finding algorithms is represented by infrared and collinear (IRC) safety,
defined as the ability of a jet finding algorithm to create a final set of jets which can
not be modified by an arbitrary collinear or soft gluon emission. In general, two
different sets of jet algorithms are considered:

e cone algorithms: jets are defined using a top-down approach where jets are
represented with stable cones found using a certain set of initial seeds. Most of
these algorithms are affected by IRC unsafety issues.

e sequential algorithms: jets are defined with a bottom-up approach, starting to
cluster particles which are the closest according to different distance measures
[60]. These algorithms are widely used at the LHC due to their IRC safety.

In this section we describe the anti-k. algorithm [61], one of the most common
jet-finding algorithms employed at the LHC. This algorithm is a sequential recombi-
nation algorithm allowing to create regular jet cones using a distance measure, which
can be generally written as

. 2p _2p ARizj 2p
dij = min (pT,i/pT,j> RZ dis =PpTi (5.11)
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Name Description Definition
o Z(HeEM_>Z) (chll,i-Efé\ﬁ,i)z'tcen,i
Timing Derived from the peak amplitude of t= eelld 5
. . 2 (i EM (Weeni-EEM)
the time-sampled analogue signal (ileg>2) et Pl
from the calorimeter shaping ampli-
fiers.
Nnoclps
s€ (sampling with EEM’tOt>0) EEM,tOt NnZ?g}fbnr
Isolation Quantity included between o and | fis, = 3 - EEM"S‘QILS
1 measuring the activity in the s (sampling with EEM>0)
calorimeter cells surrounding the
topocluster. If fis, = 1 the topoclus-
ter is completely isolated, if fiso = 0
the topocluster is completely sur-
rounded by other topoclusters.
: 09" weeni [N - QLAY
Average LAr qual- | The average LAr calorimeter qual- (Qrar) = == el

ity

Average Tile qual-
ity

Fraction of bad LAr
quality cells

ity is measured by comparing the
signal pulse shape with a reference
shape in each cell, and then apply-
ing the cell average described in
Equation (5.8).

The average Tile calorimeter qual-
ity is measured by comparing the
signal pulse shape with a reference
shape in each cell, and then apply-
ing the cell average described in
Equation (5.8).

Fraction of cells in a topoclus-
ter having a bad LAr quality (i.e.
Qrar > 4000) [59].

N
11 EM
Zif1e Weell,i| Ecell,i‘

N EM Til
N o Weelli*|Ecelli - Qeeli
<QT11e> -

N
M weni-[EEM|

cell,i

Neetts (Qrar>4000
fBadLAIQ = — " jor —— QNL{E{ )

Table 5.1 — Other useful topocluster moments [58].
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where dj; represents the distance between particle i and j and dig the distance
between particle i and the beam. The parameter R is generally called the jet radius
and it represents the only free parameter of the algorithm configurable by the user.
ARjj represents the n — ¢ distance defined in Equation (4.8). The parameter p is an
integer defining different types of algorithms of the sequential-recombination family:
p = 1 defines the k¢ algorithm [62], p = 0 represents the Cambridge/Aachen (C/A)
algorithm and p = —1 defines the anti-k algorithm [61].

The sequential procedure to find jets with these algorithms consists of the follow-
ing steps:

1. Compute the distance between each particle i and j di; and between each
particle i and the beam dip as described in Equation (5.11) and store them into
a database.

2. Find the smallest di; and the smallest dip in the previous database and:

o If di; < dip, recombine the two particles into single one noted as ij,
remove particle i and j from the database and add particle ij to this list.

e If dip < djj, call the particle i a jet and remove it from the list of particles.
3. Repeat the above procedure until there are no particles left in the database.

Considering the anti-k; algorithm (p = —1), it is easy to understand quantitatively
how this clustering procedure works. When particle i and j are very close and very
high in pr, dij will be extremely small causing the certain merging of these particles
at first. Once these energetic particles are clustered together, the minimum term in
Equation (5.11) will add the nearby soft particles to the energetic ones due to the AR
term in dij. This procedure will allow to build IRC-safe cone-like jets as shown in
Figure 5.4.

ATLAS can reconstruct jets using several techniques, but topocluster-based anti-k¢
jets are certainly the most historically used jet collections today. This list of jets is
built by running the anti-k algorithm on the calorimeter topocluster defined earlier
in Section 5.2.1. In general, ATLAS uses two kind of jets:

o the small-R jets where anti-k; is run using R = 0.4 for the jet radius parameter.
These jets generally reconstructs quark/gluon initiated jets and are employed
by most of the ATLAS analyses.

e the large-R jets where anti-k; is run using R = 1.0 for the jet radius parameter.
These jets are particularly useful to reconstruct boosted particles decaying to
quarks (e.g. top,W,Z, etc.) and their identification can be performed by looking
at the internal structure of the jets. The domain studying the internal structure
of these objects is known as jet substructure.

5.2.3 Jet calibrations

It has been previously mentioned in Section 5.2.1 that the energy measurement
provided by the calorimeters is at the right scale for electromagnetic particles (elec-
trons, positrons and photons) while it is underestimated for hadronic particles due
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Cam/Aachen, R=1

Figure 5.4 — Comparison of different jet algorithm with anti-k¢ [61].

to their interaction processes creating undetectable energy in the calorimeters. Other
effects, such as pileup and energy leaks, can also cause energy loss in the final jet
measurement which has to be accounted for correct reconstruction. In what follows,
the calibration procedure which adjusts the energy, momentum and direction of the
reconstructed jets in order to match the truth jets is described.

The different stages of the ATLAS jet calibration for small-R jets are shown on
Figure 5.5. After jet finding, during the 2015-2016 period the first calibration step
consisted in the recalculation of the four-momentum of the jets in order to point to
the hard-scatter primary vertex rather than the center of the detector. This step was
known as the Origin correction of the jet and it allowed to improve the 1 resolution of
these objects. This quantity represents the distance between the pseudorapidity of
the reconstructed jet and the truth jet. With this correction, the n resolution improved
from roughly 0.06 to 0.045 at a jet pt of 20 GeV and from 0.03 to below 0.006 above
200 GeV [63]. Since 2017, the four-momenta of topoclusters was corrected in order
to point to the hard-scatter primary vertex and the jet calibration procedure was
simplified by discarding the Origin correction.

The next calibration step consists in the removal of the in-time and out-of-time
pileup effects (see Section 4.1.1 for more details) using two consecutive correction
techniques:

1. The p-area subtraction where an average pileup contribution is subtracted using
the area A of the jet and the median pt density p of jets in the n — ¢ plane. The
value of p is adjusted on a per-event basis.
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Figure 5.5 — ATLAS calibration stages for EM-scale small-R jets [63]

2. The residual correction where an additional subtraction is parametrized using
the number of interaction per bunch crossing p and the number of primary
vertices Npy. This correction aims at removing residual dependencies from
pileup after the p subtraction.

The total area correction can be parametrized as

residual correction
P =pT° —p-A —a-(Npy—1) =B -1, (5.12)

p-area subtraction

where pT refers to the EM-scale pt of the reconstructed jet, A is the area of the jet
and «, 3 the different parameters of the residual correction parametrized separately
in bins of pf"™" and In| (see Figure 5.6a).

Once the jet area subtraction is performed, we need to compensate the energy
loss due to the hadronic showers. This step is generally called the Jet Energy Scale
(JES) correction and it relies on the measurement of the jet enerqy response defined as

B
R= E;ruth’ (513)

jet

In this formula, reconstructed jets are matched to truth jets — i.e. jets reconstructed by
running anti-k¢ of the truth simulated hard-scatter particles — within AR = 0.3. The
response R is then binned in Ef"" and Niet - The resulting R distributions are then
fitted using a gaussian distribution and the average values (R) are used to invert the
jet energy through a procedure called numerical inversion

calibrated __ rreco —1
Ejet - Ejet ’ <R> :

(5.14)

Figure 5.6 shows the distribution of (R) as a function of njreefo. Gaps and transitions
between calorimeter sub-detectors result in a lower energy response due to the
undetected particles.

After the previous jet calibrations, residual dependencies of the JES on longitu-
dinal and transverse features are observed as well as effects due to the jet particle
composition and the internal jet energy distribution. In order to correct such effects,
a sequence of different sub-calibrations accounting for different physical effects also
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Figure 5.6 — Effects of residual calibration and jet energy response [63].

known as Global Sequential (GSC) Calibration is applied. Five observables have been
identified for correcting such effects:

1. The fraction of energy in the first layer of the of the hadronic Tile calorimeter
fTileo-

2. The fraction of energy in the third layer of the LAr calorimeter fy ;.

3. The number of tracks with pt > 1 GeV ghost-associated with the jet nyy. In
this association technique, tracks are treated as infinitesimally soft and, after
setting their pt to 1 eV, these are added to the list of inputs for jet finding
algorithm. After jet-finding is finished, tracks entering in the jet are considered
as ghost-associated with this jet.

4. The average pr-weighted distance in the 1 — ¢ plane between the jet axis and
all tracks of pt > 1 GeV ghost-associated with the jet Wi.

5. The number of muon track segments ghost-associated with the jet Nsegments-

The Mgegments correction is particularly useful to account for energy leaks in the
calorimeter due to extremely energetic jets for which the calorimeter is not able to
collect the full shower. These kind of jets are called punch-through jets and this specific
correction is also known as the punch-through correction.

The pt response of each variable is shown on Figure 5.7. After the full GSC
calibration is applied, the response dependency is reduced to less than 2% for each
variable.

The last step of the calibration chain consists in the reduction of the disagreement
of the jet response between data and MC simulations. Such differences arise from the
imperfect simulation of detector material, pileup and particle showering. In order
to achieve this goal, a measurement of the jet response in data has to be performed.
However, differently from MC simulation, data events do not have accessible the
generator information necessary for the estimation of the truth energy in Equation
(5.13). This is why well-identified and calibrated physics objects (photons, Z boson,
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Figure 5.8 — Different pileup jet types inside the ATLAS detector [64].

multijets) recoiling against a jet can be used for the estimation of the correct jet
energy through the following quantities:

jet,reco
_rT
Rin-situ = “refreco” (5.15)
P
ref,reco - . . jet,reco
Here, pt is the transverse momentum of the reference object while p7 the

transverse momentum of the recoil jet. This calibration procedure is also known as
the in-situ calibration and it is performed by applying numerical inversion through

the quantity
Rdata

¢ = _iesitu, (5.16)

in-situ
Different in-situ calibrations are applied in sequence in order to correct the discrep-
ancies in different pt ranges. At first, the Z/y +jets correction is performed using
well calibrated photons and Z bosons, the latter decaying to electron and muon
pairs, to measure the pt response of the recoiling jet up to a pt of 950 GeV. After
this correction, the multijets balance (M]B) is performed for the high-pr jet range
300 < p1 < 2000 GeV using events with multiple well calibrated recoil low-pr jets.

5.2.4 Pileup jet identification

The high number of simultaneous collisions of the LHC allows to probe new
physics with very low production cross-section. However, multiple p-p collisions can
significantly contaminate the physics objects produced by the hard-scatter interaction.
In the context of jets, pileup could only modify the readout of interesting objects,
but also cause additional fake jets to be reconstructed generally called pileup jets. In
order to keep sensitivity to new physics, these jets need to be suppressed.

Pileup jets can be split in two categories:

e Stochastic pileup jets representing pileup jets created from random fluctuations
of particles in specific regions of the ATLAS calorimeters.
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Figure 5.9 — (a) JVT distribution for hard-scatter and pileup initiated jets. (b) Fake rate
from pileup jets versus hard-scatter efficiency curves for different pileup jet classification
observables [65].

e QCD pileup jets where jets are created from hard pileup interactions creating
real jets having back-to-back topologies.

Figure 5.8 illustrates these two jet categories and their creation from pileup interac-
tions.

Tracking provides the necessary information for the suppression of these pileup
jets, and their identification is performed after jet building. The pileup jet classifi-
cation is performed in ATLAS using a discriminant called Jet Vertex Tagger (JVT).
This quantity is constructed from a two-dimensional likelihood based on a k-nearest
neighbor (kNN) algorithm of two variables [65]:

> 1 P5(PVis)
RPT = —k ;jet 7 (517)
T
k
corrJVF = katTr “(PVhis) ) (5.18)
trk, Dzl ik Pt;kk (PVn)
PU

In these expressions, Y, pX(PVys) is the scalar pt sum of the tracks associated to
the jet and originating from the hard-scatter vertex. The term 3 , -3 , ptTrk" (PVn)
represents the scalar pt sum of the rest of the jet tracks associated to the pileup
vertices PV, and niZ the total number of pileup tracks in the event. k is a constant
value taking the value k = 0.01. The distribution of JVT for hard-scatter and pileup
initiated jets, as well as the hard-scatter jet efficiency versus fake rate is provided in

Figure 5.9.
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Figure 5.10 — (a) Schematic of b-jet having a displaced b-hadron decay and (b) b-tagging
efficiency ey, versus light-flavour jet rejection 1/¢; for different b-tagging algorithms [66].

5.3 FLAVOUR TAGGING

The identification of jets being initiated by bottom quarks represents a major task
for the physics analyses performed by the ATLAS experiment, such as top, Higgs
and SUSY physics analyses. In this context, particles composing bottom-initiated
jets (or b-jets) are characterized by the presence of a long-lived b-hadron, having a
lifetime of the order of T = 1.5ps and an average decay length in the order of of
(ct) ~ 0.45 mm. These displaced decays inside the jet volume are generally exploited
for the identification of bottom-quark-initiated jets.

The ATLAS experiment uses different algorithms for the identification of b-jets,
also known as b-tagging algorithm, all exploiting the informations related to the
b-hadron decay as well as the properties of the b-quark fragmentation [66]. The
developed strategy consists of two stages:

e Firstly, two low-level algorithms exploit the individual properties of charged-
particle tracks and of the displaced vertex in order to identify b-hadron decays
inside jets. In the first case, the IDP2 and IDP3 algorithms [66] exploits the large
impact parameters of tracks originating from b-hadron decays. In the second
case, displaced vertices are formed starting from the tracks reconstructed in
the ID.
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e In the second stage, the outputs of the two low-level algorithms are combined
into a single output using multivariate techniques in order to increase the
performance of the b-jet identification. The default algorithm of ATLAS is
the MV2 algorithm [66] combining different input variables using a Boosted
Decision Tree (BDT). In order to optimize the b-tagging efficiency in a full jet pt
spectrum, the training is performed using a mixed sample of tt and Z’ — bb
events.

The performance of these algorithms is generally studies by looking at the b-jet
efficiency defined as the probability of identifying a real b-jet as a b-jet e}, and at the
probability of mistakenly tagging a light quark jet as a b-jet €;. The quantity 1/e;
is generally referred to as the light-flavour jet rejection. A better performance of a
b-tagging algorithm is characterized by a higher light-flavour jet rejection at a fixed
b-tagging efficiency. Several curves associated to different b-tagging algorithm are
shown on Figure 5.10b, showing the strong performance of the MV2 algorithm.

5.4 ELECTRON AND PHOTON RECONSTRUCTION

Electrons and photons are generally reconstructed starting from similar energy
deposits in the EM calorimeter due to the similar showers they produce in this
subsystem. In the case of electrons, one or more tracks in the Inner Detector allows
to identify an electron/positron candidate from an EM shower, while photons are
characterized from energy deposits inside the EM calorimeter only. However, these
characteristics can be further complicated by the emission of bremsstrahlung photons
from electron/positron particles or conversion of photons into an electron-positron
pair in the Inner Detector due to the large probability of a electron-positron pair
emission at high energy. Since 2017, in replacement to the sliding-window algorithm
employed for the reconstruction of fixed-size clusters of calorimeter cells [67], the
ATLAS electron/photon reconstruction has been improved with a dynamic, variable-
size, cluster type called supercluster [68]. Superclusters are particularly useful to
recover the energy from bremsstrahlung photons or from electrons emitted by photon
conversions.

The procedure to form superclusters can be summarized as follow:

e In the first stage, all the 420 topoclusters employed also for jet reconstruction
are tested to be seeds for superclustering. An electron supercluster seed is
required to have a minimum Et of 1GeV with a matched track containing
at least four hits in the silicon tracking detectors. For photon supercluster
seeds, topoclusters are required to have a minimum Et of 1.5 GeV, without any
requirement on tracks.

e The second stage is composed of the supercluster satellites identification, based
on a An x A¢ window centered on the seed barycenter. For both electrons and
photons, a topocluster is considered a satellite if it falls within a An x A} =
0.075 x 0.125 range as these generally represents secondary showers generated
by the original electron or photon. For electrons only, a broader window
range of An x Ad = 0.125 x 0.300 around the seed barycenter is also applied.
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Figure 5.11 — Schematic of the superclustering formation for electrons and photons [68]. Seed
clusters are shown in red while satellite clusters in blue.

For photon conversion with a conversion vertex identified by silicon tracks,
an identified electron satellite is added to the supercluster if it matches the
conversion vertex.

e Superclusters are formed by all seed clusters with their associated satellites.
The last step consists in the creation of the supercluster starting from the EM
calorimeter cells composing the seed and satellite topocluster.

Figure 5.11 shows the different possible superclusters formed by seed and satellite
topoclusters.

5.4.1 Electron and photon calibration

After supercluster creation, the electron and photon candidates are calibrated.
The calibration procedure is composed of different steps:

1. A correction to the truth electron/photon calorimeter energy is applied using a
multivariate algorithm trained on MC simulation. This regression is based on
the shower properties in the EM calorimeter.

2. Residual corrections for the non-uniformities in the calorimeter response and
non-nominal high-voltage settings for some parts of the calorimeter.

3. Adjustment for the data-to-simulation agreement using a set of high-purity
Z — eTe” data events. Corrections are applied to simulated events in order to
better match the data.

The invariant mass of di-electron pairs in Z — e e~ events is illustrated in Figure
5.12a for both data and MC simulation, showing good agreement after calibration.
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Figure 5.12 — (a) Invariant mass distribution of two electrons passing a Z — e" e~ selection
and (b) efficiency of different electron identification working points as a function of 1 [68].

5.4.2 Electron identification

In order to improve the quality of electrons and photons, different identification
and quality requirements have been defined.

For electrons, their identification relies on a likelihood discriminant constructed
from quantities based on the Inner Detector track and the longitudinal/lateral
development of the shower in the EM calorimeter [68]. The likelihood discriminant
pdfs are fixed for signal and background (i.e. true and fake electrons) using a sample
of simulated dijet, Z — eTe~ and W — ev events and binned in 1 and Et. From
these likelihoods, three working points called Loose, Medium and Tight are defined
starting from three likelihood discriminant thresholds based on the average electron
efficiencies of 98%, 90% and 80%. Further requirements on the track quality and
pr are applied for the Medium and Tight working point. Figure 5.12b shows the
efficiency of such working points on Run 2 data as a function of the pseudorapidity
n.

For details about photon identification the reader can refer to [68].

5.5 MUON RECONSTRUCTION

Muon reconstruction provides muon objects for ATLAS analyses and, in a first
step, is performed separately using track hits in the Inner Detector (ID) and in the
Muon Spectrometer (MS). After reconstruction in each subsystem, the track segments
are further combined in order to provide precise muon measurements for physics
analyses. The reconstruction in the Inner Detector happens exactly as for all the
other tracks (see Section 5.1 for further details). In the MS, muon reconstruction
starts with a search for track patterns inside each muon chamber in oder to form
segments. In the CSC, segments are built using a separated combinatorial search in
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the 1 — ¢ plane of the detectors [69]. Muon track candidates are then built by fitting
together track segments found in each layer. The combination starts from segments
in the middle layers of the detector for then adding the segments in the outer and
inner layers. At least two matching segments are required to form a muon track
candidate, with the exception of the barrel-endcap transition region where only one
single high-quality segment can be used to build a track. A x? fit is then performed
using the hits provided by each track candidate and a track is accepted only if the x?
fit satisfies certain selection criteria.

Once MS muon tracks are formed, combination with the ID track is performed.
Four muon types can then be defined [69]:

o Combined (CB) muons: provided by a global fit taking all the hits associated
to tracks in the ID and MS. During the global fit, MS hits might be added or
removed in order to improve the track fit quality.

o Segment-tagged (ST) muons: corresponding to tracks in the ID that, after extrap-
olation to the MS, match at least one local track segment in the MDT or CSC
chambers. These are particularly useful for low pt muons where only one
segment is found in the MS or regions with reduced MS acceptance.

o Calorimeter-tagged (CT) muons: where a muon is identified from an ID track with
a matched calorimeter energy deposit compatible with a minimume-ionizing
particle. These muons are useful to recover muon acceptance in regions of
the detector where the MS is only partially instrumented due to cabling and
services for the ID and the calorimeters.

o Extrapolated (ME) muons: corresponding to a MS track with a loose requirement
on the compatibility with an origin on the p-p interaction point. These muons
are mainly intended to extend the muon reconstruction acceptance to the region
not covered by the ID (2.5 < In| < 2.7).

5.5.1 Muon calibration

After reconstruction, different corrections are applied to muon candidates in
order to achieve a per mille and percent precision on the muon momentum scale
and resolution respectively. In this context, correction factors are derived by looking
at Z —» ptp and J/Y — putu~ processes in data and MC simulated events. The
correction factors to be applied to MC simulation are defined in n — ¢ detector
regions [69]. These corrections are derived using only CB muons and they are based
on the transverse momentum measured in the ID and MS separately. Different effects
are corrected which are not account in simulation, such as inhomogeneities of the
magnetic fields and the dimensions of the detector perpendicular to the magnetic
field. The effects of the calibration can be seen in Figure 5.13a, where the data
and corrected/ uncorrected simulation are shown. The simulated Z mass peak is
narrower and slightly shifted before calibration, showing the beneficial effects on the
calibration procedure.
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Figure 5.13 — Muon calibration effects (a) and reconstruction efficiency (b) for Z — ptp~
events [69]. It is possible to note the beneficial effects of the muon momentum calibration
allowing to better match the data at the Z mass peak in the corrected simulation.

5.5.2  Muon identification

After reconstruction, muon identification is performed by applying different
quality requirements to disentangle signal muons from background induced from
the decay of hadronic particles such as pions and kaons. All the different muon
classifications in ATLAS are based on different quantities, characterizing the quality
of the track in the ID and in the MS. Among these quantities we can find the ID track
q/p significance™, the absolute value of the difference between the pt measured in
the ID and in the MS divided by the pt of the combined track notes as p’ and the
normalized x? of the combined track fit [69]. For muon identification, four working
points are defined [69]:

e The Medium working point, representing the ATLAS default working point,
allowing to minimize the uncertainties related to muon reconstruction and
calibration. In this selection, only CB and ME muon tracks are considered. The
ME muons are supposed to extend the acceptance outside the ID geometrical
coverage. An upper cut un the q/p significance is also applied in order to
suppress contamination from hadrons misidentified as muons.

e The Loose working point, designed to maximize the muon reconstruction
efficiency while providing acceptable-quality muon tracks. All muon types are
used and all Medium quality muons are also classified as Loose muons. In this
selection, CT and ST muons are also used and restricted to the region | < 0.1.

e The Tight working point, designed to maximize the muon purity at the cost of
loosing in efficiency. Starting from Medium quality muons, Tight muons are

" This is defined as the absolute value of q/p divided by the sum in quadrature of all the uncertainties
related to this quantity in the ID and MS.
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required to be provided only by CB tracks and to pass different quality require-
ments on the fit x%, q/p significance and p’ in order to remove pathological
tracks.

e The High-pt working point, specially designed to improve the momentum
resolution for muon tracks above 100 GeV.

The resulting efficiency of Medium and Loose muons in a Z — ptp~ event
selection is provided in Figure 5.13b

56 MISSING TRANSVERSE MOMENTUM

The Missing Transverse Momentum (EX$%) is a key quantity for ATLAS as it
allows to measure the amount of transverse momentum carried out by invisible
particles produced in p-p collisions and escaping the detection. The measurement of
this quantity relies on the perfect conservation of transverse momentum as:

> pr'= ) pr'+ )  pr=0 (5-19)
i ie je

1€ 1
{Particles} { Visible } { Invisible}

Particles Particles

In fact, defining Er™s as the total transverse momentum carried out by invisible

particles it is possible to show using Equation (5.19) that

miss __ i_ i
Er™™ = E pr =— E pT - (5.20)
ie ic
Invisible Visible
Particles Particles

Therefore, the magnitude ERSS of this vector can be used to “observe" invisible
particles produced in p-p collisions, by looking at all the visible particles in the event.
A complete review of the reconstruction and performance of this quantity in Run 2
is provided in Chapter 6.

5.7 CONCLUSION

This chapter illustrated how ATLAS performs the reconstruction of physics objects
and how these can be calibrated and identified. The ETS reconstruction is essential
for supersymmetry searches and, due to its centrality in this work, further details
about the reconstruction performance of this quantity in Run 2 are provided in the
next chapter, composing the second part of this work.

Additionally, this chapter has shown how the calorimeter-only information is
used to build jets in ATLAS and how tracking information is exploited only after
jet building for the jet measurement corrections and suppression of pileup effects.
A possible way to enhance even further the reconstruction of such quantities is to
include the tracking information before the jet building stage and to enhance the
resolution of low prt constituents using the better resolution of the Inner Detector at
low momenta. This is the core idea the Particle Flow algorithm, described also in the
next part of this work (Chapter 7).



PartII

HADRONIC EVENT RECONSTRUCTION, PERFORMANCE
AND PILEUP SUPPRESSION






PERFORMANCE OF MISSING TRANSVERSE MOMENTUM

“Hagrid: Yer a wizard Harry!”
- J.K. Rowling, Harry Potter and the Sorcerer’s Stone

Contents

6.1 Er{‘iss reconstruction . . ... ... 89

6.1.1  The ErT“iSS softterm . ... ... ... L 90
6.2  Overlap removal treatment . . . .. ... ... ... ... ... .. 92
6.3 EMSSworkingpoints . . ... ... 92
6.4 Ef¥ performance . .......... ... ... L 93
6.5  The Track-based Soft Term systematics . . ... ... ....... 95
6.6  Object-based EXSS significance . . . ... .............. 96
6.7 Conclusion . ... ... ... ... 99

It has been quickly illustrated in Section 5.6 that the Missing Transverse Mo-
mentum represents the total transverse momentum carried out by invisible particles
produced in the p-p collisions of the LHC. The choice of the transverse momentum is
not accidental and it is due to the lower uncertainty on the particle momenta in the
transverse plane. The longitudinal component of the momentum is largely affected
by the loss of particles in the beam pipe and to the unknown momentum of partons
along the beam axis due to the compositeness of the proton.

At the LHC, the presence of hadronic jets generally dominates the resolution
of ERSS. Due to this reason, EXS is considered as an hadronic-based quantity and it
is also extremely sensitive to the pileup conditions of the collider. In this chapter,
further details about the ATLAS EXSS reconstruction and performance in Run 2 is
provided.

6.1 EY™® RECONSTRUCTION

It has been shown in Equation (5.20) that the Missing Transverse Momentum
can be computed from the negative vector sum of the pt of all the visible particles
resulting from p-p collisions. Considering all the possible objects reconstructed by
ATLAS, it is possible to define

ETmiss — ETmiss,hard + ETmiss,soft - _ <pThard + pThard>
. . . . . . . 6'1
_ ETmISS,LL + ETmlss,e + ETmlss,y + ETmISS,T + ETmlss,) + ETmlss,soft ( )
L 1 L 1
hard term soft term

where ,e,v,T,j correspond to muons, electrons, photons, taus and jets while
Ep™iss*°ft denotes the soft term of the event. This term represents the negative
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pT sum of all the particles which can not be well identified and calibrated in the
detector and associated to the hard-scatter primary vertex. On the other hand, the
total missing transverse momentum associated to the well identified and calibrated
ATLAS objects (also know as the hard objects, including , e, vy, T,j ) is noted Ep™iss/hard
and it is generally referred to as the hard-term of the EXsS. A detailed description
about the reconstruction, calibration and quality selection of these objects have been
provided in Chapter 5.

The Er™ vector can be described using its x and y components in the transverse
plane (see Section 4.2.1 for more details) and also using the magnitude EXS and
azimuthal angle ™ of the ET® vector

ETmiss _ ( I'P,iisl 111_1,135) , (6.2)
Er_i[_uss _ |ETm1s5| — \/(EITI’I,IES) 4 (Eprl,lljs) , (6.3)
$™S = arctan (E%ﬁs/ EFY). (6.4)

Additionally to these quantities, the total transverse energy > Er of the collision is
computed for each event starting from the scalar sum of the transverse momentum
of the objects entering in the ET® calculation:

D_Er=py+pf+pY+pf okt (6.5)

This quantity is used to quantify the hardness of the hard-scatter event in the
transverse plane.

Due to dependency of ETS from the good functioning of the overall ATLAS
detector and the accuracy with which all other particles can be reconstructed, the
reconstruction of this quantity is very challenging and depends on data-taking
conditions. In this context of pileup, several techniques have been studied for the
mitigation of pileup contamination, in particular the usage of JVT for the suppression
of central pileup jets as described in Section 5.2.4, the definition of different ETsS
working points (further details in Section 6.3) and the development of a soft term
stable to pileup. Further details about the latter are provided in the next section.

An additional ET** reconstruction method is represented by the track E? where
the soft term is treated in the same way as TST while the jet pr is estimated using
tracking information only. Since this quantity is purely track-based, it is referred to
as p2iss instead of ER*S and it has different advantages and disadvantages, at it will
be discussed later in Section 6.4.

6.1.1  The EM soft term

The soft term is a challenging but essential ingredient for the EXS reconstruction.
Historically, the estimation of this term has been based on two different ways
techniques:

e The Calorimeter-based Soft Term (CST) where the soft component is estimated
using all the calorimeter topoclusters not associated to any hard object.
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Quantity ‘ Requirement
PT pT > 0.5GeV
n ml < 2.5

do significance % <20
Z0 |zo sin 6] < 3 mm

Table 6.1 — Track selection requirements for track-based soft term [2]. dp and z(p denote the
transverse and longitudinal track impact parameters with respect to the hard-scatter vertex
position.

e The Track-based Soft Term (TST) where the soft term is estimated using the tracks
not associated to any hard object and associated to the hard-scatter primary
vertex.

In the case of TST, the soft term is less dependent to pileup effects even though the
pseudorapidity range is reduced to the tracker acceptance (jn| < 2.5) and the neutral
particle component is not accounted. On the other hand, CST allows to exploit a
larger 1 coverage (| < 5.0) and also to include the neutral particle information.
Due to the large dependency of CST on pileup and the exceptional luminosity of
the LHC during Run 2, the TST has shown better reconstruction resolution and
robustness, making this term the default soft term reconstruction at ATLAS during
Run 2. However, the extension of the pseudorapidity acceptance and the inclusion
of the hard-scatter neutral information are two features that would make the TST
estimation more precise, leading to better EXSS reconstruction performance.

For topocluster-based jets, the track-based soft term is reconstructed using the
requirements listed in Table 6.1. Among these requisites, the cuts on the dy and
zo parameters allow to obtain an optimal association to the hard-scatter vertex and
consequently a good mitigation of soft pileup tracks. Additionally, by not including
the neutral contributions, the track-based reconstruction entirely removes the out-of-
time pileup contributions affecting CST. All the tracks associated to the hard-objects
previously defined are discarded from the soft term calculation. In particular, the
following classes of tracks are excluded from the soft term calculation [2]:

e Tracks with An < 0.2 and Ad < 0.05 with respect to electron and photon
candidates.

e Tracks within a AR = 0.2 cone around hadronically decaying t-leptons.
e ID tracks associated with an identified muon.

e Tracks matched to jets using the ghost-association technique described in
Section 5.2.3.

e Isolated tracks with pt > 120GeV (or pt > 200 GeV for n| < 1.5) having
estimated relative resolution on their pt larger than 40% or having no associated
calorimeter energy deposit with pt larger than 65% of the track pt. This cut
removes mis-measured tracks produced from association of random hits in the
Inner Detector.
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(a) E%‘iss resolution in Z — uu~ events (b) E%‘iss resolution in VBF Higgs events

Figure 6.1 — ET* resolution for Z — pu~ and VBF Higgs production as a function of the
number of primary vertices Npy [2]. The red and green lines denote the Loose and Tight
EMiss working points while the blue one shows the effects of the forward Jet Vertex Tagger
(see Section 5.2.4 for more details).

6.2 OVERLAP REMOVAL TREATMENT

ATLAS carries out an independent reconstruction of different physics object
(electrons, muons, jets, etc.) before combining these into the ErT“iSs reconstruction.
This means that the same calorimeter and tracker signals can result in different objects
causing a double-counting in the EMS calculation leading to a wrong estimation
of this quantity. Therefore, the treatment of ambiguities between close-by physics
objects represents a key aspect of ETSS reconstruction and is generally referred to as
overlap remouval.

Mutually exclusive detector signals are guaranteed using an object filling sequence
starting to reconstruct the E‘}ﬁss from muons (), electrons (e) followed by photons
(v), then hadronically decaying taus (Th,q) and finally jets (j).

6.3 EY'™® WORKING POINTS

The resolution of EXUSS is largely affected by the pileup jets entering in the hard
term reconstruction, specially in the forward region (| > 2.4) where the tracker
information is missing. In order to mitigate these effects, different EI}‘iSS working
points (WPs) have been defined, allowing physics analysis to choose their preferred
jet selection. This feature is important since physics analyses might have different
requirements on jet selection due to their targeted signal events. In Run 2, the set of
ATLAS ETisS working points included:

e The Loose working point, including central jets (n| < 2.4) with pt > 20 GeV
passing JVT requirement (see Section 5.2.4) and forward jets (| > 2.4) with
pT > 20GeV.

e The Tight working point, including central jets (| < 2.4) with pt > 20 GeV
passing JVT requirement and forward jets (In| > 2.4) with pt > 30 GeV.
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Figure 6.1 reports the resolutions of these WPs as a function of the number of
primary vertices Npy. Here, we can see how the ETS resolution in low jet signatures
(e.g. Z — ptp~ events) improves when we reject more pileup jets in the forward
region. Furthermore, the forward Jet Vertex Tagger [64] allows to remove pileup jets
in the forward region (I| > 2.5), improving the ET%* resolution while keeping the
resolution of VBF Higgs signatures'® high.

6.4 EY'®°* PERFORMANCE

The performance of ERS can be studied using different quantities and event
topologies. Due to their abundance, extensive knowledge and selection purity,
Z — ptp and Z — ete final states are widely employed for the study of fake
EMISS effects.

The first quantity generally used to describe the performance of missing trans-
verse momentum is the x, y E’}“iss resolution, defined as the Root Mean Square (RMS)

. : . . ’
! EmlSS,X y Emlss,x,y Enl SS x,y,t!uth (5 5)

An example of EXSS resolution plot as a function of the number of primary vertices
Npy is shown in Figure 6.2a for different EXSS reconstruction techniques. The red
and green curves report respectively the TST and CST reconstruction, while the
track EXUSS is reported in blue. It is possible to note the importance of the soft term
for keeping the ET* resolution low. In particular, we can note the large pileup

dependency of the CST reconstruction compared to the TST and pT*® ones. However,

2 These signatures generally have a lot of forward jets due to their kinematics.
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even if p™ss has almost no pileup dependency across Npy, the lack of neutral
information in the track jets made the TST EXS reconstruction the most performant
and used ESS quantity in ATLAS analyses during the second run of the LHC.

For Z — 171~ signatures, the E?** scale can be defined as the average value of the
projection of Er™* along the Z-boson-axis Az defined as

AZ - 7, (67)

where pZ is the transverse momentum of the Z boson. This quantity (Er™-Az)
allows to characterize the EJ"** direction and its dependence on different ET"** objects
well. Ideally, this quantity should be zero for a perfect ET' reconstruction. Figure
6.2b reports an example of the scale plot for different ET'® reconstruction techniques
as a function of the Z-boson transverse momentum p%. From this plot, we can
note how the ETS scale is always negative with respect to the Z boson direction,
indicating that the quantity recoiling against the Z boson is generally underestimated.
However, different regimes can be identified for different ranges of p% in the plot.
For p% < 20 GeV the quantity recoiling against Az is represented by the soft term
considering that the jet pt threshold is generally fixed at 20 GeV. Looking at the
various curves, we see that all of them generally have an underestimated soft term,
even though the inclusion of neutral particles make the CST reconstruction slightly
better than p™i** and TST. However, for p% > 20 GeV where the jet component starts
to dominate the ET'® reconstruction, showing very different behaviors between
each E’fT’niss reconstruction technique. In particular, we can note how pIT“iSS is biased
along the Z-boson direction due to the total lack of neutral particles in track jets
reconstruction. For TST and CST reconstruction we can see that at very high values
of pZ the two scale plots are merging due to the dominant jet term.

‘Another useful quantity for studying the EMisS performance is represented by the
ET* linearity defined as
. Emiss _ Emiss,true
lin _ [/ ET T
A%n - < Emiss,true > (68)
T

This value describes a good ETsS performance when its value is null. An example
of this plot as a function of the true EsS is shown in Figure 6.3. For W# — e
and W* — p*v signatures, when EIT’“iSS'true is larger than 70 GeV, the reconstructed
EMisS estimation is 2% close to the truth one due to the reconstruction of the hadronic
recoil. On the other hand, for El}ﬁss’tme lower than 40 GeV, the ET* is consistently
overestimated with respect to ET™™ (j.e. A" > 0). This feature is mainly due to
the track-based soft term not accounting for the soft neutral component and the
contamination of pileup jets. The independence of such observations from the lepton
flavour is confirmed by the similarity of the W+ — e*v and W+ — u*v curves. For
tt simulated events, the resolution effects tend to dominate for EIT’nis strue - 120 GeV.
These effects are larger than W+ — 1¥v due to the presence of at least four jets with
low pT and the high sensitivity to pileup-induced fluctuations in tt signatures.

v
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Figure 6.3 — ETi* linearity as a function of truth E*S for different simulations (W* — e*v,
W+ - pFv and tt) [7o].

65 THE TRACK-BASED SOFT TERM SYSTEMATICS

Due to its compositeness with respect to other ATLAS objects, the ET'® does not
have a dedicated uncertainty and various object uncertainties are generally propa-
gated during the EI}“SS calculation. However, the soft term represents a component
uniquely estimated for the ET'® calculation and it needs a dedicated uncertainty. In
this section, we want to provide a description of the parametrization and estimation
of the Track-based Soft Term systematics.

The uncertainty on the soft term is characterized by how well this term is modeled
in MC simulation. In an event topology with zero true EXsS, the soft term momentum
pr°! is expected to be perfectly balanced against pt'*?. Detector resolution effects
spoil the equality between p5*'d and ps°ft. Different projections of ps°®t along phard in
data and MC can be used to study the modeling of the soft term. Three projected
quantities illustrated in Figure 6.4 are studied:

o The parallel scale (Ar), representing the mean value of the parallel projection

of pST"ft along p}T‘ard. The component from the projection is labelled p-erft’H.

e The parallel resolution (o)), defined as the root-mean-square (RMS) of pSTOft’”.

e The transverse resolution (0 ), defined as the root-mean-square (RMS) of the

perpendicular component of ps°!t with respect to p4a™d. The component from

the projection is labelled pS*™-.

The transverse scale is not of physical interest as it is consistent with zero in data
and simulation.

The systematic uncertainty is computed from the maximal disagreement between
the data and different Monte Carlo generators plus parton shower models for a certain
set of p1a™ bins. To account for any differences between event topologies with large

numbers of jets and those without any jets, the total systematic is additionally split

95



96

PERFORMANCE OF MISSING TRANSVERSE MOMENTUM

soft

Ap/v
ﬁ%oft

ﬁrll}ard

~ soft

ft

=3 - SO
miss _
_soft,true ET = ApT

P

Figure 6.4 — Sketch of the track-based soft term projections with respect to pha for the
calculation of the TST systematic uncertainties.

phard bin [GeV] 0[GeV] 0.[GeV] AL[GeV]

0-10 1.87 2.00 0.25
10-15 1.77 1.97 0.50
15-20 1.73 1.98 0.63
20-25 1.91 2.09 0.71
25-30 2.20 2.24 0.75
30-35 2.21 2.29 0.85
35-40 2.36 2.36 0.96
40-50 2.69 2.38 1.07

50-200 3.71 3.04 1.96

Table 6.2 — TST systematic envelope derived using the 2015-2016 ATLAS dataset, computed
as the maximal differences between data and Monte Carlo samples for the parallel scale A,
parallel and transverse resolutions o), 0 .

into jet-inclusive and jet-veto selections and merged later as the maximal variation of
these two cases. Figure 6.5 shows the three projected quantities for the jet-inclusive
and jet-veto cases. The resulting systematic envelope (see Table 6.2) is shown centered
on data, and by construction, all the considered simulated samples are covered by
this systematic envelope. The resolutions in simulation are typically smaller than
that observed in data as seen in Figure 6.5. The uncertainty increases with p4a™d due
to the increasing amount of missing neutral information in the soft term estimation,
and the final uncertainty values typically range from 2 GeV to 5 GeV.

To apply the systematic uncertainties from Table 6.2, the projection of the soft

term is smeared by a Gaussian of the width corresponding to its p4? value for the

resolution uncertainties. The scale variation adds the value corresponding to its piard

to the psTOft’” and it is subtracted for the opposite variation.

6.6 OBJECT-BASED EY'®® SIGNIFICANCE

The degree to which the reconstructed ET® is compatible with momentum
resolution and particle identification efficiencies can be identified by evaluating the
E2ISS significance S(ETISS).
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The EM* significance is defined to test the hypothesis that the total transverse
momentum carried by invisible particles (named pr'™) is zero (null hypothesis)
against the hypothesis that pt™" is different than zero (alternative hypothesis) [71]

maxp, im0 £ (Er™[pr™)
maXpinv—o L (ETmiss|PTinv)

S(EMis)2 = 21n ( (6.9)

An event-by-event likelihood can be calculated assuming that
e The measurement of each particle i is independent of one another.

e For each object, the probability distribution of measuring pr! given true trans-
verse momentum value pr"'™ is represented by a Gaussian probability distri-
bution with covariance matrix Vj.

e Due to the transverse momentum conservation: —pr™ = Y, pr-&Ue.

Under these assumptions, the likelihood function has the form of a two dimen-
sional Gaussian:

—1
s (ETmiSS|PTinv) x exp _% (ETmiss o pTinv)T (Z Vi) (ETmiss _ pTinv) ,
i
(6.10)

and the EXss significance becomes a simple x? distribution

L (ETmiSS|ETmiss

1
S(Er_PiSS)Z —21n ( - (ETmiss‘O) )> — (ETmiss)T (; V1> (ETmiss) ] (6.11)

It is possible to show [71] that, in the coordinate system composed of the parallel
(i.e. longitudinal L) and perpendicular (i.e. transverse T) axes to the direction of
Er™% the total S(EI}‘iSS) can be written as

|E1_1r1iss|2
2 2\’
oL (1 - pLT)
miss

where o7 is the total E‘}‘iss variance in the longitudinal directions to the Et respec-
tively and pp 1 is the correlation factor between these two directional measurements.
This expression is not surprising considering as it corresponds to the definition of
statistical significance, where the numerator corresponds to the observation and
the denominator to the error on that observation. Assuming events where only jets
are present and a dominance of the stochastic term of the jet resolution, o1 can be

estimated as
2
ou= |3 oo |} (\/p%> = [Y_pi=VHr, (6.13)
jet i jeti jeti

leading to the standard event-based EI}“S significance approximation

S(EmMiss)2 — (6.12)

miss
ET

SEF™) ~ Uy

(6.14)
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Figure 6.6 — (a) Relative resolution of different ATLAS physics objects entering in the ETisS
significance calculation. (b) ROC curve showing better acceptance of events carrying invisible
particles at equal background rejection rates from the object-based ER* significance with
respect to different approaches [71].

used by different ATLAS analyses.

In the object-based EXS significance approach, the longitudinal E2S variance
op is determined from the resolutions of each physics object entering in the ERiss
calculation. Figure 6.6a shows the magnitude of these object resolutions entering
in the $(ETS) calculation. Additionally, due to their large contributions to the total
EMisS resolution, this approach specially treats pileup jets that are not removed by the
Jet Vertex Tagger requirement, by adding to the total S(ET*) denominator the prt
of these jets multiplied by the probability of the jet to have originated from pileup,
which is estimated from MC simulations.

Figure 6.6b shows that this object-based definition allows to better separate events
carrying real and fake EXS, enhancing the sensitivity of physics analyses targeting
invisible particles to new physics.

6.7 CONCLUSION

This chapter illustrated the reconstruction and performance of ER, as well as
the systematic uncertainties associated to this quantity. This object represents a
fundamental observable for the searches carried out by the ATLAS experiment (in
particular supersymmetry), and its optimal performance in Run 2 has played an
essential role in providing these analyses with excellent sensitivities to new physics
in Run 2. However, further improvements can be achieved, specially considering
that ET'® is very dependent by jets and pileup jet identification. In this context,
improvements to jet reconstruction made significant enhancement to the performance
of this quantity in Run 2. The next chapter is dedicated to the description of Particle
Flow jet and ET® reconstruction, where the improved low-pr jet resolution and
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better pileup jet identification led to significant improvements of this quantity and
consequently of the ATLAS sensitivity to new physics.
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The best possible identification and reconstruction of final states particles rep-
resents an important pursuit of collider experiments. Composite objects (e.g. jets)
relying on lower level particles can be intrinsically improved when better calibration
and identification of lower level particles is provided, resulting in higher sensitivities
of ATLAS analyses to new physics.

The goal of Particle Flow (or PFlow) algorithms is to identify the individual
particles in the detector and combine the measurement of the different ATLAS sub-
detectors in an optimal way. This can be achieved with a particle detector allowing
to efficiently separate between charged and neutral particles, a feature provided by
a large magnetic field and good calorimeter granularity. One typical Particle Flow
approach is the combination of the tracker and calorimeter subsystems. When these
sub-detectors are combined, the combination procedure relies on the fact that charged
particles can be measured much better by the tracker when the particle pt is low
due to the large bending offered by the ID solenoid, while the calorimeter provides a
better measurement at high pt where the particle tracks are closer to straight lines.
Additionally, this algorithm could provide identification of neutral particles nearby
charged objects after association between charged tracks and calorimeter objects.
These algorithms were first pioneered in the ALEPH experiment at LEP [72] and
later by CMS [73] and were shown to improve the resolution of the reconstructed
jets.

7.1 THE ATLAS PARTICLE FLOW ALGORITHM

In Run 1 the ATLAS detector used pure calorimeter-based jets for the reconstruc-
tion of p-p collisions. Once the jets were built, the tracker information was used for
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the identification of pileup objects and for the calibration of the hard-scatter process.
The Particle Flow algorithm introduces an alternative approach, where the tracker
and calorimeter information are combined prior to jet and ET reconstruction. The
final objects provided by this algorithm represents ideal particles in the detector,
generally known as Particle Flow objects (or PFOs). The energy deposited by the track
of charged particles is “removed" from the calorimeter in order to better identify
neutral signals. Jet reconstruction is then performed on the “particle flow objects”
coming from the hard-scatter vertex, providing charged pileup subtraction prior
to jet building. Such approach started to be studied and discussed within ATLAS
during the first long shutdown of the LHC (2012-2015). Further work, bringing to the
final commissioning of the algorithm, has been performed during the second Run of
the LHC and this techniques is now ready to be employed for the LHC Run 3.

Additionally to the neutral particle identification, Particle Flow aims at improving
the resolution of each particle combining in an optimal way the information from the
sub-detectors. As discussed in Section 4.2.3, the resolution of the ATLAS calorimeter
can be quantified as

O'(E) N 50% ° %
E Tt ®3.4% = (7.1)

Furthermore, the inverse transverse momentum resolution for the ATLAS tracker is
[51]

o <]> pT = 0.036% - p1 © 1.3%. (7.2)
PT

In both formulas, energies and transverse momenta are measured in GeV. Therefore,
for low momenta the tracker provides better resolution while the calorimeter makes
better at high pt. This feature can be understood with the following qualitative
argument: at high p, particle tracks have a very small bending angle, making its
momentum estimation difficult and the calorimeter energy measurement effectively
better due to the low stochastic component resulting from the high number of parti-
cles in the calorimeter shower. However, at low pr, the large stochastic uncertainty
and large noise in the calorimeter makes the tracker transverse momentum estimation
more suited for a precise pt estimation. Therefore, it is natural to use the tracker
information for low pt tracks while the calorimeter in the high pt regime. This is
exactly what the Particle Flow algorithm exploits.

Another useful feature of the tracker-calorimeter association for jet building is
represented by the difficulty to estimate correctly the azimuthal angle ¢ of charged
low p particles due to the large bending power of the ATLAS 2T solenoidal field™.
In fact, these particles can sweep out of the jet cone before reaching the calorimeter,
leading to an imperfect reconstruction of low pt jets. By using the ¢ of the tracks at
interaction point, these particles can be included in the jet clustering, leading to a
better jet estimation of the jet ¢ direction.

The steps of the ATLAS Particle Flow algorithm are described on Figure 7.1.

3 This feature is even more important for CMS, where the Inner Detector magnetic field reaches values

of 4T.



7.1 THE ATLAS PARTICLE FLOW ALGORITHM

Selected
Track [ Match Track

Is
Shower

Cell
split, T Subtraction [

+Remnant
Cluster Removal

Cl > | addel l—;l C E/) Lo o fied
usters yr— > usters T = ompute E/p | Clusters
Clusters i Clusters
i Unchange:
Unmatched Clusters

Clusters

Tracks >] Select Tracks Compute E/p

Figure 7.1 — Schematic of the ATLAS Particle Flow algorithm [51].

7.1.1  Track selection

The inputs of the Particle Flow algorithm are tracks and topoclusters reconstructed
using pure tracker and calorimeter information. In order to perform the matching
between tracks and topoclusters (see next section), a selection of good quality tracks
is performed for the so called tight tracks. These tracks require at least nine hits in
the silicon detectors, no missing hit in the Pixel detector and to pass n| < 2.5 and
pT > 500 MeV. At this stage, no selection on vertex association is made in order to
subtract pileup clusters in the calorimeter in an optimal way later.

Considering that at very high pt the momentum resolution of the tracks is lower
than the calorimeter measurements, tracks having pt > 40 GeV were excluded in the
first version of the algorithm studied using Run 1 samples. This requirement evolved
later in Run 2. Tracks matched to medium quality electrons and muons are excluded
from the calorimeter subtraction as the algorithm is optimized for hadronic shower
subtraction.

7.1.2  Track-to-topocluster matching

The first step of the tracker-calorimeter combination procedure consists of match-
ing between tracks and topocluster in order to identify calorimeter energy deposits
caused by charged particles and perform the energy subtraction. The matching is
performed using the modified AR metric

AR’ = ¢(ﬁ:‘:>z + (ﬁ:)z (73)

where oy, 0, correspond to the angular topocluster widths, computed as the standard
deviation of the displacements of the topocluster’s cells in 1, ¢ with respect to its
barycentre. This modified metric has been preferred as it allows to account the spatial
extent of the topoclusters which may contain energy deposits from multiple particles.

A preliminary selection of topoclusters to be matched to tracks is performed
in order to reduce the amount of wrongly matched topoclusters. This is done
requiring E< /pt™ > 0.1, where EY! is the energy of the topocluster and p'™* the
momentum of the reconstructed track. This preselection allows to reject 10% of
incorrect topoclusters for 1 GeV < pt < 2GeV and 30 —40% for pt > 5 GeV while
keeping the rejection of correct topoclusters below 1% [51].

After this preliminary selection of topoclusters, the AR’ metric defined in Equation
(7.3) is used to match tracks and topoclusters by associating the closest track and
topocluster. If no preselected topocluster is found within AR’ < 1.64, it is assumed
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Figure 7.2 — AR’ distribution of topoclusters correctly and incorrectly associated to a track
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that the particle has not formed a sufficiently high energy deposit and the track is
retained without performing the subsequent energy subtraction. Figure 7.2 shows
the AR’ distributions of the correctly and incorrectly matched topoclusters to a track.
On these figures, the dashed black line illustrates the AR’ < 1.64 cut used for the
association of the tracks and topocluster objects.

7.1.3 Energy subtraction

The subtraction of the energy deposited by particle tracks in the calorimeter
represents a key aspect for the identification of neutral particles being merged with a
charged object. However, in order to subtract the right amount of charged particle
energy, an estimation of the average energy deposited by each track in the calorimeter
needs to be estimated. This step is performed by evaluating the average value of
E<lUs /ptk from a single pion reference sample simulated without pileup. A lookup

ref ref
table is then built for (EX¥*/p™X) as a function of pr, n and the layer of highest energy
density ' (LHED). Only pions have been used since these compose most of the
charged particles in a jet and this lookup table would provide the energy deposited
in the calorimeter by these tracks. Once this lookup table is available, the energy

deposited by a track having a momentum p'™* will be simply estimated as
1 I
E = (B /plif) - P, (7-4)
At this stage, we need to subtract the energy in our calorimeter in order to

identify possible neutral objects merged with charged particles in our calorimeter.
We distinguish now two cases:

1. The expected energy from the track EYU is larger than the energy of the
topocluster E. In this case, the entire topocluster is simply removed.

2. If ¥ < E then the cell subtraction is performed. This is done starting with the
extrapolation of the track position inside the LHED and forming equally-spaced
rings in each calorimeter layer as a function of n and ¢. These rings are wide
enough to contain at least one cell inside the respective layer. Afterwards, the
subtraction begins from the layer with the higher energy density (i.e. the LHED)
according to a parametrization of the shower shape mapping the most likely
energy density profile in each layer. The subtraction is performed from the
innermost ring going outwards, ranking the rings according to their energy
density extrapolated from the single pion MC samples.

A schematic of the energy subtraction in each layer is provided in Figure 7.3 showing
the identification of the neutral object after the complete subtraction of the charged
object energy.

™ The layer of highest energy density (LHED) is the layer of the calorimeter having the largest increase in
energy density as a function of the number of interaction lengths from the front face of the calorimeter
for a given topocluster. The energy density of the j-th cell in the j-th layer is calculated as
_ &y 3
Py = Vii]-’ {GeV/XO}
where Ey; is the energy of the cell in GeV and Vy; the volume of the cell expressed in radiation lengths
Xo-
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Figure 7.3 — Particle Flow step-by-step energy subtraction in two different EMB layers [51].

7.1.4 Remnant removal

Once the energy subtraction has been performed, we can use the spread of
the estimated energy deposition o (E'**) estimated from the standard deviation of
Eclus /pik in single pion samples in order to evaluate if the total track energy has
been removed by the energy subtraction. In the ATLAS Particle Flow algorithm, we
assume that if the energy left in the topocluster after energy subtraction is consistent
with the width of the reference energy distribution (i.e. it is less than 1.50 (Edus))
then it is assumed that the topocluster was completely originated from a single object
and so the remaining energy is removed. This 1.50 (E%*) criterion was chosen as it
optimally separated cases where the matched topocluster has true deposited energy
only from a single particle and those where there are multiple contributing particles
[51]. If this requirement is not satisfied, the remnant is retained considering that the
cluster could have been originated by the overlapping of different particles.

2 RTICLE FLOW JET AND ERFORMANCE
PA C o A EY™S p ORMANC

It has been described in the previous section how the Particle Flow algorithm is
improving the jet reconstruction performance. In this section, the jet performance
is shown. Additionally, the propagation of these effects to the E* reconstruction
performance is presented.
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Figure 7.4 — Charged and neutral Particle Flow objects (PFOs).

7.2.1 Particle Flow jets

Once topoclusters and tracks have been associated, their combined information is
passed as input to a jet building algorithm. This is done by combining the tracks and
topoclusters inputs into two sets of Particle Flow objects (PFOs):

e The Neutral Particle Flow objects composed of topoclusters not associated to any
track or calorimeter signals surviving the subtraction procedure (see Figure
7.4a and 7.4b ).

e The Charged Particle Flow objects composed of isolated tracks or tracks and
topoclusters matched by the PFlow algorithm (see Figure 7.4c and 7.4d ).

The inputs to the jet finding algorithm are then represented by:

e The full set of neutral PFOs, represented by topoclusters unmatched to any
ID track and calorimeter energy deposits resulting from the charged energy
subtraction procedure.

e The charged PFOs matched to hard-scatter vertex. This step is possible due
to the available tracker information, allowing to discard calorimeter energy
deposits associated to pileup interactions before building jets.

The Particle Flow jets are finally formed by running the anti-k; algorithm on these
input constituents.

The Particle Flow jets are improved in several ways with respect to topocluster
jets. Considering that the algorithm uses the tracking information at low pt, im-
provements are expected in terms of energy and angular resolution for low pr jets.
Additionally, since charged pileup constituents are already removed before building
jets, we also expect pileup PFlow jets to be partially suppressed prior to jet creation.
The effects of the better tracker resolution are illustrated in Figure 7.5, where the
jet resolutions of the jet 1, ¢ and pt are shown as a function of pr. In these figures
we can note that the improvements in the jet pt mostly appear for pt < 100 GeV if
compared to the locally-calibrated (LC) jets. The angular resolution of the jet is also
improved in 1, ¢, and this happens because of three reasons:
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Figure 7.5 — Resolutions of Particle Flow jets compared to topocluster-based jets [51, 74]. (a)
and (b) report the n and ¢ resolutions extracted from a Run 1 simulated di-jet sample with
(u) = 24. (c) shows the energy resolution as a function of the simulated truth jet pt using a
fraction of the 2017 (Run 2) collected dataset with (u) = 37.8.
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1. The tracker angular resolution is far superior to the one estimated with the
large shower objects in the calorimeter.

2. The track angular position can be measured at the perigee, allowing to reduce
the spread due to the magnetic field surrounding the Inner Detector.

3. Charged pileup topoclusters are removed before jet building leading to a better
estimation of the jet direction.

It is also possible to note how the ¢ resolution matches the 1 one for Particle Flow
jets while this is not true for LC jets. This is due to the correction of the magnetic field
effects in ¢ provided using the tracking information in the Particle Flow approach.

At high p7, the transverse momentum resolution of Particle Flow jets gets slightly
worse than the LC-calibrated jets. This happens because of two reasons:

e The dense core of high-energy jets comes with challenges for tracking algo-
rithms, causing the tracking efficiency and accuracy to degrade at high p.

e The proximity of the different showers within the high-momentum jets increases
the probability of mismatching between tracks and topoclusters, resulting in
an incorrect energy subtraction leading to a wrong final jet energy estimation.
This effect is also known as the confusion of the Particle Flow algorithm.

This affected the Particle Flow algorithm evaluated using Run 1 data, and it was
partly removed by applying the energy subtraction from tracks satisfying pt <
40 GeV. In Run 2, a smooth disabling of the algorithm for individual tracks in dense
environments better restores the performance of Particle Flow jets at high pr. For all
tracks up to 100 GeV of pr, the energy subtraction is not performed if [76]

Eclus o <Eg<1;)s>
o (Eg—lxlg)

where E9" is the calorimeter energy in a cone AR < 0.15 around the extrapolated

>33.2-log,, (40 GeV/pi+), (75)

track, <Eg}§> and o <E§L‘§’> are the average expected energy deposited by a pion and
its variation. This cut practically truncates tracks above 40 GeV but it also excludes
lower pt tracks from the energy subtraction if these are found to be in very dense
environments [76].

Figure 7.6 shows the amount of pileup and hard-scatter jets which are selected
by the Particle Flow and topoclustering jet building approach. In particular, we can
note in Figure 7.6b how better the Particle Flow pileup jet rejection is compared to
the standard topocluster jets, specially after JVT requirement (refer to Section 5.2.4
for further details). The JVT still has an effect on Particle Flow jets as pileup jets can
be created by the neutral pileup particles which can not be removed through the
utilization of the tracker information. On the other hand, the efficiency of hard-scatter
jets shown in Figure 7.6a shows that while Particle Flow provides a better pileup
jet rejection it also provides a larger acceptance of the hard-scatter jets, proving that
the pileup jet removal is effectively more efficient for Particle Flow jets across the
tracker acceptance (In| < 2.4). Moreover, we can note how the shape of the Particle

109



110

PARTICLE FLOW RECONSTRUCTION

> T e L R e RRE
2 1T mo-22 —e— EM+JES Jets 18 [ po-22 —e— EM+JES Jets 3
k) L —=— EM+JES Jets JVT>059 | © i —=— EM+JES Jets JVT>0.59 |
Et% L Vs=13TeV —— Particle Flow Jets g Li (s =13TeV —— Particle Flow Jets
i —¥— Particle Flow Jets JVT>0.27] E —— Particle Flow Jets JVT>0.27
LW1.05-pive > _ ) PN A . : ]
- P> 25 Gev ATLAS Simulation 1 o F plT 20 Gev ATLAS Simulation 1
S I Preliminary 12 °F Preliminary ]
[S] r B (%)) -1l _
2 1 - ]
17 - s r i
c Q i ]
3 L 1§ L i
@0.95(— — w10
0:0 95- 1K
0.9 4 10%- .
7\ ‘ L1l ‘ I ‘ I ‘ I ‘ I ‘ I ‘ L1l ‘ L1l ‘ \7 :\ ‘ I ‘ L1l ‘ I ‘ L1l ‘ I ‘ I ‘ I ‘ I ‘ \:
4 -3 -2 -1 0 1 2 3 4 4 -3 -2 -1 O 1 2 3 4
t
r]true r]le
(a) Hard-Scatter jet efficiency, pt > 25 GeV (b) Average pileup jets, pt > 20 GeV
2 T T ] L e
<, 04; M~ 22 —e— EM+JES Jets 1 g§l0 £~ 22 —e— EM+JES Jets E
ot —=— EM+JES Jets JVT>059 | O E —=— EM+JES Jets JVT>0.59 7
l‘g (s=13TeV —— Particle Flow Jets ] Li F Vs=13TeV —— Particle Flow Jets R
8 —¥— Particle Flow Jets JVT>0.24 [ —— Particle Flow Jets JVT>0.2 |
| true 5, 4, \V} ) - -~ | P> 4 \V X . I
Cl.OszT 0GeV' ATLAS simulation N 107 P> 40 Ge ATLAS Simulation E
o L Preliminary | S B Preliminary ]
o - R i 1
2 1—--»E rv—; 8,50
5 " 1 m107s E
c I n Q [ |
S0.08" 1§ B :
0098 18
S | Hio%: 4
0.96 ] i ]
:\ ‘ L1l ‘ I ‘ I ‘ I ‘ I ‘ I ‘ L1l ‘ L1l ‘ \: 10-5 ; ‘ I ‘ L1l ‘ I ‘ L1l ‘ I ‘ I ‘ I ‘ I ‘ E
4 -3 -2 -1 0 1 2 3 4 4 3 -2 -1 0 1 2 3 4
t
ntrue nle
(c) Hard-Scatter jet efficiency, p1 > 40 GeV (d) Average pileup jets, pt > 40 GeV

Figure 7.6 — Reconstruction efficiency of hard-scatter (HS) jets and average amount of pileup
(fake) jets for Particle Flow and Topocluster-based jet collections [75]. The first row reports
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different curves show the resolution of the TST and CST soft term reconstruction in the
topocluster-based (EMTopo) and Particle Flow (EMPFlow) approaches.

Flow hard-scatter and pileup jets is more regular within n| < 2.4 compared to the
pure calorimeter-based jets. These feature is due to the removal of the pileup effects
affecting the transition region between between the barrel and the extended barrel of
the Tile calorimeter (see Section 4.2.3 for more details). Differences in the topocluster
and Particle Flow jet reconstruction approach are much less evident for pt > 40 GeV
due to the lower presence of pileup jets at higher jet pt as shown in Figure 7.6c and
7.6d.

7.2.2  Particle Flow E™

We have already illustrated in Chapter 6 how ET® is reconstructed at the ATLAS
experiment. In particular, we have highlighted the importance of the soft term
for the reconstruction of this quantity and the advantages and disadvantages of
the track-based and calorimeter-based soft terms (TST and CST), mainly related
to the utilization of the pure charged and neutral particle information for the soft
term estimation. With Particle Flow, we now have the possibility to exploit a set of
separated charged and neutral objects and to improve the ER in two ways:

1. Through the better reconstruction of Particle Flow jets: pt, n, ¢ resolution and
pileup jet removal.

2. Through inclusion of the neutral information inside the TST estimation.

Similarly to the topocluster EXss, for Particle Flow ET® we distinguish a TST and
a CST approach. In the Particle Flow TST, we essentially reconstruct the soft term
from all the tracks of the hard-scatter charged Particle Flow objects, not associated to
any hard object. The tracks are considered to come from the hard-scatter vertex if

(7.6)

Since the tracks are reconstructed only within the tracker acceptance, this implies
that the Particle Flow TST is essentially identical to the topocluster-based TST, and
that the Particle Flow EMS improvements are due to the improvements to the jet term

|zo sin O] < 2.0 mm.
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only. On the other hand, the Particle Flow CST represents the second reconstruction
approach and it is composed of:

o All the soft charged Particle Flow objects associated to hard-scatter vertex
through the requirement provided in Equation (7.6).

o All the neutral Particle Flow objects not associated to any hard object.

From this definition it clear then that the Particle Flow CST represents the ideal way
to reconstruct the EXSS soft term in the ATLAS detector as it exploits maximally
the tracker information for pilup mitigation and it also includes the soft neutral
information within the full detector acceptance.

Figure 7.7 shows the resolution of the topocluster and Particle Flow-based TST
and CST reconstruction as a function of (i). In these plots we can see how the E‘}ﬁss
resolution of Particle Flow is better than the topocluster TST approach (EMtopo TST).
These improvements are mostly caused by the better estimation of the jet term, even
though the JVT requirements were applied only on the topocluster jets as these were
not investigated for Particle Flow jet only during the 2016 data taking. The resolution
plot for Z — p*p~ events with zero jets shows the effect of the Particle Flow soft
term. In particular, it is possible to note that Particle Flow CST does not perform
better than TST, as it could have been expected while Particle Flow TST performs
similarly to the standard TST EXSS. Moreover, the zero jet plot shows a worsening on
Particle Flow CST with (i) suggesting that the worse performance is caused by the
presence of neutral pileup clusters which can not be removed by the Particle Flow
algorithm.

The effects of JVT applied to Particle Flow ET are shown in Figure 7.9 using
2015 and 2016 simulated ATLAS Z — putp~ events for three different jet selections:
inclusive jet selection, forward jet veto (i.e. no jets with n| > 2.4) and jet veto (i.e.
zero jets). In the resolution plots shown on Figure 7.9b, 7.9d and 7.9f it is possible
to see that the JVT improves even further the resolution of Particle Flow TST Eiss
compared to the standard topocluster approach and that these improvements are
mostly due to the central reconstruction of the detector (n| < 2.4). When the event
selection requires to have zero jets in the Z — p™u~ final state, the resolution of
Particle Flow and topocluster-based ETi*® become identical. The tails of the EXss
distribution are also nicely reduced as shown on Figure 7.9a, Figure 7.9c and Figure

7.9€.
7.3 CONCLUSION AND FUTURE PROSPECTS

This chapter has illustrated the improvements that the charged energy subtraction
and pileup suppression of the ATLAS Particle Flow algorithm provided to the
ATLAS jet and EXSS reconstruction during Run 2. However, even if Particle Flow
reconstruction is now well established within the ATLAS experiment for Run 3,
further improvements of the algorithms are possible for the next years. In particular,
suppression of neutral pileup constituents could represent a very interesting domain
for improving the Particle Flow jet performance even further. In this context, some
possible techniques for neutral pileup mitigation in Particle Flow has been explored
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in ATLAS during Run 2. One specific approach [77], based on multivariate analysis
techniques, is presented in the next chapter.
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CONSTITUENT PILEUP SUPPRESSION TECHNIQUES

“The events of the world do not form an orderly queue, like the English. They
crowd around chaotically, like Italians.”
— C. Rovelli, The Order of Time
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It has been shown in Chapter 7 how the tracking information, exploited before
the jet-building stage, can improve the resolution of jets, ET'** and also enhance their
stability to pileup. However, the current ATLAS Particle Flow algorithm does not
apply any kind of pileup mitigation to neutral particles before building jets, a step
which could increase even further the reconstruction performance of such quantities.
Several techniques already exist for the mitigation of neutral pileup topoclusters and
new approaches have been investigated using multivariate analysis techniques [77].

8.1 OVERVIEW OF CURRENT CONSTITUENT PILEUP MITIGATION TECHNIQUES

Constituent-level pileup mitigation techniques are designed to improve jet res-
olutions on an jet-by-jet basis by cutting on different observables related to jet
constituents prior to jet building. Several techniques have been studied inside and
outside of the ATLAS experiment [78, 79] and this section aims at reviewing some of
these techniques studies before describing their application in the context of pileup
mitigation for neutral Particle Flow constituents.

8.1.1  Soft Killer

Soft Killer [79] represents an event-by-event pileup mitigation technique based
on the suppression of all the jet constituents not satisfying a certain pt cut. This cut -
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Original event After SoftKiller
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Figure 8.1 — Schematic of the Soft Killer p%K definition [79]. The x-axis illustrates a generic 1
or ¢ axis divided into multiple patches and delimited by dotted lines.

noted as p%K - is chosen for each event in order to set to a zero value the median of
the energy density p used in the pileup-area subtraction defined in Section 5.2.3:

. PTi
= med — 8.

P fg?oatlcile’ls ( Ai ) ( 1)
This is done by dividing the n — ¢ plane into a set of squared patches of size 0.6 x 0.6
and by choosing a value of p3X such that half of the patches are filled with particle
constituents. Such technique is schematically shown in Figure 8.1.

8.1.2  Cluster timing cleaning

In Run 2, it has been observed that the 25 ns spacing between LHC p-p bunches
led to significant contamination of the calorimeter readout from out-of-time pileup
contamination (see Section 4.1.1 for more details). In this context, Figure 8.2 shows
the timing distribution of neutral Particle Flow objects associated to hard-scatter and
pileup interactions. Indeed, we know that most of the out-of-time contamination
is neutral since the timing window of silicon detectors is much shorter than the
calorimeter one, meaning that no track is generally associated to out-of-time objects.
In this picture, it is possible to note the two peaks at +25ns corresponding to the
contamination from the previous and next bunch crossing of the LHC, leading to
contaminations in the calorimeter that can not be removed using tracking information.

In order to deal with this contamination, a specific set of rectangular cuts have
been suggested and studied by the ATLAS collaboration in order to suppress such
pileup contamination in an efficient way. A jet constituent is removed if the following
requirements are passed:

1. It falls in the central region of the detector (n < 2.5). This feature is required to
the bad timing resolution in the forward region of the detector.

2. The topocluster time t is greater than 5ns if the average LAr quality Qpa,"
is larger than 0.02. This cut aims at suppressing constituents which are very
consistent with an out-of-time readout shape and it is applied only using the
LAr quality due to the larger impact of pileup to the LAr calorimeter.

5 This quantity represents an integer number between o and 1 quantifying the consistency of the
calorimeter readout with a pre-loaded reference. When Qr 4, is close to zero the readout shape is very
consistent with the reference and very different when close to 1.
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Figure 8.2 — Neutral PFOs timing for dijet MC sample [77]. The figure reports the total,
hard-scatter and pileup contributions and the two peaks associated to £25ns shows the
contamination from out-of-time pileup.

3. The topocluster time t is greater than 15ns if the average LAr quality Qrar
is lower than 0.02. The requirement on the topocluster time is larger here
due to the larger quality of the LAr readout shape, indicating a possibly good
topocluster.

Looking at Figure 8.3 it is possible to note how important this selection is for the
suppression of secondary peaks at +25ns when compared to standard constituent
suppression techniques such as Soft Killer. This picture shows how the simple pt
selection applied with this technique is insufficient to kill the out-of-time pileup
contamination showing the importance of this cluster cleaning in combination with
such techniques.

8.2 MULTIVARIATE NEUTRAL PILEUP SUPPRESSION

We have illustrated in the previous sections the importance of combining different
calorimeter-based information in order to reject the pileup contamination of neutral
particles. Additionally, we have illustrated in Chapter 7 how the tracker information

can be exploited prior to jet building in order to reject calorimeter pileup constituents.

In this context, Particle Flow objects offer an ideal framework for rejecting such
contamination due to the natural separation between neutral and charged particles.

Due to these reasons, in 2018 we started to investigate even further the calorimeter
informations stored inside neutral Particle Flow objects and try to observe if the
combination of several calorimeter quantities could have achieved a better pileup
suppression compared to other constituent-based pileup mitigation techniques for

neutral particles. For this task, a Boosted Decision Tree (BDT) has been explored [77].
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Figure 8.3 — Effects of rectangular timing cleaning on topoclusters and neutral Particle Flow
objects, after application of Voronoi area subtraction [8o] and Soft Killer [79].

8.2.1 Boosted Decision Trees

Boosted Decision Trees (BDTs) are common classification algorithms used in high
energy physics. A binary classification algorithm consists of a function f that, given
a certain set of inputs {x;}, provides an output identifying a specific class type y,
typically represented by a o or 1 integer:

y =f({xi}), whereye{0,1}. (8.2)

These algorithms are generally based on a set of weights {wj;}, fixed during an
iterative process on a well known set input and output variables ({xi},y):. This stage
is generally called the “training” of the classifier.

BDTs are a specific type of function f, based on Decision Trees. A Decision Tree is a
sequence of binary splits applied to the input variables {x;} as represented in Figure
8.4. Despite their simplicity, Decision Trees are extremely affected to overfitting®
and, in order to avoid this effect, a boosting procedure is generally applied to them.
In this procedure, a large number Ny.es of small Decision Trees is trained and, once
the trees output h¢({xi}) is fixed, a combined output is provided through a specific
set of weights {w.} through

N trees

R = > wehe(fxi)). (83)
t

16 An overfitted model consists in a mathematical model having more parameters than the ones justified by

the data observations.
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Figure 8.4 — Decision Tree schematic

The weights {w} are fixed according to the single tree accuracies. The output of
h({xi}) is generally a continuous number and binary classification can be applied
through definition of a specific cut value C such that

y =h({xi}) > C. (8.4)
8.2.2  Input variables and hard-scatter cluster definition

In order to understand which variables to combine inside the multivariate neutral
pileup mitigation algorithm, several calorimeter-based variables associated to the
neutral Particle Flow objects have been studied by comparing them between hard-
scatter and pileup. For this study, for each neutral PFO, we have measured the energy
of the reconstructed PFO Epro and the truth energy associated to the hard-scatter
interaction EX4h. Therefore, we have defined a neutral PFO as a hard-scatter object if
at least half of its energy, normalized to the truth hard-scatter energy, is coming from
the hard-scatter interaction:

isHS = <

Figure 8.5 shows the distributions of different topocluster moments, also described in
Section 5.2.1, considered as inputs for this multivariate analysis algorithm that were
found to provide the largest separation between hard-scatter and pileup. Further
details about these quantities can be found in Section 5.2.1.

The separation (S?) of a variable y used by the TMVA toolkit [81] provides a
good quantity for describing the separation power of these variables. This quantity

is defined as U sty )2
2 fsly) —fely
=3 S (80
where fs(y) and fg(y) are the Probability Density Functions (PDFs) of the signal and
background distributions associated to these variables. Looking at this formula, it
is easy to see that when the distributions fs(y), fg(y) are very close to each other,
the quantity (S?) becomes close to zero while when this separation is large this

truth
Epro — Epgo

truth
EPFO

< o.5> . (8.5)
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rank variable Separation (S?)
1 PT 9.781 x 10~2
2 |timing]| 6.026 x 10~2
3 ml 4188 x 1072
4 <QLAr> 2572 x 102
5 isolation 1.688 x 1072
6 | PUPPI_alpha 1.169 x 10~2
7 Npyv 4,629 x 1073
8 <fLArBadQ> 1.675 x 103
9 (u) 1.551 x 1073
10 (Qile) 1.184 x 1073

Table 8.1 — Variables separation provided and variable ranking by the TMVA toolkit [81]. The
definition of the separation is given in Equation (8.6). The variable ranking is based on the
separation between the variables.

quantity become large and positive, giving a good estimator of the separation power
of these variables. Table 8.3 provides the separation and ranking of each variable in a
kinematic slice of the dijet MC having the leading jet pt included between the values
20 GeV and 60 GeV. From this table, it is possible to see that the variables providing
the largest separation are:

e The transverse momentum pr of the neutral PFO. This result is not surprising
considering that particles with large transverse momentum are more likely to
come from the hard-scatter interaction.

e The cluster timing t of the neutral PFO. This quantity is extremely useful for
the identification of the neutral energy deposits coming from out-of-time pileup
interaction (see Section 4.1.1 for more details).

e The neutral PFO pseudorapidity /.

e The average LAr quality (Qra:) previously defined in Section 8.1.2 and 5.2.1.

e The alpha PUPPI [78] defined as

abupp = log Z f Tue (0.02 < ARy; < 0.3) |, (8.7)

where the sum j is performed over the charged particle flow object coming
from the hard-scatter interaction in the central region (In| < 2.5) and over all
the charged and neutral objects in the forward region (n| > 2.5) due to the
restricted coverage of the ATLAS Inner Tracker. ARj; represents the n — ¢
distance between two objects defined in Equation (4.8) while 6(x) represents
the Heaviside step function.
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Variable name ‘ Settings
Boosting algorithm ApaBoost
Number of trees Niyees 200
Maximum tree depth 4
Number of hard-scatter neutral PFOs 92693
Number of pileup neutral PFOs 4108217

Table 8.2 — Specifics of the BDT training performed using dijet events with leading jet p
included between 20 and 60 GeV [77].

rank variable importance
1 PT 2.039-107"!
2 timing| 1.665-101
3 n| 1.632-107"
4 (Qrar) 1.352-107"
5 | PUPPL alpha | 1.172-107!
6 isolation 8.724-102
7 Npy 7.240-1072
8 m 5.441-1072
9 (Qrile) 0.000 - 10°
10 (fLArBadQ) 0.000 - 10°

Table 8.3 — Variables importance and ranking obtained by the TMVA toolkit [81] after training.
The importance is defines as the total occurrence of a variable inside the trees of the BDT.

8.2.3 Training and performance

The training of several algorithms has been performed using the Toolkit for Multi-
variate Data Analysis with ROOT (TMVA) [81]. After evaluation of the performance
of different algorithms, a Boosted Decision Tree (BDT) has been chosen for the
classification of the neutral Particle Flow objects. Specifics about the trained BDT
algorithm are reported in Table 8.2. Roughly 4 million neutral objects have been used
for the training, all taken from a MC simulated dijet sample having leading jet pr
included between 20 and 60 GeV simulated using the 2017 LHC pileup profile shown
in Figure 4.4. Table 8.3 shows the importance, calculated by the TMVA toolkit of
the variables resulting from the BDT training and their ranking. Unsurprisingly, the
transverse momentum represents the most important variable for the classification,
while timing, quality and cluster isolation quantities also play significant roles for
the classification of neutral particles.

The output of the trained BDT on a test sample, disentangled from the training
dataset, is shown in Figure 8.6a for hard-scatter (HS) and pileup (PU) neutral PFOs.
By probing different cuts on this output, a Receiver-Operating-Characteristic (ROC)
curve has been derived (see Figure 8.6), showing on the y axis the fraction of rejected
pileup objects and, on the x axis, the fraction of accepted hard-scatter objects. When
comparing different classification algorithms, their performance can be compared
by looking at these curves in order to understand which algorithm allows to accept
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Figure 8.6 — Output distribution and Receiver-Operating-Characteristic (ROC) curve curve of
trained BDT for neutral pileup suppression with PFlow [77].

more signal and reject more background. On this figure, the ROC curve associated
to a simple py cut is also reported, showing the better performance of the BDT
approach including more information instead of pt only. Additionally, the Soft Killer
algorithm is also displayed, showing small deviations from the pt only curve as
expected.

8.2.4 Impact on EIS reconstruction

The trained BDT has been used for the classification of neutral clusters in dijet
and Z — p"u~ samples. Negligible differences have been found in the classification
variables and training due to the presence of leptons in the final state. For the
classification, three different working points have been developed:

e A tight working point, corresponding to a cut of 0.077 on the BDT output and
corresponding to a signal efficiency of 90%.

e A medium working point, corresponding to a cut of —0.023 on the BDT output
and corresponding to a signal efficiency of 80%.

e A loose working point, corresponding to a cut of —0.108 on the BDT output and
corresponding to a signal efficiency of 60%.

Figure 8.7 illustrates the impact of these three working point on key distributions
for neutral pileup objects in dijet samples, having leading jet pt between 20 GeV
and 1300 GeV. This larger pt range for the performance evaluation has been chosen
with respect to the training samples in order to verify the survival of very high
pT1 neutral objects after multivariate classification. In these figures, it is possible
to note how the BDT approach allows to remove higher pt neutral pileup objects
with respect to the simple Soft Killer approach, where the bulk of the removal is
concentrated below 2 GeV. This feature is made possible by the combination of
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Figure 8.7 — Distributions showing the impact of different BDT working points, corresponding
to the Tight (0.077), Medium (—0.023) and Loose (—0.108) BDT selections [77]. The black
curves show the distributions associated to the total neutral pileup objects. The blue curve
corresponds to the neutral pileup objects removed by the Soft Killer (SK) procedure, while
the red, green and purple curves show the neutral pileup objects removed by the three BDT
working points.

different variables, allowing to exploit the different correlations between different
quantities and resulting in a better performance than pileup mitigation techniques
based simple assumptions on pt and 1 — ¢ separation of neutral objects. The removal
of higher pt pileup clusters could represent an important improvement for the
removal higher pr pileup jets, leading to further improvements of the ATLAS Particle
Flow algorithm. Additionally, it is possible to see how the BDT is able to remove also
the peaks at £25ns, corresponding to the out-of-time pileup contamination which
is always measured due to the lack of tracking information. In order to verify the
correct acceptance of signal particles, Figure 8.8 shows the same BDT evaluation but
applied on hard-scatter neutral objects. In this figure it is possible to see how the
BDT allows to accept high-momentum neutral objects coming from the hard-scatter
interaction.

The impact on MET has been evaluated using Z — putp~ events with zero
jets. The jet veto has been applied to standard Particle Flow jets since the Particle
Flow jet collections modified by the BDT would need a dedicated calibration that
has not been derived for this work. However, the track-based soft term does not
include any neutral particle information and, after neutral pileup suppression, the
Particle Flow calorimeter-based soft term could lead to improvements on this quantity.
Therefore, the resolution and EI}“SS has been evaluated for Particle Flow TST, CST
and the BDT classification on neutral CST constituents. Figure 8.9 shows the results,
showing significant improvements of the BDT-based approach with respect to the
CST distribution alone. However, the resolution of the BDT-based Ef’rﬁss soft term
is still worse than the TST-based approach, meaning that further work needs to be
done in order to adopt this approach in ATLAS.
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Figure 8.8 — Distributions showing the impact of different BDT working points, corresponding
to the Tight (0.077), Medium (—0.023) and Loose (—0.108) BDT selections [77]. The black
curves show the distributions associated to the total neutral hard-scatter objects. The
blue curve corresponds to the neutral hard-scatter objects accepted by the Soft Killer (SK)
procedure, while the red, green and purple curves show the neutral hard-scatter objects
accepted by the three BDT working points.
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Figure 8.9 — E‘T’fIiss resolution for Z — pp~ events with zero jets [77]. Reported are the
standard Particle Flow track-based soft term (TST) and calorimeter-based soft term (CST)
reconstructions, as well as the CST reconstructions having neutral pileup suppression applied.
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8.3 CONCLUSION

It has been presented in this chapter a novel approach for combining calorimeter
information for the suppression of neutral particles resulting from pileup interactions.
Despite the simplicity of the method, this first study has shown potential for improv-
ing the Particle Flow algorithm even further. However, further ideas and possible
selection improvements will be needed in future in order to evaluate the possible
implementation within the ATLAS offline reconstruction software. These ideas might
include the implementation of more sophisticated Machine Learning techniques, as
well as the utilization of lower level calorimeter cell and tracker information.
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The High-Luminosity LHC (HL-LHC), an upgrade of the LHC planned to be
operative starting from 2026 (Run 4), will raise the instantaneous luminosity of the
LHC up to 7.5 x 103* cm =25~ resulting in a number of simultaneous p-p collisions
(1) =200 [3]. The ATLAS detector is expected to collect an integrated luminosity of
approximately 3000 fb~! after 10 years of operations, improving the sensitivity to
rare new physics channels. Without rejecting the events faking interesting physics
topologies, this would require significant increases of the trigger thresholds and
subsequently to losses of new physics events. Jet and EXS triggers largely rely on
calorimeter information and, without the presence of online tracking, the trigger
thresholds of these signatures will largely increase in Run 4. In view of these increases,
the ATLAS trigger system will be subject to major upgrades for the HL-LHC. One of
these upgrades include a completely revisited Trigger and Data Acquisition system
that, through a new online tracking system, will provide fast track reconstruction for
better physics object identification, calibration and pileup suppression.

After a brief introduction about the main ATLAS detector upgrades for HL-LHC,
this chapter presents a set of studies illustrating how track-based pileup mitigation
will improve ET and multi-jet triggers at the HL-LHC.

9.1 HL-LHC DETECTOR UPGRADES
Additionally to the upgrades provided to the ATLAS detector during LS2, two

major upgrades are expected to happen between the third and fourth Run of the
LHC: the replacement of the ATLAS Inner Detector - also known as Inner Tracker
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Figure 9.1 — Schematic view of the baseline ITk inclined layout [82]. In this schematic, the
x-axis is parallel to the beamline while the y-axis represents the radius from the interaction
point. The active elements of Strip and Pixel Detector are shown respectively in blue and red.

(ITk) - and the complete upgrade of the TDAQ system. In this section are illustrated
the main features of these changes to the ATLAS detector expected for Run 4.

9.1.1 The Inner Tracker

The Inner Tracker (ITk) is an entirely revisited tracking detector for the ATLAS
experiment, expected to be installed in the ATLAS cavern between 2024 and 2026.
Differently from the current ATLAS Inner Detector based on silicon and drift gas
chamber technologies, ITk will exploit pure silicon detectors for charged particle
detection due to the difficulty to use gas-based technologies in such a high pileup
regime. The new tracker is composed of five barrel pixel layers instrumented
with new sensor and readout electronics technologies allowing to improve the
tracking performance and cope with the high HL-LHC radiation. The baseline pixel
technology is a planar hybrid technology, which uses a sensor and a readout chip
bonded together at the pixel level. 3D sensor modules will be preferably used for the
innermost layers, because of their advantages in power consumption and radiation
tolerance [83]. In the barrel, an inclined layout of the outer pixel modules has been
planned in order to allow to reduce the number of modules and the construction
costs. The pixel detector will also include ring-shaped supports in the end-cap
region, allowing to extend the pseudorapidity acceptance up to n| < 4.0 [82]. The
strip detectors are formed by 4 barrel and 6 endcap layers, each composed of a
pair of tilted silicon strip modules allowing to perform a two-dimensional track-hit
measurement. This system covers up to | < 2.7. Figure 9.1 shows a schematic view
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Figure 9.2 — ITk dg and z( track parameter resolutions [82].

of the layout of the different pixel and strip modules composing the baseline ITk

design.

The large number of average interactions per bunch crossing expected from the

HL-LHC every 25ns implies two primary features of the new tracking detector:

e Resistance to high radiation levels (up to 9.9 MGy).

e Optimal longitudinal track impact parameter zy resolution for pileup track

identification.

Both these features have been demonstrated in feasibility and performance studies.

The zy resolution is shown in Figure 9.2b. Performance studies also shown that the

transverse impact parameter do resolution has decreased for track pt > 100 GeV

(see Figure 9.2a) due to the larger radius of the innermost pixel layer '7 while the pt
resolution is improved up to a factor of 2 for pt > 100 GeV due to the substitution
of the TRT with strip detectors (see Figure 9.2c).

7 The innermost pixel layer will be placed at 39 mm from the interaction point due to the larger irradiation

from the HL-LHC. The current innermost pixel layer radius is 33.5 mm [82].
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Figure 9.3 — Schematic of baseline design Phase-II ATLAS TDAQ architecture [85].

Baseline architecture

9.2 THE PHASE-II ATLAS TDAQ UPGRADE

The Phase-II upgrade of the ATLAS TDAQ system aims at improving the online
event selection in order to deal with the large luminosities provided by the HL-LHC.
This upgrade is complementary to the different upgrades of the ATLAS sub-detectors
for Run 4, including;:

e The new Inner Tracker (ITk) described in the previous section.

e The upgraded calorimeter readout electronics of both Liquid Argon (LAr) and
Tile calorimeters providing the trigger with full-granularity information.

e The upgrade of the Muon Trigger Chambers and readout electronics meeting
the Level-o trigger requirements and extending the acceptance of muons in the
trigger.

In addition to these features, the ATLAS HL-LHC TDAQ upgrade will also rely
on the TDAQ upgrades made during LS2 such as the upgraded calorimeter trigger
processors and Feature Extractors (FEX) [84].

Two possible architectures have been defined for the Phase-II upgrade of the
ATLAS TDAQ system [3]:

o A baseline architecture composed of a hardware-based Level-o (Lo) trigger run-
ning at 40 MHz input rate and a CPU farm-based Event Filter (EF) assisted by
hardware-based track reconstruction and running at 1 MHz input rate.

e An evolved version of the baseline architecture where an intermediate Level-
1 (L1) trigger with 2-4 MHz input rate provides an additional filtering step
between the Level-o and Event Filter. In this scenario, the EF input rate is
reduced to 800-600 kHz compared to the baseline scenario.
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Figure 9.4 — Schematic of associative-memory-based tracking sequence performed by the
Hardware Track Trigger (HTT) [86].

Both architectures are designed to provide a 10kHz output rate. A simplified
schematic of the baseline architecture design is reported in Figure 9.3.

9.2.1 Level-o trigger

The Level-o trigger is the first step of the new ATLAS trigger system and it will
reduce the 40 MHz HL-LHC rate to the 1 MHz output in the baseline trigger design.
This trigger is based on a hardware system composed of the Level-o Calorimeter Trigger
(LoCalo), the Level-o Muon Trigger (LoMuon), the Global Trigger and the Central Trigger
(CTP) sub-systems [3].

LoCalo provides reconstruction of calorimeter objects using different FPGA-based
FEXs, namely the electron Feature EXtractor (eFEX), the jet Feature EXtractor GFEX),
the global Feature EXtractor (gFEX) and the forward Feature EXtractor (fFEX). These
systems allow to create complex and high-granularity objects exploiting the complete
ATLAS calorimeter coverage. LoMuon provides muon objects with sophisticated
algorithms and in an extended pseudorapidity n coverage exploiting the entirely
new muon trigger electronics. Moreover, the LoMuon upgrade also includes the first
use of precision Muon Detectors (MDTs) in the hardware-level trigger.

New functionality of the upgraded Lo trigger is provided by high-rate processing
at the Global Trigger. After LoCalo, this system improves calorimeter objects using full-
granularity energy data coming directly from upgraded calorimeter pre-processors
and implementing offline-like algorithms such as topological clustering and anti-
k¢-based jet-finding [3]. Additionally, the Global Trigger takes the inputs from the
LoCalo and LoMuon systems in order to apply topological selections based on pt
and angular requirements®®.

9.2.2 Event Filter and Hardware Track Trigger (HTT)

The Event Filter (EF) system is composed of a CPU-based processing farm and
a Hardware Track Trigger (HTT) co-processor. The main function of the EF is to
refine the selection of the 1 MHz Lo output events through sophisticated offline-like
reconstruction techniques reducing the final output rate. The HTT includes regional

18 This feature is offered today by the ATLAS L1Topo system.
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(rtHTT) and global (gHTT) track reconstruction, where regional tracking is made in
specific Regions of Interest (Rols) limited to approximately 10% of the total Inner
Tracker data while global tracking exploits the full tracker coverage, but only for
10% of Lo selected events. Both regional and global tracking are based on associative
memory techniques, where tracking is accelerated using pre-loaded pattern banks to
be matched to the tracker output (see Figure 9.4). The final output of the EF is fixed
at 10 kHz and the trigger decision is communicated to the Dataflow system, which
transfers accepted events to permanent storage.

9.3 JET AND EY'®®* TRIGGER RECONSTRUCTION AT THE HL-LHC

Jet and EXSS triggers are used in a large variety of different key ATLAS analysis at
the HL-LHC, such as searches for Dark Matter, electroweak supersymmetry, di-Higgs
measurement, and many others. This section illustrates the expected functioning of
these trigger chains in the upgraded ATLAS TDAQ system.

9.3.1  Reconstruction at the Global Trigger

The Global Trigger will exploit full calorimeter granularity, allowing to employ
offline-like reconstruction algorithms for jet and EXUS triggers. The nominal plan for
jet reconstruction at the Global Trigger is the utilisation of topoclusters (see Section
5.2.1 for further details) based on the “42” scheme, where topoclusters are grown
using calorimeter cells having an energy exceeding by at least twice the cell energy
uncertainty (|Et| > 20) starting from a seed cell having an energy four times larger
than its energy uncertainty (|[Et| > 40). This choice is motivated by the fact that only
calorimeter cells satisfying |Et| > 20 will be passed to the Global Trigger due to
restrictions to the data flow at 40 MHz input rate. This topoclustering scheme offers
optimal performance compared to other jet trigger algorithms, as shown in Figure 9.5.
Maximal parallelism for the reconstruction of topoclusters is made possible using
Field Programmable Gate Arrays (FPGAs) [3]. Topoclusters are then passed through
an anti-k¢-like algorithm (see Section 5.2.2 for more details) in order to build jets
at Lo. This is an important goal of the Global Trigger, where jets are wanted to be
reconstructed as similarly as possible to EF and offline jets.

Similarly to jet reconstruction, ER* will also be very close to the offline recon-
struction at the Lo global trigger. Due to the availability of anti-k; jets and other
objects such as electron and muons, a realistic offline EF reconstruction can be
achieved by subtracting the pr of all these objects, as explained in Chapter 6. We can
therefore define the missing Hr (MHT) as

MHT =- ) pr' (9-1)

object i

However, without tracking information for the suppression of pileup jet contributions,
this hardware-based ET® reconstruction will be extremely sensitive to pileup making
the selection of low EXss signals challenging. In the baseline Hardware-Track-Trigger
(HTT) scenario, no tracking information is expected to be available at the Global
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Figure 9.5 — (a) Lo output rates and (b) Lo efficiency curves obtained for a 4-jet trigger using
different jet reconstruction algorithms [3].

Trigger. However, in an evolved scenario, tracks could be available in an intermediate
step making track-based pileup suppression on EXSS quantities possible.

9.3.1.1 Track-based pileup jet suppression at the Global Trigger

The evolved ATLAS TDAQ scenario for HL-LHC expects HTT tracks at L1. These
tracks are reconstructed within Regions of Interest (Rols) provided by the Global
trigger and, due to the limitation in the readable data accessible from the Inner
Tracker (ITk), only 10% of the detector occupancy can be readout from the strip
and the two outermost pixel layers corresponding to a tracking processing rate of
400 kHz. It has been estimated from Figure 9.6 that, for a 50 GeV jet threshold, this
corresponds to 2.8 jets on average corresponding to 13 — 14% of the ITk data [3]. This
means that at the Global Trigger only jets satisfying pt > 50 GeV will be provided
with tracks due to the ITk readout limitations.

Now that it has been clarified from which Rols tracks can be reconstructed, it is
time to define an algorithm for suppressing pileup jets. Considering that standard
vertexing techniques might take a significant amount of time compared to the target
Lo trigger latency, a simplified pileup jet tagger was developed in the context of
MHT reconstruction. This algorithm works as follows:

1. Split the beamline into a fixed set of segments of length Az. After optimiza-
tion, Az = 7mm was found to be an optimal value for signal-to-background
discrimination in MHT-based selections.

2. For each jet satisfying pt > 50 GeV, find the provenance bin i of the jet using
the maximal total track pT as

) , Az
i = max Z PT (|Ztrack — Zpinl < 2) ’ (9-2)

i€jet
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Figure 9.6 — Average number of jets (Njets) as a function of the minimum calibrated offline
jet p1 for different Lo MHT selections [3].

where zﬁin is the z coordinate associated to segment i. Fore each bin 1, the result
of this procedure will be a list of associated jets where one jet can be associated
only to one segment.

3. Using all the tracks within jets satisfying pt > 50 GeV, compute the bin j
having the maximal sum of track pt. This segment will be called hard-scatter
segment and the jets associated to this segment will be considered as hard-scatter
jets. All the other jets will be considered as pileup jets, and not considered in
the MHT calculation.

4. Shift the z segmentation by 4% and repeat the previous procedure. If more
hard-scatter jets are found than in the first iteration of the algorithm, consider
these new hard-scatter jets instead. This step is fundamental for the treatment
of cases where the hard-scatter interaction is very close to the boundary of a
Az segment.

A schematic of this algorithm is provided in Figure 9.7. This algorithm is simple and
it provides a fast identification of hard-scatter and pileup jets. These jets are further
used to build the MHT value. Further discussion about the impact of this algorithm
on jet and ERSS triggers will be provided later in Section 9.4.

9.3.2 Reconstruction at the Event Filter

When events pass the Global Trigger they are sent to the Event Filter for further
processing. At this stage, jets can be formed by the anti-k; algorithm using the
“420” topoclusters as inputs, in analogy to the offline reconstruction. At the EF, track
information can become available at both regional and at full detector level and the
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Figure 9.7 — Schematic of simplified pileup jet tagger based on Rol based tracking. Jets
(numbered from 1 to 4) are associated to a specific z segment of length Az by looking for the
segment having the maximal jet track pt sum. Numbers in red indicate the jet associated to
a specific z segment. The choice of the final HS segment is made using all the tracks within
all jets, looking at the segment having the maximal sum of the track p.

larger available processing time allows to create vertices and select hard-scatter jets
using standard offline techniques (see Section 5.1 for further details). After vertex
formation, tracks can be associated to the hard scatter vertex if these satisfy

|Ztrack - ZvHeSrtex| <20 (Ztrack) . (93)

From these tracks, pileup jet identification techniques can be based on the R
quantity defined in Section 5.2.4. The reconstruction of ET benefits from the pileup
suppression made possible by offline techniques and also from the reconstruction of
the track-based soft term.

9.4 IMPACT OF HTT ON JET AND EY'® TRIGGERS

The performance of ER* triggers can be studied by looking at the amount of
accepted signal events at a given trigger rate. Using a minimum-bias sample', and
assuming a total bunch-crossing rate of the LHC of 40 MHz, it is possible to define
from a specific trigger output rate X a threshold T to be applied on a certain online
observable t in order to select a specific physics type. The larger the value of T, the
lower the output rate X according to the distribution of the considered online event
observable. One of the goals of the trigger system is to select, for a given the rate X,
the highest possible amount of signal events. For multi-jet and ES triggers, without
the presence of online HTT tracks, pileup jets would increase the trigger rate due to

9 A minimum-bias sample is an inclusive physics sample obtained without applying a specific physics
selection on the data.
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offline ET"*® has been reconstructed using an identical technique employed in the EF, even
though track momentum coverage has been extended to pt > 2 GeV.

the large amount of selected background events. Therefore, the identification and
rejection of pileup jets is particularly important for these triggers in order to decrease
their background rates and enhance the acceptance of signal events.

Once a certain threshold value T has been fixed, the efficiency curve, as a function
of an offline observable, can be derived. This curve illustrates the impact of the
online selection t > T on the offline events and two examples obtained for ETs$
triggers are shown in Figure 9.8. Here the impact of different tracking selections on
the offline ETS is displayed. The offline ET*S has been reconstructed including jets
(pt > 20 GeV) and a soft term, for which pileup suppression was applied through
Rp; and the track-to-vertex association illustrated in Equation (9.3). For different
trigger rates, the threshold corresponding to the 95% trigger efficiency Tos can be
derived. Figure 9.9 reports a scan of different background trigger rates X versus Tos
for different HTT configurations. In particular, Figure 9.9a and 9.9b show the impact
of the simplified pileup jet suppression described in Section 9.3.1.1 on Lo MHT-based
triggers for different reconstructed track pt and 1. The inclusion of the simplified
pileup jet suppression results in reduction of trigger background rates by a factor of
2 to 10 and no major difference is observed for track pt between 1 and 4 GeV. The
eta dependency is also negligible here, even though this is probably related to the
low number of high-pseudorapidity signal jets in ZH — vvbb events. Figure 9.9c
and 9.9d report the pt and n dependency from regional tracking in ET* triggers at
the Event Filter. Since tracks are considered to be only reconstructed within Region
of Interests associated to jets, this EF ETsS definition does not include any soft term.
The track pt dependency is more visible with respect to the simplified pileup jet
suppression applied at the Global Trigger while the 1 dependency is negligible. On
the other hand, Figure 9.9e and 9.9f show the pt and n dependency of full-scan
tracks at the Event Filter. Here, the dependency from pt and n is more pronounced
with respect to the regional tracking case due to the inclusion of the soft term. The
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Figure 9.9 — Background rate versus offline EZ® threshold defining the 95% signal efficiency
on ZH — vvbb events for different HTT tracking scenarios and requirements on the track pt
and 1 [3]. (a) and (b) show the impact of the simplified pileup suppression at Lo described
in Section 9.3.1.1. (c) and (d) show the impact of regional tracking at the EF while (e) and (f)

the full-scan tracking at the EF.

Background rate [kHz] Background rate [kHz]

Background rate [kHz]

b ATLAS Simulation 3
10% £ HLALHC Trigger, 5=14 Te E
E ZH = vvbb, (u)=200 7
5
10° £ Jetp, 550 Ge ™ E
F With Regional Tracking Requirements -
3 Track p;>2 GeV; lif<2:5 E
° - T 3
° —F— Trackp,>2 GeV, hi<3.2 E
S F—Track p.>2 GeV; hi<t.0 J
° T 3
. 3
. E
. » .
S . 3
. E
. E
0 5
L] ° 3
v |
. ] ° ]
Y 3

10°
10°
10*

10°
10?

10
1

100 150 200 250 300 350
Offline MET (95% eff.) [GeV]

(b) Lo, track n dependency

ATLAS Simulation
HL-LHC Trigger, {s=14 Te'
ZH = vvbb, (p) = 200
Jetp, >20 Ge! —4— L0
With Regional Tracking
. F— Trackp >1 GeV, hi<2.5

T Track p.>1 GeV, Inl<3.2.
. ¥
.

o —¥— Trackp>1GeV, a0

MG ‘e
—r e,
. .‘w:‘;‘||¥:?v3.;.u
AL 1)

100 150 200 250 300 350
Offline MET (95% eff.) [GeV]

(d) EF, regional track 1 dependency

ATLAS Simulation

HL-LHC Trigger, {s=14 Te! E

ZH = vvbb, (U = 200 ]

E  Jetp_>20Ge —— Lo E
F T Full Tracker Coverage
E . —3&— Track pT>1 GeV, nl<25 3
i ®e, —F— Trackp >1 GeV, i<3.2
E e . —¥%— Track p.>1GeV, Ini<4.0 3
L %o N
E . 3
E AL 1] e 3
T ¥ "' ] ®e :

E ¥ W E
E Ty 3
C W*F#H Lol ik e J

R, 0

100 150 200 250 300 350
Offline MET (95% eff.) [GeV]

(f) EF, full-scan track n dependency

137



138 HADRONIC TRIGGER RECONSTRUCTION FOR THE HL-LHC

N 105 L : L - ; .
T E ATLAS Simulation 3
=, C  HL-LHC Trigger; Vs=14 TeV 3
Qo 10k HH — bbbb, (1) = 200 ]
SO L DR L N
o] - : : H With Regional Tracking Requirements —
cC 103 - P & Track p;>1 GeV; l<d0- i
8 E : e —Z%—— Track p>2 GeV, Inl<4.0 : =
5) C i o —¥— HTrack p>4 GeV, ni<4.0 ; ]
X 1 02 = (] + Track.p. 1‘>18,Gev, <40} e
O E ° 3
© C ® =
Dol 22 ]

E .'"""W ‘ 3

- i i Py i i ]

; 3 LY TN
"r
o e b b b b b b b b 4l

20 30 40 50 60 70 80 90 100 110 120
4th Truth Jet P, (90% eff.) [GeV]

Figure 9.10 - Background rate versus offline ERS threshold defining the 95% signal efficiency
on HH — bbbb events for regional HTT tracking scenarios with different requirements on
the online track pT [3].

full-scan tracking curve with pt > 1GeV and | < 4.0 provides the overall best
background rate curve.

Figure 9.10 shows the scan of different background trigger rates X versus Tos
for the four-jet trigger. This selection is particularly important for the selection of
HH — bbbb events, one of the main ATLAS physics signatures for Run 4. The
track pt dependency of the regional HTT configuration at the EF is shown. No
improvement at for fourth-truth jet pt larger than 80 GeV is shown due to the
only presence of hard-scatter jets at such a high jet pr. For lower fourth-jet pr,
tracking reduces the trigger rate up to a factor of 10 at 50 GeV. However, the track-
pT dependency stops at certain points due to the lack of tracks passing the pr
requirement for low p jets.

9.5 FURTHER IDEAS AND IMPROVEMENTS

For ETsS triggers, the current design of the upgraded ATLAS TDAQ system
and of HTT allows to achieve trigger thresholds very close to the Run 2 values.
However, this feature will not be achieved in the current baseline trigger scenario
for HH — bbbb, where the thresholds of the fourth pt will increase from 45 GeV
in Run 2 with one b-tagged jet to 65 GeV in Run 4 with two b-tagged jets [3]. This
limitation is currently imposed by the Level-o system. In future, the acceptance of
these events might be further enhanced in several ways:

The following ideas might result in improved Level-o selections for HH — bbbb
events. Some of them are currently considered within the ATLAS TDAQ community,
but none of them is included in the results presented in this work.

e Inclusion of jet calibrations similar to offline at the Global Trigger in order to
make the turn-ons of Figure 9.5 sharper.
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e Application of more complex selections on jet momenta and other topological
quantities such as di-jet masses, jet separation and asymmetric selections on
the pr of the four leading jets.

e Inclusion of b-tagging in the Global Trigger. In the evolved TDAQ scenario,
this could be achieved using L1 tracks for the tagging of displaced b-vertices
before the Event Filter. At Lo, this might be more complicated considering the
lack of tracking information. In this case, pure calorimeter information might
possibly be exploited for fast b-tagging estimation, even though further work
will be needed for assessing the feasibility of this approach.

9.6 CONCLUSION

This chapter illustrated the impact of different HTT scenarios and requirements
on the track pt and 1 for the Phase-II TDAQ upgrade. A simplified algorithm for the
pileup mitigation at the Global Trigger has been also shown, providing reductions
of the trigger rate for ETsS and multijet triggers up to a value of 10 in the evolved
trigger scenario. Impact on both ZH — vvbb and HH — bbbb signatures has
been illustrated, demonstrating capabilities of the new trigger system to reduce
significantly the rate and increase the signal purity of multijet and EXS triggers
output. These studies have been used to define the Phase-II ATLAS trigger menu and
have been included in the Phase-II ATLAS TDAQ Technical Design Report (TDR) [3].
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Part I11

THE HUNT FOR NEW PHENOMENA IN SIGNATURES
WITH LARGE JET MULTIPLICITIES






HUNTING NEW PHYSICS IN MULTI-JET FINAL STATES

“Newt: I am writing a book about magical creatures.
Porpentina: Like an extermination guide?

Newt: No. A guide to help people understand why we should be protecting these
creatures instead of killing them.”
- J.K. Rowling, Fantastic Beasts and Where to Find Them
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One of the strongest motivations for the construction of the Large Hadron Collider
is the search for new phenomena at the high-energy frontier. In this context, the LHC
physics program has been extremely successful with discovery of the Higgs boson in
2012 by the ATLAS [20] and CMS [21] collaborations during the first run of the LHC.
However, many questions remain open in the Standard Model and no evidence for
physics Beyond the Standard Model has been found so far.
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This chapter focuses on the description of a search for new physics in events with
large jet multiplicities. In general, such signatures may be the result of long cascade
decays of heavy particles to stable states, typically provided by SUSY and other BSM
theories [87, 88, 89]. After the description of SUSY decays provided in Chapter 3, it
is clear that the long decay chains of gluino pairs can produce a high number of jets
in the final state and, due to the presence of the LSP and the fact that the collision
energy has to be shared across many different particles, the ET' in such signatures
is generally low. Therefore, the search discussed in this chapter has a moderate EXss
selection and a different trigger strategy compared to other SUSY searches. The
large jet multiplicity in such signatures has the advantage of having an extremely
low background due to the low Standard Model cross-sections as, for an emission
of N gluons from a certain process, the total cross-section for such process reduces
approximately by a factor («s )N, where as = 0.145 is strong coupling constant. This
feature makes searches for new physics in high jet multiplicity signatures a good
channel for a potential discovery at the LHC. However, the precise estimation of
the backgrounds for such final states is extremely challenging since, using standard
simulation techniques, large uncertainties on the total background prediction are
estimated, resulting in a reduced sensitivity of these searches. This problem can be
alleviated using data-driven background estimation techniques, where background
predictions are made using large jet multiplicity data, leading to smaller uncertainties
on the total background prediction.

With respect to the firs Run of the LHC, a fundamental feature of Run 2 has
been the increase of the center-of-mass energy of p-p collisions from 8 TeV to 13 TeV,
making the long gluino cascade decays more accessible due to the larger available
phase space with respect to Run 1. As a consequence, the Run 2 dataset has been
analyzed starting from 2015 and four versions of the analysis, using an integrated
luminosity of 3.2,18.2, 36.1 and 139 fb—!, have been performed and documented in
references [90], [5], [6] and [4]. This chapter illustrates the analyses performed using
36.1 and 139 fb~ " collected during the Run 2 of the LHC, and these largely rely on
the design and results obtained in the previous Run 1 [91, 92] and Run 2 iterations.

10.1 ANALYSIS OVERVIEW

Every SUSY analysis aims at defining a specific portion of the phase space where
a large amount of signal is expected to be present while the backgrounds are rejected
as much as possible. Such a region, where signal is the prominent component, is
defined from multiple cuts applied to different discriminating variables and it is
referred to as a Signal Region (SR) of the analysis. In this picture, SRs represent then
the main portions of the phase space where we want to compare the total number
of background and data events. The compatibility between the prediction and the
observation is performed through statistical tests as will be discussed in the next
chapter.

In order to precisely estimate the background processes contaminating the SRs in
a semi-data-driven way, Control Regions (CRs) are defined in order to evaluate the
compatibility and adjust the prediction of the dominant backgrounds with respect
to the collected data. In this context, CRs need to have a low signal contamination
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SR1 SR2
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observable 1

Figure 10.1 — A schematic view of a standard SUSY analysis strategy with associated Signal,
Validation and Control Regions (SRs, VRs and CRs). In this schematic, discrimination between
signal and background-like events is expected to be provided by different observables build
for this purpose, and represented here by the two axes of the cartesian graph.

while ideally having a high purity of a specific background type. Therefore, for one
specific SR, multiple CRs can be defined in order to control different background
processes.

The last set of analysis regions that every SUSY search want to define is rep-
resented by the so-called Validation Regions (VRs). After backgrounds correction
in the CRs, VRs aim at validating the background prediction with respect to data.
Therefore, similarly to CRs, the signal contamination of these regions is again aimed
to be as low as possible in order to not reveal the presence of new physics prior to
SRs unblinding®°. Due to this reason and to the aimed validation of the background
estimation in SRs, VRs are typically placed between the CRs and the SRs as shown
in Figure 10.1.

In the analysis discussed later in this chapter, the signal regions are defined
by requiring events with at least 8, 9, 10, 11, 12 jets and no leptons (electrons and
muons). Sensitivity to different signal models is provided by additional requirements
on Hr, ERss /\/Hy, S(ETSS), Np-jets and M)]:. Further details about these kinematic
variables are described in Section 10.4.3. Despite the veto applied on leptons in
the reconstructed events, backgrounds containing a lepton can still affect analysis
signal regions (see Section 10.3.1 for further details). Therefore, leptonic decays of
the top-quark, W and Z bosons contaminate the signal regions, especially at high
values of ETsS due to the production of neutrinos associated to the semi-leptonic

29SRs are “unblinded” when their background prediction is directly compared to the experimental
observation (i.e. the data). This step happens only when the background estimation has been fully
established and assessed.
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decay of the W boson. These backgrounds, referred to as leptonic backgrounds, are
estimated using Monte Carlo simulation techniques as discussed later in this chapter.
On the other hand, the majority of the background in signal regions (in particular
at low ETsS) comes from real zero-lepton states, in particular pure QCD processes
and full hadronic decays of top pairs and W, Z bosons. This category of background
is referred to as the multi-jet background, which is estimated using a data-driven
estimation method also known as the template method as it will be discussed later in
Section 10.6.2.

10.2 SIGNAL MODELS

Though the search described in this chapter does not apply strict cuts on event-
based observables, allowing it to be sensitive to any possible type of BSM signature
at high jet multiplicity and ERS, SUSY signal models are generally used for the
interpretation of this search. Different SUSY signals have been considered in Run 2
in order to optimize the analysis selections:

1. A slice of the phenomenological MSSM (pMSSM) phase-space based on the
results of the scan of the parameter space done using the Run 1 analysis [93].
This model produces a relatively large number of heavy flavour jets compared
to other models.

2. A simplified model of gluino production with a two-step decay of the gluino
through a chargino, neutralino-2 and then finally decaying to the LSP. We refer
to this model as the two-step gluino decay model.

3. Another simplified model of a gluino decay that, through mediation of a top
squark, decays to a top quark pair and a neutralino. Therefore, final states can
contain a large number of heavy-flavour jets due to the large presence of top
quarks in the final state.

4. A R-parity-violating (RPV) model in which a gluino pair decays via a stop to
tsb .

All of these models have been used for optimization studies, with particular emphasis
on the 2-step and pMSSM models. All models are then considered in the final
interpretation and limit setting.

10.2.1  Phenomenological MSSM slice

The Minimal Supersymmetric Standard Model (MSSM) has over one hundred
parameters describing the spectrum of sparticles and their decay. However, by
applying a certain set of requirements imposed by theory choices and experimental
results, these numbers of parameters can be reduced to 19 (see Table 10.1). This model
is known as the Phenomenological Minimal Supersymmetric Standard Model (pMSSM)
and it considers the following assumptions [93]:

1. R-parity is exactly conserved.
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Figure 10.2 — A reference mass spectrum for a pMSSM model which is excluded by the
multi-jet search and not by any other ATLAS search. Highlighted are the Bino LSP, the
Higgsinos and the gluino.

2. No new sources of CP violation exists, on top of the ones already present in
the CKM matrix.

3. Minimal Flavour Violation (MFV) is imposed at the electroweak scale.

4. The two first generations of squarks and sleptons with the same quantum
numbers are mass degenerate and their Yukawa couplings are too small to
affect sparticle production or precision observables.

5. The LSP is the lightest neutralino, i.e. SUSY is broken by gauge mediation.

From the results of the large pMSSM scan that was performed in Run 1 [93] a
class of models was identified that were excluded only by the Run 1 version of this
analysis and not by any other ATLAS SUSY analysis. This forms an interesting area
of the parameter space that would be difficult to discover by other means, and is
obviously of great interest for interpretation of this search. An example of the mass
spectrum approached by this model is given in Figure 10.2. The gluinos are produced
easily at the LHC, and decay via a long cascade to produce many light-flavour- or
b-jets and a moderate amount of ET'5. The low ET*® selection in this analysis permits
greater sensitivity to these sparticle decays than the harsher cuts used in analyses
optimized for other parts of the SUSY phase space.

A slice of this parameter space has been formed by varying the higgsino mass pa-
rameter and the gluino mass, and fixing the LSP mass to 60 GeV. A two-dimensional
projection is then defined by the physical mass of the gluino and the lightest chargino
physical mass (M3 and p respectively). The rest of the spectrum is generally uninter-
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Parameter

Note

my (= mtz) Left-handed slepton (first two gens.) mass

mg, (=mg,) | Right-handed slepton (first two gens.) mass

mp Let-handed stau doublet mass

mg, Right-handed stau mass

mg, (= méz) Left-handed squark (first two gens.) mass

mg, (= myg,) | Right-handed up-type squark (first two gens.) mass
mg (Emg ) | Right-handed down-type squark (first two gens.) mass
me, Let-handed squark (third gen.) doublet mass

myg, Right-handed top squark mass

my. Right-handed bottom squark mass

M; Bino mass parameter

M, Wino mass parameter

M3 Gluino mass parameter

v Bilinear Higgs mass parameter

Ay Trilinear top coupling

Ay Trilinear bottom coupling

Ar Trilinear T lepton coupling

Ma Pseudoscalar Higgs boson mass

tan 3 Ratio of the Higgs vacuum expectation values

Table 10.1 — Description of the 19 parameters of the Phenomenological Minimal Supersym-
metric Standard Model (pMSSM) [93]. In the table, gen(s). refers to generation(s).

esting for collider searches, hence most of the other superpartners are decoupled by
choosing the following parameters:

Ma =My =3TeV,
tan 3 = 10,
A.t = Ab = AT = 0, (10.1)

M T, = M@ 6e) =0 TeY,

m(é]/éZ/Q?y) = m(ﬁlrﬁz,ﬁg] = m(a1152/a3) — 5T€V

It should also be noted that in this particular plane the Higgs branching ratio to the
lightest supersymmetric particle is very low, such that the limits on the invisible
width of the Higgs are respected.
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(c) Gtt feynman diagram

(d) RPV model feynman diagram

Figure 10.3 — Feynman diagrams of the two-step, pMSSM, Gtt and RPV signal models.

For a mass point of (m(g), m()ﬁt)) = (1200, 200)GeV, the branching ratios of the
decay chain in these models are:

g—t+b+xi (44%) $F > W+x$ (100%)
g—tt+x33 (39%)
g — tt+%7 (2%) 55— Z+5%9 (70%)
g — bbb+ (1%) X35 = h+x9 (30%)
§g—qq+%7 (9%)

which results in a large amount of jets and soft EXS. The Feynman diagram
corresponding to the dominant decay is provided in Figure 10.3a.

10.2.2  Two-step gluino decay model

To allow direct comparison to different analyses, the “two-step” gluino decay is
considered. This model consists of a simplified SUSY model with the production of



150

HUNTING NEW PHYSICS IN MULTI-JET FINAL STATES

a gluino pair decaying to the LSP through a two step decay chain resulting in large
jet multiplicity final states. The decay chain can be summarized as

PP — 99,
J—qq9 X7,

~ ~ (10.2)
T o WERS,

X2 = ZX3-
The parameters of the models are the mass of the gluino mg and the mass of the
neutralino mgo. In this simplified model, both steps are considered to happen with
100% probability and other sparticle decays are assumed to not be kinematically
accessible. The mass of the chargino is set to My = %(mg +mgo ), while the mass of

the second neutralino is set to mgg = %(m;(li +Myo). Itis possible to note that the
number of b-jets of this model is expected to be lower due to the lack of tops in the

final state. The Feynman diagram for this simplified model is shown in Figure 10.3b.

10.2.3 The '‘Gtt’ model

This simplified model is characterized by the pair-production of gluinos followed
by a 100% branching ratio decay to two top pairs and a neutralino

g— tf—l—)N(?. (10.3)

In this decay, the gluino decays through a virtual stop particle having a mass of
5TeV. The parameters of this model are the gluino mass mg and the neutralino
mass Mgo. In this model, the stop could still be undiscovered at the LHC due to
its large mass while the gluino could be accessible by analysis looking at high jet
multiplicities and b-flavoured jets. A Feynman diagram for the off-shell model is
shown in Figure 10.3c.

10.2.4 The '‘RPV’ model

Supersymmetric models in which R-parity is violated typically give rise to final
states with low missing transverse momentum, as described in Chapter 3. Among
the inclusive strong-supersymmetry searches considered in ATLAS, the multi-jet
analysis accepts final states with sufficiently low missing transverse momentum to
be sensitive to these R-parity-violating (RPV) scenarios as shown in Figure 10.4a and
10.4b.

This model assumes production of a gluino pair decaying through g — t+t. An
R-parity- and baryon-number-violating stop decay is considered for the last step of
the decay chain

t—35+D, (10.4)

implying low values of ET'*® and higher jet multiplicities in the signal final state.
Figure 10.3d shows the Feynman diagram of this model, parametrized by the values
mg and m;.

A discussion of how this analysis contributes sensitivity to other RPV models can
be found in Section 11.5.
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10.3 BACKGROUNDS

In order to increase as much as possible the sensitivity to new physics, it is fun-
damental to estimate and understand the contamination of the SRs due to Standard
Model processes in the best possible way. We refer to this contamination as the
background of the analysis.

As quickly discussed in the analysis overview (Section 10.1), Standard Model
processes can affect events with high jet multiplicity and moderate ET'*® mainly in
two ways:

e Through Leptonic backgrounds escaping the lepton veto (i.e. electrons and muons)
applied in the SRs of the analysis. Due to the presence of leptonically-decaying
W and Z processes, these backgrounds are generally the dominant ones at high
ETsS values.

e Through the Multi-jet background, associated to the full hadronic component of
the backgrounds. This background dominates at low and intermediate E%ﬁss
due to the lack of neutrinos in their final state.

The next sections will describe in detail the components of such backgrounds.

10.3.1 Leptonic backgrounds

Leptonic backgrounds are caused by leptonically-decaying W and Z bosons
events which can not be removed by the lepton veto applied to the signal regions of
the analysis. These processes are generally characterized by significant E2S due to
presence of neutrinos in the final state. There are several causes for leptonic events
passing the lepton veto:

1. Since only electrons and muons are treated as leptons in this analysis, hadronically-
decaying T leptons can largely affect the backgrounds of the signal regions
since these are reconstructed as jets*’. The contamination from T leptons is
mostly caused by top-pair, W and Z decays.

2. Presence of Z — vV processes, alone or in association with other hadronically-
decaying top-pairs or W, Z bosons, causing large values of EXS and the
presence of zero leptons in the reconstructed final state.

3. Electrons and muons mis-reconstructed due to a low detector signal or mis-
identified as jets.

4. Electron and muons falling out of the detector acceptance.

Two processes dominate leptonic background contributions: leptonic decays of
tt +jets and W +jets. Despite the large uncertainties on these processes at high jet
multiplicity, the contributions from these backgrounds are estimated using Monte-
Carlo simulations which are then improved by a global fit to data in dedicated
Control Region (see Section 10.4.5).

I Tau leptons are the only leptons being able to decay to hadronic final states due to their mass being
sufficiently large to allow decays to multiple pions.
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(a) tt+ijets (b) W +jets

Figure 10.5 — Dominant Feynman diagrams for tt + jets and W + jets processes.

In p-p collisions, the processes generating tt events are mainly gg interactions
due to the large fraction of gluons present in protons. The dominant Feynman
diagram of such process is provided in Figure 10.5a. Once top-pairs are produced,
due to the diagonal terms of the CKM matrix, we know that the t quark decays 96%
of the times to a bottom quark and a W boson [11]. Therefore, the decay of tt can be
distinguished into three cases:

o Fully-hadronic:
tt — bbWTW~ — bbqqqq,
corresponding ideally to a six jets signature (two b-jets) without real EXss,

o Semi-leptonic:
tt — bbWTW~ — bbqqly,
corresponding ideally to a signature with four jets (two b-jets), one lepton
(positively or negatively charged) and real ETUss,

e Di-leptonic:
tt — bbW W™ — bbl v1"¥,
corresponding to a signature with two b-jets, two opposite-sign leptons and
real EISS,

Although additional jets can be included in these signatures by Initial and Final State
Radiation (ISR and FSR), due to the large jet multiplicity of the analysis, only the
tirst two categories contribute significantly to the total background of this search.
However, fully-hadronic modes are generally characterized by lower EXsS due to the
lack of neutrinos in the final states and they are treated together with the Multi-jet
background described later in Section 10.3.2. Therefore, the core of the leptonic
tt 4 jets background is represented by semi-leptonic tt events.

Using a similar argument to the one used for top-pair production, it is easy
to understand that the production of W-bosons at the LHC is dominated by the
Feynman diagram shown on 10.5b. Clearly, ISR and FSR are needed in order
to achieve a jet multiplicity affecting the analysis signal regions, meaning that
the W + jets background will be smaller than tt + jets due to the larger number
of radiations needed for this background. Section 10.6.1 provides further details
about the estimation of the tt +jets and W + jets backgrounds using Monte-Carlo
simulations.
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Other leptonic backgrounds include: leptonically-decaying Z bosons (i.e. Z + jets),
single top production, diboson production (WW, WZ or ZZ) and the production of tt
events in association with additional heavy particles, including three-top, four-top, tt
+W, tt +Z and tt +WW, also referred to as “tt + X”. These backgrounds contaminates
less the analysis final states due to the large number of final state particles and low
cross-section of electroweak processes.

10.3.2  Multi-jet background

The multi-jet background identifies all the fully-hadronic Standard Model pro-
cesses entering in the signal regions of the analysis. In this context, pure QCD
processes represent the dominant contribution to this background even though the
fully-hadronic tt + jets production, previously described in Section 10.3.1, repre-
sents a non-negligible fraction of this background. Other contributions come from
fully-hadronic decays of W +jets, Z +jets, diboson and tt + X processes.

Due to the low requirement on §(ET%), this background represents the dominant
background of our SRs. However, its estimation can not be performed using MC
simulations due to the difficulty to simulate QCD at such a high jet multiplicity.
Therefore, a data-driven “ABCD” method based on the invariance of the S(EI%“SS)
distribution from the number of jets in the final state Njets has been used for this
scope. In the context of this analysis, this method is also known as the template
method. More details about this technique are provided later in Section 10.6.2.

10.4 ANALYSIS DEFINITION

The results showed in the next chapters where made using the collisions recorder
from the LHC Run 2 started in June 2015 and ended in October 2018. Due to the
constantly changing conditions of the LHC- mainly due to the better handling of
the accelerator operations over time — the triggers used for this analysis changed
significantly between 2015 and 2018. Additionally, more sophisticated reconstruction
techniques were developed by the ATLAS Collaboration, producing relevant changes
in the analysis object definition between the beginning and end of Run 2. This section
describes the triggers, event selection and object reconstruction quantities employed
for this analysis during the Run 2 of the LHC.

10.4.1 Triggers

Triggers are responsible for the selection of the interesting events created by the
p-p collisions of the LHC (see Section 4.2.5 for more details). As specified in the
introduction of this chapter, the long decay chains provided by the models targeted
by this analysis implies lower ETi* compared to other SUSY searches. In this context,
the utilization of a ET'*® trigger could sensibly reduce the reach of the analysis and
for this reason multi-jet trigger chains have been employed for the collection of the
multi-jet data.
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Figure 10.6 — Efficiency turn-on curves, on data and MC, of the fifth, sixt and seventh jet
and unprescaled triggers used for the data taking of the analysis. The x-axis represents the
transverse momentum of the offline jet on which the selection is applied. The offline jets
have been reconstructed using the Particle Flow algorithm.
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In multi-jet triggers the first level of the trigger selection is provided by hardware
triggers, which reconstruct jets with a sliding window algorithm with size 0.8 x 0.8 in
the n-¢ space. At this stage, events are required to contain four jets with pt > 15 GeV
at the EM scale (L1_4J15) and, in some cases, a further restriction to | < 2.5 is
applied (L1_4J150ETA25).

Events selected by the first level trigger enter the High-Level Trigger (HLT), which
implements a more refined software-based jet reconstruction and selection. In the
HLT, the jet selection is made on jets reconstructed from calorimeter topo-clusters
of energy measured in the calorimeter cells, and calibrated in a similar fashion to
the offline jets described in Section 5.2. Due to the increasing luminosity delivered
by the LHC and due to the improved jet reconstruction methods in the HLT, the
trigger definitions have evolved significantly during the LHC Run 2. As a result of
this feature, different triggers have been combined to select events for this analysis.
The selection requirements and the corresponding data periods for each trigger are
given in Table 10.2, while integrated luminosities of prescaled triggers** are provided
in Table 10.3.

Trigger efficiency curves for the main unprescaled triggers are shown in Figure
10.6 for Particle Flow jets reconstructed offline in both data and MC simulations. The
bootstrapping sample®3 for these curves was made using the single lepton triggers
providing a clear reference dataset for these studies. These efficiency curves are
in general not perfect Heaviside step functions due to the differences between the
online and offline jet reconstruction. The impact of the updated online jet calibration
techniques in 2017 is well visible by comparing the efficiency turn-ons of Figure 10.6b
and 10.6d for the 645 and 7j45 selections, where the selection efficiency increased
from 70% to 90% at the offline jet pt threshold of 50 GeV. This motivated the usage
of multiple multi-jet triggers for the analysis of the complete Run 2 dataset. The
discrepancies observed between at low pt (i.e. 20 GeV —50GeV) in Figure 10.6,
are attributed to mis-modeling of the trigger simulation in MC samples. However,
these discrepancies do not affect the background modeling of the analysis since,
as described later in Section 10.4.5, offline jet pt thresholds are applied at 50 and
80 GeV jet pr for the offline selection of events composing the analysis regions.

The prt threshold applied on the online jet defining the trigger selection is
provided by the output rate of the HLT. Generally, high jet multiplicity triggers can
access a pt threshold lower compared to single or double jet triggers, simply due to
the lower cross-section of multi-jet production. This is the main reason why between
the fifth, sixt and seventh jet triggers the requirement on the jet pt decreases.

Once Particle Flow jets became available offline during Run 2, it was clear that
the larger differences with respect to the online topocluster-based jet reconstruction
would have led to slightly worse turn-on in the trigger efficiency curves with respect
to offline topocluster-based jets. This effect is due to the larger differences between

22 Note that some of the sixt jet triggers became prescaled starting from 2017 due to the large trigger rates.
23 When calculating trigger efficiencies for a selection A on data, a bootstrapping sample is formed by a
selection B being uncorrelated and inclusive for A (i.e. A C B) such that the efficiency of A becomes

e(A) = e(A|B)e(B).
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Table 10.2 — Triggers used to collect data for the analysis between 2015 and 2018, stating their
prescale and the calibration methods used. If not explicitly stated, the hardware selection was
made with L1_4315. MC JES indicates that the trigger was calibrated with only a global scale
factor to restore the mean response vs particle-level jets. Calo GSC implies that the GSC steps
based on fractions of energy in different calorimeters were applied, but not the track-based
step. Track GSC implies that the full calibration chain including the track-based GSC step
was applied, in which case the first trigger threshold specified indicates the preselection cuts
applied before calibration with tracks. A single number under the prescale column indicates
a flat prescale (i.e. no prescale) whereas a value in Hz implies a varying prescale to match
the stated target rate (at the stated luminosity).
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Figure 10.7 — Efficiency curves of the seventh leading jet trigger vs. offline topoclus-
ter (blue circles) and Particle Flow (red dots) seventh-leading jet pt in 2018 data. The
HLT_7j35_gsc45_split_L14]15 string describes the online trigger selection, corresponding
to an HLT selection of least 7 jets with pt greater than 45 GeV after GSC calibration and
a L1 selection of at least 4 jets having pt > 45 GeV. The inefficiency of the Particle Flow
approach is the direct consequence of the larger differences between the offline Particle
Flow-reconstructed jets and the online jets based on topocluster reconstruction.

. . Lumi-weighted Integrated .
Trigger item L _1, Data period
prescale luminosity (fb~")
6j45_0eta240 6.051 7.324 2017
6j25_9gsc45_0eta240_L14J150ETA25 7.009 6.322 2017
6j35_9gsc45_0eta240_L14J150ETA25 17.114 3.415 2018

Table 10.3 — Details about luminosity of prescaled multi-jet triggers.

the online and offline jet reconstructions when Particle Flow is considered offline
as only topocluster-based jets were built in the HLT during Run 2. This is well
illustrated in Figure 10.7 where the efficiency provided with respect to offline Particle
Flow jets reaches the plateau later if compared to offline topoclusters jets (~ 50 GeV
for topocluster-based jets and ~ 60 GeV for Particle Flow jets). In order to make
certain that the MC simulation completely takes into account these efficiency effects,
two requirements have been applied on both data and MC simulations:

1. We select the analysis events based on different offline jet pt values - namely
pT > 50 GeV for 6, 7 jet triggers and pt > 80 GeV for 5 jet triggers - in order to
achieve at least 80-90% of trigger selection efficiency.

2. The trigger selection is applied on both data and MC simulation, showing
always less than 5% disagreement with respect to the data above the relevant
offline jet pT selection (see Figure 10.6).
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10.4.2  Physics object definition

The physics objects of ATLAS are designed to be reconstructed as closely as
possible to the particles characterizing the signal events. For this analysis, the latest
recommendations provided by the different ATLAS combined performance (CP)
groups have been used, ensuring the best available calibration and identification of
the final state objects.

The information stored in the EM calorimeter is used for the reconstruction of
both electron and jet candidates (these include also hadronic calorimeter information).
Because of this feature, jets corresponding to a single high-energy electron could
be formed, resulting in an energy double counting for the jet multiplicity and ERiss
reconstruction. Due to this feature, a set of baseline objects are defined on which the
Owerlap Removal procedure is applied to solve these ambiguities. This procedure will
be also described in this section.

The ATLAS object reconstruction has been reviewed in Chapter 5. This section
provides a more specific description of the physics objects requirements used in this
analysis:

JETS
Jets are reconstructed using the anti-k; jet algorithm with radius parameter
R = 0.4 on Particle Flow objects (see Section 7.2.1 for more details). Calibrations
include the MC-based Jet Energy Scale (JES) correction and the Global Sequential
Calibration (GSC) described in Section 5.2.3.

Jets are classified as baseline jets if they satisty pt > 20 GeV, n| < 2.8. Baseline
jets are then considered as signal jets if they pass the overlap removal procedure
described below and the Jet Vertex Tagger (JVT) selection:

JVT >0.2 or In|>24 or pr>120GeV. (10.5)

Further details about JVT are provided in Section 5.2.4. Scale factors are also
applied to jets in order to correct the discrepancies between MC-simulated and
data events.

B-JETS
Baseline anti-k; R = 0.4 jets are tagged as b-jets if they pass the 70% efficiency
working point of the MvV2c10 algorithm, provided they also satisfy pt > 20 GeV,
nl < 2.5 and pass the JVT selection listed in Equation (10.5).

Scale factors are applied to correct the discrepancies between the efficiencies
for selecting simulated b-jets from those assessed in data [94].

ELECTRONS
Electrons are classified as baseline if they satisfy pt > 10 GeV and nqys| < 2.47,
and pass Loose quality criteria (further details in Chapter 5 and [68]). Baseline
electrons are classified as signal if, they pass the Tight quality criteria and the
Gradient isolation working point [68], as well as impact parameter requirements
|zosin 8] < 0.5 mm and do/o(do) < 5, and finally also have pt > 20 GeV.

Correction scale factors derived from data are applied to simulated electrons to
improve modeling of reconstruction and identification efficiencies.

159



160

HUNTING NEW PHYSICS IN MULTI-JET FINAL STATES

MUONS

Muons are classified as baseline if they satisfy pt > 10GeV, n| < 2.7, pass
overlap removal and the Medium quality criteria [69]. They are classified as
signal if they also pass the “FCLoose” isolation working point, as well as impact
parameter requirements |z sin 6] < 0.5mm and do/0(do) < 3, and finally also
have pt > 20 GeV.

Correction scale factors derived from data are applied to simulated muons to
improve modeling of reconstruction and identification efficiencies.

LARGE-RADIUS JETS
Reclustered jets [95, 96] with radius parameter R = 1.0 are produced by a second
iteration of the anti-k; algorithm, where the calibrated R = 0.4 Particle Flow
jets that have passed overlap removal are the input to the clustering algorithm.
Signal jets must also have pt > 20 GeV and [n| < 2.0 to be used for reclustering.
Only reclustered jets with pt > 100 GeV, | < 1.5 are subsequently considered
for the purposes of analysis selection.

MISS
EY

The Missing Transverse Momentum ERS is rebuilt from the various detector
objects as illustrated in Chapter 6. This quantity uses fully calibrated primary
objects (e, photons, W, jets) that pass an overlap removal - based on shared
energy rather than an analysis overlap removal criteria - as well as residual soft
terms comprised purely of tracks associated with the primary vertex.

OVERLAP REMOVAL
Overlap removal is performed using the baseline objects defined above. Between
baseline leptons and jets, the following requirements are applied sequentially:

If an electron and muon share and ID track, the electron is removed.

If a photon is within AR < 0.4 of an electron or a muon, the photon is
removed.

If a jet and an electron are within AR < 0.2 the jet is removed.
If an electron and a jet are within 0.2 < AR < 0.4, the electron is removed.

If a muon track is associated to a jet, or a jet and a muon are within
AR < 0.2, then the jet is removed if number of tracks in the jet ny is lower
than 3.

If a muon and jet are within 0.2 < AR < 0.4, the muon is removed.

10.4.3 Kinematic variable definitions

The kinematic variables described in this section are defined purely from signal
objects and they represent key observables for the analysis.

TOTAL EVENT TRANSVERSE MOMENTUM: Hry
This quantity is defined as the scalar sum of the signal jets having pt > 40 GeV
and n| < 2.8

Hr = ijft. (10.6)
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If leptons are identified in the event final state, these are also included to
this sum if they satisfy the same kinematic requirements of jets. The pt cut
was optimized in Run 1 as part of the studies for improving the data-driven
background estimation of the multi-jet background [92].

OBJECT-BASED EY'° SIGNIFICANCE: §(EY™?)
As illustrated in Section 6.6, the ET'*® significance $(ETS) quantifies the hy-
pothesis that a certain ETSS measurement is consistent with a zero value (null
hypothesis) against the hypothe31s that the true ET*® value p2V is different from
zero. A large value of this quantity indicates that the ETSS has genuinely been
created by non-interacting particles. Assuming that pure Gaussian resolutions
affect the resolution of each object, S(ErTniss) can be assumed to be

Emiss

S(EI—II}ISS) = 0_ (EEII_IISS)

(10.7)
When object resolutions are considered separately for the calculation of o (EIT“iSS) ,

an object-based ETSS significance is built. We will refer to this quantity with
the symbol §(ET%) in the next part of this chapter.

By definition, the ET* significance is expected to be independent of the number
of jets in the event Njets when it originates from pure fluctuations due to detector
mismeasurement (i.e. no invisible particles). This feature represents a key
feature of the data-driven background estimation of the multi-jet background
and it will be illustrated later in Section 10.6.2.

EVENT-BASED E}'*® SIGNIFICANCE: E}'*S /\/Hy
We have already illustrated in Equation (10.7) the meaning of the EMS signifi-
cance and its object-based estimation. However, it is possible to approximate
this quantity assuming that only stochastic fluctuations of the jet energy affect

the jet energy resolution as
o(jet) \/pjﬁt. (10.8)

Therefore, in signatures with only jets, o (EI}ﬁSS) can be estimated as

EmlSS = Zcrz PT) Zp]et HT, (10.9)

jets jets

and so ET* significance becomes

) r_lx_ﬁss
S(EF™®) ~ . (10.10)

TV
We generally refer to this quantity as the event-based B2 significance, and it
represents the main E significance observable used in this analysis until
the 36 fb~! paper [6]. The development of the object-based ET* significance
approach [71] made this variable outdated and it was replaced by S(EXsS) due
to the complete estimation of the jet resolutions leading to better sensitivity to

signal events.
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TOTAL LARGE-R JET MASS: MIZ

Heavy particles produced in the p-p collisions of the LHC and decaying to
light states lead to signatures with large momenta of final state particles.
These signatures are generally referred to as the large mass-splitting (or simply
boosted) scenarios of a certain signal model due to the large difference in the
mass parameters of th model and the large momentum characterizing these
final state physics objects. In this context, M}: represents an ideal event-level
observable for the identification of these scenarios. This quantity is defined as
the total mass of the reclustered large-radius jets (R = 1.0)

M?% = Z m}{:l.o’ (10.11)
j

and it ideally represents the total mass of the heavy particles produced in
the collision. Within this definition, large-radius jets are required to satisfy
pT > 100GeV and n| < 1.5.

TRANSVERSE MASS: Mt
The transverse mass mt is defined as the mass induced in the transverse plane
by a resonance decaying to two objects. For a semi-invisible decay (e.g. the
W-boson decay), this quantity can be defined from the lepton transverse mo-
mentum p$, the ERS and the angle Ad ¢ Emiss between p$ and ETSS as

mr = \/ZpgrE‘T“iSS (1 — cos Ad)g,ErTmss). (10.12)

Due to the lepton veto applied in the SRs of the analysis, this quantity is only
used for the selection of leptonic CR events as discussed later in Section 10.4.5.

Figure 10.4 shows several of these kinematic variables for different simulated
SUSY signals.

10.4.4 Event cleaning

In order to avoid noise in the data possibly leading to discrepancies with respect
to the background prediction, certain event quality preselections have been applied.
These can be summarized as follow:

GOOD RUN LIST

Every time ATLAS starts to collect data from p-p collisions, a new Run of
the experiment is started. Each Run is labeled with an integer number and
it ideally represents a complete cycle of LHC p-p collisions. However, due to
possible issues in the ATLAS sub-detectors or in the data taking mechanism, a
list of good quality runs and lumi blocks is centrally defined by the experiment
and called Good Run List. All data analyses are required to use data events
collected only inside good Runs of the ATLAS data taking.

PRIMARY VERTEX
All events are required to have at least one primary vertex with at least 2
associated tracks. The events not passing this requirement are vetoed.
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ELECTROMAGNETIC ENDCAP CALORIMETER CLEANING
In 2015 and 2016, electronic noise affected the readout of the Electromagnetic
EndCap Calorimeter (EMEC) inner wheel leading to a large rate of fake jets
inside certain events [2]. These events can significantly affect the events of
the analysis due to the large number of jets possibly created by these noise
fluctuations.

These events are identified and vetoed by the presence of a large number of
high-Et clusters in the corresponding | calorimeter region that have poor
quality of the signal pulse shape inside the LAr calorimeter.

BAD JET
Mis-identified jets from non-collision sources - commonly known as fake jets -
can seriously affect the jet and ET'® reconstruction of this analysis. In general,
we can distinguish three types of fake jet sources [59]:

e Beam-induced muons originating from interactions of protons with col-
limators and other accelerator components leading to jets in the ATLAS
calorimeter system.

e Cosmic ray showers, mostly induced by muons and reconstructed as jets.

e Fake jets originating from large calorimeter noises or isolated pathological
cells.

These fake jets can be removed by building variables based on the quality of
the calorimeter cells 4 and the fraction of charged particles in a jet. In this
scope, events having at least one jet with pt > 20 GeV and passing the LooseBad
quality requirement defined in reference [59] are vetoed.

BAD MUON
Badly reconstructed muons can lead to tails in the E’fT’niss distribution. Therefore
events with baseline muons which have at least 20% estimated track momentum
error are vetoed.

PILE-UP JETS
Events are removed if there is a jet with 60 < p1t < 70GeV, n| < 2.0, JVT < 0.2
and with Ad(jet, ERsS) > 2.2. This veto is necessary to reduce the population
of events where a pile-up jet narrowly evades the standard JVT selection.

10.4.5 Event selection

We have previously described in Section 10.1 the general strategy for a Super-
symmetry analysis through the construction of certain analysis regions. We have now
defined the physics objects and observables designed to isolate the events resembling
to new physics and compare the background prediction with the data. In this section
we want to illustrate the set of signal, control and validation regions used to perform
this search. For each region of the analysis we require events to pass all the cleaning
criteria illustrated in Section 10.4.4.

24 This can be done by comparing the signal shape with respect to a reference value.
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10.4.5.1 Signal Regions

Signal Regions are designed to isolate the signal from the background events and
to evaluate the presence of new physics. Signal-like events are isolated principally
requiring a large jet multiplicity and a moderate ET'® requirement imposed via the
use of a $(ET®) selection. The presence of long SUSY decay chains allows to exploit
the larger jet multiplicity of these final states in order to significantly reduce the
backgrounds in the Signal Regions.

Additionally, in order to increase the sensitivity to different SUSY models and
extend the sensitivity of the SUSY parameter space, further classification is applied
through two observables:

e The number of b-jets Ny, jes, enhancing the sensitivity to heavy-flavour-enriched
signals.

e The scalar sum of large-radius jet masses Mf, allowing to achieve additional
discrimination against Standard Model backgrounds for signal scenarios with
large mass-splitting.

Exclusive ranges in Npjets and Mf are chosen such that they can be statistically

combined to enhance exclusion sensitivity to signals as discussed in Chapter 11.

Inclusive signal regions more resembling the previous statistical analyses are also

defined for high jet multiplicity and boosted signal regions (N].SE?S > 11,12 and
30

Niets = 9)-

The selection criteria for signal regions are applied after preselection as follows
(see also Table 10.4 for a summary):

1. Lepton veto: Events with leptons are rejected to reduce backgrounds in which
one or more semi-leptonic W decays produce neutrinos, generating real EJsS.

2. Jet multiplicity: An inclusive Njets requirement is placed on the events. However,
due to the different jet pt thresholds accessible by the fifth and seventh jet
triggers (see also 10.4.1), the number of jets with pt greater than 50 and 80 GeV
- labeled as Nj5e‘t)s or Nji(t)s- are used to count jets in signal regions. Due to the
different jet multiplicities accessible by these triggers, signal regions are formed

for N2 >8,9,10,11,12 and N8 > 9.

jets jets =

3. Flavour tag multiplicity: Similarly to the jet multiplicity, the number of b-jets
with pr greater than 50 and 80 GeV - labeled as Ng’fj)ets and Ngf]?ets— are used to
define the number of b-jets in the signal regions. Three divisions are made:

Nb-jets =0, Nb-jets =1and Nb-jets > 2.

4. Reclustered jet mass sum: Within each Ny, s category, the reclustered jet mass
sum Mf: permits a further subdivision into regions with Mf: thresholds at 0,
340 and 500 GeV.

5. EMS significance: The final analysis cut is on the $(EM$) distribution, and is
placed at $(EXsS) > 5, a moderate threshold which substantially reduces the
multi-jet background component while keeping sensitivity to low and high
ETsS signals high.
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Selection criterion Selection ranges
Lepton veto o baseline leptons, pt > 10 GeV
Jet multiplicity, Njes Njigs >38,9,10,11,12
NEY > 9
Flavour-tag multiplicity, Np jets =0 =1 =2
Jet mass sum, Mf: 0-340 GeV  340-500 GeV > 500 GeV
EI}‘iSS significance, S(El}liss) S(E%‘iss) >5

Table 10.4 — Summary of signal region criteria. The criteria in each row are applied to each of
the options in the preceding row, i.e. three Np jets bins are created for each Njets channel, and

each is subsequently divided into three Mf: bins. The same SR $(ET%) cut is applied to all
bins.

Up to nine exclusive SR bins are therefore defined for each jet multiplicity channel,
and combined in a multi-bin fit, as described in Chapter 11.

10.4.5.2 Control Regions

Control Regions are designed to refine the estimation of the W + jets, tt + jets
and Multi-jet background in SRs by fitting the predictions of these backgrounds to
the data. Due to these reasons, two fundamental features are necessary for CRs:

e Any type of signal contamination needs to be minimized in order to avoid
the inclusion of signals in the scaling of semi-leptonic backgrounds.

e Design CRs where the purity of background processes is maximal.
In this analysis, we distinguish two types of Control Regions:

LEPTONIC CONTROL REGIONS

These regions are used to control the W +jets and tt + jets backgrounds and
they require the presence of a lepton (i.e. a muon or an electron) and a cut on the
transverse mass mt < 120 GeV in order to reduce the presence of possible new
physics signals. Additionally, the purity of W +jets and tt + jets is enhanced by
requiring Np_ets €qual to 0 and > 1 respectively. Table 10.5 shows a summary of
the requirements applied for these regions whereas Figure 10.8 shows different
8(EMiss) distributions obtained using the complete Run 2 dataset (139 b~ ).
The cuts are kept as close as possible to the Signal Region ones, but some of
them are relaxed in order to increase the statistics in the higher jet multiplicity
regions.

MULTIJETS CONTROL REGIONS
These regions are designed to control the Multi-jet background. The estimation
of the multijets background component will be described in Section 10.6.2.
These are defined by applying the same SR observable requirements, apart for
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Figure 10.8 - S(E?r‘iss) distributions for different electrons (e) and muon (p) leptonic control
regions obtained using the complete Run 2 dataset (139 fb—).
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Selection criterion  Value

Trigger Same as SR
Number of leptons Exactly one baseline electron or muon
mr lower than 120 GeV
Njets Nsg — 1, pt and 1 requirements as for SR
N jets Equals to o (W +jets) or greater
and equal than 1 (tt + jets)
My Same as SR
S(ET'S?) S(ET™s%) > 4.0

Table 10.5 — Definition of the leptonic Control Regions used to normalize the tt +jets and
W +jets backgrounds.

the S(EIT“iSS) one which is fixed as 3.0 < §( E‘}‘iss) < 4.0 in order to enhance the
presence of Multi-jet background.

10.4.5.3 Validation Regions

Validation Regions are used to verify the validity of the background estimation
in SRs and to assess the benefits of the CRs adjustments. These regions are generally
placed between the signal and control regions (see also Figure 10.1) and are also
required to be minimally affected by signal contamination. In this analysis, two sets
of validation regions are defined:

EY'®® SIGNIFICANCE VALIDATION REGIONS VRg(puss)
These regions are defined by the same set of cuts applied to SRs, apart for
the S(EI}“SS) requirement defined as 4.0 < S(ErTniss) < 5.0, allowing to test the
validity of the Multi-jet background estimation.

JET MULTIPLICITY VALIDATION REGIONS VRN,
In contrast to VRg(gmis) regions, jet multiplicity validation regions are de-

fined through an identical requirement on EXUS significance to signal regions
(S(EMis) > 5.0). This allows not only to test the closure of the Multi-jet back-
ground and high S(E‘}‘iss), but also to check the prediction of the semi-leptonic
contributions provided by W +jets and tt + jets after fit of the Leptonic Control
Regions. In order to keep signal regions blinded, these VRs are kept away
from SRs by looking at lower jet multiplicities where no signals are expected.
This is done using the ste?s =6 and ste(t)s = 7 jet multiplicities for 80 GeV and
50 GeV signal regions. Due to the loss of sixt-jet triggers for 50 GeV jets in
2017, the multi-jet estimation at Njifs = 7 has been performed using prescaled
6-jet triggers as described in Section 10.4.1 and 10.6.2. Figure 10.9 shows two

examples of EMSS significance distributions in 50 and 80 GeV VR, regions.

jets

Table 10.6 reports a summary of the requirements applied for the definitions of VRy
and VRS(Er_PiSSJ .

jets
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Region type VRg (gmiss) VRN
Lepton veto | o baseline leptons (electrons and muons)
Same as SR NS =7
Njets or
Same as SR NEY =6
Npjets Same as SR
M% Same as SR
S(Emiss) 4.0 < 8(ET$S) < 5.0 Same as SR

Table 10.6 — Definition of Validation Regions for multijet, tt +jets and W + jets background
estimation relative to each SR bin.

10.5 OPTIMIZATION STUDIES

A crucial point for an analysis looking for supersymmetric particles is represented
by the optimal definition of the signal and control regions. In this section, we illustrate
the optimization studies that provided, for the different Run 2 analyses across the
years, the definitions of the various variables selections defining the SRs providing
the best sensitivity to the targeted signal models.

In the previous version of this analysis using 18.2fb~! [5], sensitivity plots
showed that a cut of M¥ > 500 GeV was optimal to search for models with high
gluino mass, whereas M% > 340 GeV and M% > 0 GeV was more sensitive to models
with higher neutralino masses. This feature is essentially due to the different mass
splitting between Am = mg —myo, defining the pr of the objects resulting from the
intermediate cascade decays such that:

e For mg ~ myo, jets have low momenta due to the small amount of energy
accessible from Am = mg — Myo. In this case, the resulting particles are less

boosted and therefore a lower Mf: cut gives more sensitivity to these scenarios.

e For mg > mgo, jets have large transverse momenta, resulting in a larger
sensitivity from MIZ > 500 GeV.

Figure 10.10a and 10.10b shows such trends for 95% CL poisson discovery limits* in
the signal region having Njfz?s > 9. These plots represented a fundamental study for
the optimization of these cuts.

In analogy with the Mji cut, the jet-pt selection has been optimized later for
the 36 fb~ " analysis [97] in order to define the cuts allowing to exploit the maximal
sensitivity coverage in the gluino and LSP mass plane. These studies led to the
utilization of 80 GeV jet pt signal regions, allowing to exploit lower jet multiplicities
than 50 GeV signal regions due to the lower jet multiplicity accessible by multijet

triggers with 80 GeV. Figure 10.10c and 10.10d shows the 95% CL discovery limits

25 This has been computed using the RooStats: :NumberCountingUtils::BinomialExpP function docu-
mented inside https://root.cern/doc/master/NumberCountingUtils_8cxx_source.html.
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Figure 10.9 — S(EXS) distributions for different VRN, T€gions obtained using the complete
Run 2 dataset (139 b~ ).

associated to different jet p selections, illustrating the larger reach in larger mass
splittings of the pt > 80 GeV cut.

The low S(ETi%) cut used to define the signal regions represents a unique feature
of this analysis, allowing to target physics scenarios which are unaccessible for
many of the other ATLAS searches for SUSY. In the first Run 2 iterations of this
analysis [90, 5], % > 4.0 was providing an optimal EXUS significance selection for
the analysis signal regions. However, for the 36 fb~! analysis [6], the ET /\/Hy
cut was optimized using three signal grids: the pMSSM, the two-step and the RPV
model. Figure 10.10e and 10.10f compare the sensitivities obtained for the two-step
and RPV signal grids for the ste(t)s > 9 signal region. These plots clearly show that
an increased sensitivity can be reached by a cut greater than 4 for the two-step,
whereas the RPV sensitivity seems to become worse for the same set of cuts. This
feature is not surprising considering that the RPV decay chain does not contain
any stable SUSY invisible particle and therefore it is provided with a lower ERss.
The enhancements of the 95% confidence limits associated to the two-step and the
pPMSSM model suggested to select a larger EXsS /\/Hr cut for the definition of our
SRs and this value was fixed at 5 considering the small sensitivity reduction for the
RPV model with this larger EXsS /\/Hy cut.

10.6 BACKGROUND ESTIMATION

As discussed in Section 10.3, the estimation of the background processes at high
jet multiplicity is fundamental for the testing of new physics signals in the analysis
SRs. This section is dedicated to the description of the estimation of the Standard
Model processes entering in the analysis regions.
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10.6.1 Leptonic backgrounds

Leptonic backgrounds in SRs are estimated using Monte-Carlo simulation tech-
niques. These techniques are able to take the theoretical description provided by the
Standard Model Lagrangian (see Chapter 2) and output a dataset containing all the
signals that these particles left in the ATLAS detector. The same kind of dataset is
recorded during the p-p collision of the LHC and it represents the data (or observation)
of the experiment. Each simulated dataset is also provided with a cross-section
allowing to estimate the total contribution with the total data integrated luminosity.

Top-pair events have been simulated using the matrix elements calculated at next-
to-leading order (NLO) using the POWHEG-Box v2 generator with the NNPDF3.0NLO
PDF set [98]. For this process, the top quarks were decayed using MadSpin [99] to
preserve all spin correlations, while parton shower, fragmentation, and the underlying
event were simulated using PYTHIAS8 [100] with the NNPDF2.3L0 PDF set [101] and the
ATLAS A14 tune [102]. After hadronisation, interactions of final particles with the
ATLAS detector are simulated using the GEANT framework [103]. All tt MC samples
have been normalized to the NNLO + NNLL cross-section from Top++ [104].

On the other hand, events containing a W or Z bosons have been simulated using
the SHERPA 2.2.1 generator. Matrix elements were calculated for up to two partons at
NLO and four partons at LO using the COMIX and OrenLoors [105] matrix element
generators and merged with the SHERPA parton shower [106] using the ME+PS@NLO
prescription [107]. The NNPDF3.0 NNLO PDF set was used in association with a
tuning performed by the SHERPA authors.

10.6.2  Multi-jet background

Section 10.3.2 discussed the composition of the multi-jet background and the
fact that it needs to be estimated in a data-driven way. In this context, an “ABCD”
background estimation method is applied, aiming at estimating the amount of multi-
jet background in a region D starting from the knowledge of the multi-jet yields
in regions A, B and C formed by two uncorrelated variables. In the context of this
analysis, this method is commonly known as the template method and it relies on
several properties of the §(ET) variable:

e New physics signal will appear at high values of §(EX$), whereas backgrounds
will mostly dominate the low values of the S(EXS) shape as previously dis-
cussed in Section 6.6.

e The shape of the S(ET'*) distribution is invariant under changes of the jet
multiplicity Njets for events dominated by mis-measurement effects (i.e. no real
Emiss).

m

Therefore, the estimation of the full-hadronic background of the analysis signal
regions can be performed using the two uncorrelated variables S(ET™*) and Niets.
The template method is designed to estimate the amount of multi-jet background
at high jet multiplicity and high values of S(ET*). This method relies on the
invariance of the $(ETS) shape generated by fully-hadronic processes from the jet
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Figure 10.11 — Example of regions used in the template method for the multijet background.

multiplicities Njets, Njigs and N]-SQ?S. The procedure is also schematically shown in
Figure 10.11.

The idea is the following: the expected multi-jet yield in a signal region called
D at high jet multiplicity and S$(ER*) > 5.0 can be obtained from the multi-jet
background estimation at lower jet multiplicities, where no signal is expected (i.e.
regions A and B). Since the multi-jet cross-section changes significantly between
different jet multiplicities, the measured multi-jet yield in region B Ng needs to be
normalized somehow to the high jet multiplicity. This can be done using the multi-jet
yields in regions A and C where, due to the low S(EI{“SS) requirement (S(El}ﬁss) < 2.0),
no signal contamination is expected to affect the scaling of the multi-jet prediction in
Signal Region D. Dedicated studies showed that the fraction of signal contamination
for the models under test is found to be in the range < 0.1% to 10% depending on
the region. The predicted multi-jet yield in the signal region becomes then:

Np = —N5. (10.13)

In this equation, N, Ng and N¢ are the multi-jet yields estimated from the difference
between the data and the simulated leptonic backgrounds. A similar procedure is
used to make predictions in the control and validation regions having intermediate
ranges of S(ErTniss) (ie. 3.0 < S(ErTniss) < 5.0) and documented in Section 10.4.5.

10.6.2.1  Template regions

It has been illustrated in the previous section how the extrapolation of the
S(EXsS) template from region “B” needs to be done from a low jet multiplicity
8(EXss) distribution. We generally refer to these regions as the Template Region (TR)
of the analysis.

The utilisation of five-jet and seven-jet triggers imposes a different definition

of the template regions for stegs and Nj%‘t)s. In general, for 50 GeV signal regions
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employing seven-jet triggers, the template is extrapolated from N]i(t)s = 7 since this
is the lowest jet multiplicity accessible in data for this trigger. For the same reason,
for 80 GeV signal regions the N80 = 5 §(EMiss) distribution is employed for the

jets
extrapolation of the multi-jet estimation.

10.6.2.2  Hry binning of the template method

In order to reduce the dependence on Ht caused by the residual dependency of
S(EXiss) from the event activity, this procedure is repeated for different bins of this
quantity. Considering i =1, ..., N Ht bins, the final multi-jet background estimation
is

N N i
¢ & Nt .
Np = E Np = E iCN}g (10.14)

where the index i denotes multi-jet yields in a specific Ht bin. The choice of the Ht
binning is done in an adaptive way through the following procedure:

1. We split the Hy distribution into a set of bins with fixed width W,qaptive-

2. Starting from the lowest Ht bin, the next highest bin is combined with the
previous one until a minimum number of events Ngg;‘pﬁve is reached in both
low and large jet multiplicity regions.

3. The merged bin ranges are fixed, and the merging procedure is repeated on
the next Hy bin.

4. This procedure is iterated until each bin in the Hy distribution has been
considered.

The resulting Ht ranges from this procedure represent the final set of bins used
for the Hy-binning of the template method. The adaptive bin ranges are defined
independently for each signal region in order to maximize the closure of the multi-jet
background estimation and to minimize any dependency on a fixed Hy-binning
choice. Additionally, it is possible to note how the entire procedure depends on two
simple parameters: Wgaptive and Ngg;‘pﬁve. A systematic uncertainty related to the
choice of these two parameters is applied and discussed later in Section 10.7.

10.7 SYSTEMATIC UNCERTAINTIES

Systematic uncertainties are fundamental to quantify the accuracy of the back-
ground estimation in the different analysis signal regions. In general, we distinguish
three types of systematic uncertainties, which are then considered as nuisance pa-
rameters of the profiled likelihood fit described later in Chapter 11:

e The experimental systematic uncertainties, quantifying the impact of the mis-
measurements effects related to the ATLAS detector.

o The theoretical systematic uncertainties, quantifying the precision of the theoretical
models used for the MC simulation of the background processes.
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o The template systematic uncertainties, describing the systematic effects due to the
data-driven template estimation.

All these systematics and their estimation are described in the next sections.

10.7.1  Experimental uncertainties

These include uncertainties on energy scales/resolutions of various physics
objects, including particle reconstruction and identification efficiencies, as well as the
integrated luminosity recorded by the ATLAS experiment. As expected, due to the
large number of jets characterizing the signal regions of this analysis, the dominant
experimental uncertainties are the ones related to jet reconstruction. Additionally,
due to the lepton veto in the SRs, systematics on the lepton efficiencies and on
lepton energy scale/resolution enter only through the CR measurements of the
backgrounds.

The list of important experimental systematics is provided here:

JET ENERGY SCALE
These take into account the effects of the nuisance parameters associated to the
Jet Energy Scale correction (see Section 5.2.3 for further details).

JET ENERGY RESOLUTION
Uncertainties on the jet resolution are evaluated by smearing the jet energies
using a Gaussian, whose mean and width values are determined from the
difference between the jet resolutions measured in MC and data.

JET VERTEX TAGGER
The efficiencies for tagging pileup (hard scatter) jets with the JVT discrim-
inant are corrected in MC simulation by applying scale factors derived by
measurement of jet rates in pileup-enriched (depleted) phase space regions.

FLAVOUR-TAGGING
Scale factors are applied to correct the simulated b-tagging (in)efficiencies to
better match the data. Uncertainties on these scale factors are determined from
variations in the various jet flavour components and for the extrapolation of
systematics into regions where the measurements are statistically limited.

MISSING TRANSVERSE MOMENTUM SOFT TERM
Uncertainties on the hard object components in the ET'* are propagated from
the systematics on the selected objects. Additional uncertainties on the soft EXss
component are applied as variations on the scale of the TST, and smearing of
the TST by the difference between data and MC resolutions in two orthogonal
projections of the soft term with respect to the balancing hard terms. See
Section 6.5 for further details.

PILEUP-REWEIGHTING
Two variations are applied to the data scale factor used for pileup-reweighting,
accounting for uncertainties on the degree of mismodelling of the minimum
bias overlay used in MC pileup simulation.
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10.7.2 Template uncertainties

As previously illustrated, the multi-jet background represents the dominant
background component of the analysis signal regions, meaning that tne systematic
uncertainties associated to this background are particularly important. Considering
that this background is purely estimated using data, data must also be used for the
evaluation of the systematic uncertainties in signal and validation regions.

In general, uncertainties on the multi-jet template prediction are assessed from
three sources:

e An overall non-closure systematic based on testing the accuracy of the predic-
tions in a set of validation regions kinematically close but orthogonal to the
signal regions. We generally refer to the uncertainty covering such effect as the
template closure systematic.

e Potential differences in the template shape due to differences in flavour compo-
sition - in particular full-hadronic tt processes - between Njeis = 5, 6,7 and high
jet multiplicities. We generally refer to the uncertainty covering such effect as
the template flavour systematic.

e Residual kinematic biases due to the binning of the predictions in Hy. We
generally refer to the uncertainty covering such effect as the template Hy-binning
systematics.

The sizes of these uncertainties are summarised in Figure 10.12 for the multi-bin
signal regions used in the analysis. In general, the non-closure systematic dominates,
while the Hy-binning systematic is almost negligible. In a handful of cases, the
flavour-dependence systematic is comparable to the non-closure. Single-bin signal
regions showed similar results.

10.7.3 Theoretical uncertainties

Theoretical systematic uncertainties affect the MC-based predictions of the lep-
tonic backgrounds in the signal, validation and control regions. These are generally
estimated from comparisons between the nominal simulated backgrounds and the
same backgrounds simulated using different sets of simulated parameters.

The strategy for calculating the tt and single top theory uncertainties are summa-
rized in Table 10.7, while W + jets and Z + jets uncertainties are provided in Table
10.8. The diboson systematics are be as for W +jets and Z + jets samples, while an
overall 50% uncertainty is fixed on the rare tt + X processes.
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Name

Covered uncertainty

Hard Scatter Generation and | Variations of matrix element MC calculations and matching scales.

matching

Fragmentation/Hadronization | Variations of different partonic showering and hadronization

model

models.

Initial State Radiation (ISR), up | Variations in the renormalization and factorization scales (0.5 x

variation

the nominal scale) and the variations in the showering.

Initial State Radiation (ISR), | Variations in the renormalization and factorization scales (2 x

down variation

the nominal scale) and the variations in the showering.

Parton Density Function

Uncertainties in the PDF calculation parameterized by the error
sets.

Final State Radiation (FSR)

Variations of the strong coupling constant «s for FSR.

Table 10.7 — The theoretical uncertainty components for the tt and single top MC backgrounds.

Name

Covered uncertainty

Matrix element matching

Variation of the scale employed for the calculation of the overlap be-
tween jets from the ME and the PS. The nominal value for this parame-
ter is 20 GeV. The up variation increases the nominal value to 30 GeV
while the down variation decreases it to 15 GeV.

Renormalisation scale

Variation of the scale for the running strong coupling constant for the
underlying hard process. The renormalisation scale is modified to 2
and o.5 with respect to the nominal value.

Factorisation scale

Variation of the scale used for the parton density functions. The fac-
torisation scale is modified to 2 and 0.5 with respect to the nominal
value.

Resummation scale

Variation of the scale used for the resummation of soft gluon emission.
The resummation scale is modified to 2 and o.550 with respect to the
nominal value.

Parton Density Function

Uncertainties in the PDF calculation.

Table 10.8 — The theoretical uncertainty components for the W + jets and Z + jets MC

backgrounds.
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RESULTS AND INTERPRETATIONS OF THE SUSY MULTI-JET
SEARCH

“Harry: I'll be in my bedroom, making no noise and pretending I'm not there.”
- J.K. Rowling, Harry Potter and the Chamber of Secrets
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The previous chapter described the targeted models and strategy of the multi-jet
analysis. In this chapter, we discuss the results of this search. Data have been
collected during the complete Run 2 of the LHC, including the 2015-2018 periods.
Protons were smashed at the center-of-mass energy of \/s = 13 TeV, leading to events
with jet multiplicities never accessed before. Figure 11.1 shows an event recorded on
23 October 2016 and composing one of the SUSY candidates populating the analysis
signal regions. This event contains 16 Particle Flow jets and a ES significance
above 6.4. Figure 11.2 shows an event with higher jet multiplicity (19 Particle Flow
jets) recorded on 18 July 2018 and falling within the control regions of the analysis.
The next sections presents the statistical analysis tools used for the interpretation of
the experimental data with respect to the background prediction described in the
previous chapter.

11.1 STATISTICAL ANALYSIS

We have previously illustrated in Section 10.1 the role of Signal, Control and
Validation Regions in a search for Supersymmetry. However, the final test for new
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ATLAS

EXPERIMENT

Run: 311287
Event: 2323168151
2016-10-23 14:56:09 CEST

Figure 11.1 — Visualisation of the highest jet multiplicity event selected in signal regions targeting long cascade decays of pair-produced gluinos [4].
This event was recorded by ATLAS on 23 October 2016, and contains 16 jets, illustrated by cones. Yellow blocks represent the calorimeter energy
measured in noise-suppressed clusters. Of the reconstructed jets, 13 (11) have transverse momenta above 50 GeV (80 GeV), with 3 (2) being b-tagged.
The leading jet has a transverse momentum of 507 GeV, and the sum of jet transverse momenta Ht = 2.9 TeV. A value of 343 GeV is observed for the
EMiss whose direction is shown by the dashed red line, producing a significance 8(EMi) = 6.4. The sum of the masses of large-radius jets is evaluated
as My = 1070 GeV.
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physics comparing data to Standard Model backgrounds is performed after a fit of
the backgrounds in order to enhance the precision of the background prediction in
Validation and Signal Regions. When no signs of new physics are found, exclusion
limits are set for specific SUSY models in order to illustrate the exclusion power of
a SUSY analysis. In this section, we introduce the statistical tools necessary for the
understanding of the interpretation of this analysis.

11.1.1  Probability density functions (PDFs)

Given a continuous observable x, a Probability Density Function (PDF) is a con-
tinuous function f(x) expressing the probability of obtaining a value of x inside the
interval [x, x 4+ dx]. This probability is quantified as f(x)dx. In Particle Physics, when
counting events in specific bins of a certain observable, the most used PDF is the
Poisson distribution given by

Pois (n;v) = e v (11.1)
n!
In this equation, n is the number of observed events and v is the parameter of the
distribution, representing its mean (or average) value. In this context, we suppose that
the parameters of the PDF are known while the value n represents the outcome of a
single experiment. Another important PDF is the Gaussian distribution defined by

1 (n—w?

G, o) = e~ 2o, 11.2
(m; w, 0) s (11.2)

where . is the mean (or average) value and o the standard deviation of the distribution.

A Likelihood function is generally used to extrapolate information about the PDF
when the outcome of an experiment is known. In the context of a Poisson distribution,
for a given measurement N, the likelihood distribution is represented by the function

N

L(v) =Pois(N;v) = e VY

NI (11.3)

It is important to note that the fixed value here is N, and not the parameter v which
can be varied. When performing a fit for the estimation of the parameter v for
a certain measurement N, the idea is to find the parameter ¥ that maximizes the
Likelihood L (v). Therefore, we can define ¥ as

¥ =argmax (L(v)). (11.4)

In general, it is preferable to estimate ¥ through minimization of the Negative Log
Likelihood (NLL) distribution defined as

NLL (v) = —-2InL (v), (11.5)

such that
¥ = argmin (NLL (v)). (11.6)
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For a binned approach, when multiple bins are combined inside a single PDF,
the total likelihood distribution associated to different measurements N is given by
the product of the Poisson distribution of Equation (11.3):

S+B)

— ; . (Si+Bjy)
L(S+B) = Pois (N; S+ B) He E e T

(11.7)
Here, ny, is the number of bins to combine and S, B are the total number of signal
and background events associated to each bin. It is possible to note that inside this
definition we have considered for each bin v; = S; + Bj.

11.1.2 Nuisance parameters and systematics

Typical PDF parameters can be divided in two categories:

o Parameters of Interest (POls), representing the descriptive parameters of the PDF
which are generally extracted from the data (e.¢. number of signal events S;,
average value of a gaussian, etc.).

o Nuisance Parameters (NPs), representing the other parameters which are not of
immediate interest for the interpretation of a physical result but that must be
included in the description of a statistical model.

Typical examples of nuisance parameters are systematic uncertainties, noted as 6 =
{0} where j =1,...,ngs. When interpreting systematic uncertainties in statistical
models, these uncertainties are considered as unknown parameters of the model
likelihood. In SUSY searches, these generally affect the background estimation B; for
a certain bin i. The impact of systematic uncertainties on bin 1 is evaluated through

variations on the predicted number of events {An{} In the context of this this

analysis, {An{} refers to the uncertainties described in Section 10.7. Considering

that these nuisance parameters are unknown, we consider 6 = {Gj} to be described
by a set of gaussian distributions G(0;;0,1) where p; = 0 and oj = 1. The impact of
these parameters on the background prediction Bj; is then evaluated by scaling An{
by 0;. The estimation of © is then extracted from the observed data and noted 0. The
total likelihood used for this scope includes all the gaussian constraints G(05;0,1)
for every systematic term j = 1,..., Nyt and it can be written as

. Ni
n, (Si+Bi+ Y Anle;) e
L(S+B;9):He(Si+Bi+ZiA“Jiei)( — ©) [T G501
i

i=1 ’ j=1

(11.8)
We generally refer to this likelihood as the profile likelihood. When the 8 values are
estimated, we say that systematic uncertainties have been profiled.

11.2 BACKGROUND-ONLY FIT

The background-only fit allows to improve the precision of the background esti-
mation in Signal Regions by adjusting the background yields in Control Regions in
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0 < MJs < 340 GeV R1 R2 R3 0 < MJs < 340 GeV WCR1 TCR1

340 < MJ; < 500 GeV R4 R5 R6 340 < MJs < 500 GeV WCR2 TCR2

MJs > 500 GeV R7 R8 R9 MJs > 500 GeV WCR3 TCR3
(a) Signal Region bins (b) Control region bins

50

Figure 11.3 — Region definitions for the multibin fit for Nz

> 8,9,10 analysis channels.

order to match the data. It assumes no signal in Equation (11.8) (i.e. S = 0) leading
to a total Poisson likelihood of the form:

COWN

e (Bi+x Anley) e

L(B;0) = H e (BitX; Anjo;) < N ) H G(85;0,1). (11.9)
im1 =1

Knowing all the background yields in each bin 1i, the total number of background
events B; can be written as

By = Z HpBip, (11.10)
P

where p corresponds to a specific background process (multi-jet, W + jets, tt +jets,
diboson, etc.), Bi to the background yield measured inside bin i for process p
through MC or data-driven estimation methods. The quantities u, represent the
transfer factors (or TFs) corresponding to a scale factor correction, typically within the
[0, 1] interval, to be applied to the pre-fit background estimation values B; ;.

As described in Section 10.1, we define CRs only for dominant backgrounds (i.e.
multi-jet, W +jets and tt + jets), meaning that the transfer factors p,, will be adjusted
only for these backgrounds while they will be fixed to unity for all other processes.
The fit is performed by combining electron and muon Control Regions. Under these
assumptions, the total background yield of Equation (11.10) will be

Bi =t Bygi + 1w - Bw,i

+ Hmultijet * Brnul’ci—jet,i

+ > Bpa

pAtt,W,multi-jet

(11.11)

The background-only fit procedure allows to estimate the values of pg, pw and
Hmultijet from Control Regions and the adjusted values will be noted with fi¢, fiw

and ﬁmulti—jet .
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Figure 11.4 — Fitted transfer factors fiw, i,y and fmyiijer in all multi-bin (bins 1-3) and
single-bin (bins 4-11) signal regions [4]. The error bars indicate the combination of statistical
and systematic uncertainties on the corresponding factors.

11.2.1  Multi-bin fit

Multi-bin fits are designed to combine the information from different signal
regions in order to improve sensitivity to chosen signal models through uncertainty
reduction. In this analysis, the following multi-bin statistical analysis is defined, and

performed for 8, 9 and 10 NJets selections:

e Bach Njes selection defines one channel of the fit, which may have up to nine
SR bins, divided in exclusive Ny jets and M% selections (see Section 10.4.5).
Figure 11.3a shows a schematic of the regions used for this definition.

e Due to the explicit Npets requirements in the W +jets and tt + jets CRs, these
CRs are shared across all Ny jets bins, but are split in MIZ. Figure 11.3b shows a
schematic of the regions used for this definition.

e One set of normalization factors fiw, iz and fimuiijer is defined, allowing
background shapes to be corrected.

e Effect of systematics are estimated through one nuisance parameter per system-
atic uncertainty correlated across all SR bins. This results in an over-constrained
fit, such that some degree of profiling occurs.

The results of the background-only multi-bin fit procedure are reported for
NJSQ?S 8,9,10 in Figure 11.4 (first three bins). Here, we can see that the background
prediction is overestimated with respect to the data yields in the analysis control
regions and the extracted transfer factors associated to the multi-jet, W + jets and

tt + jets backgrounds can be summarized as
muttijet ~ 0.95, fiw = 0.6, (L ~ 0.9. (11.12)

Figure 11.5 shows the pre-fit CR yields and the same yields after the multi-bin fit
procedure and the application of fiw, i, and fimulijer- After the background-only
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fit, no large shape mismodelling is observed in the three M% bins of the W, tt and
multijet Control Regions (WCR, TCR and QCR).

Figure 11.6 reports the yields of the VRg gmis) and VR, validation regions after
the multi-bin fit procedure. In these figures, we can see that the final backgrounds are
in good agreement with data when systematic uncertainties are considered, showing
the goodness of the background estimation in the signal regions. Multi-bin signal
regions yields are reported in Figure 11.7a, 11.7b and 11.7¢, where no significant
excess with respect to the background estimation has been observed.

11.2.2  Single-bin fit

The single-bin fit configuration considers a separate fitting procedure for each
selection of Njets, Npjets and M%. In this context, a channel is defined by an associated
set of Signal, Validation and Control Regions as described in Section 10.4.5. This fit
approach is only applied to Signal Regions where the Mf and Ny jets are inclusive, i.e.
on 80 GeV and high jet multiplicity 50 GeV signal regions (N]%?S = 11,12). Identically
to the multi-bin fit regions, the estimation of the multi-jet background is provided in

each region using the template estimation described in Section 10.6.2.

Normalization factors pw, pg and pmuiijer are defined for each of these three
background components and determined after fitting the data in CRs minimizing
the Negative Log Likelihood as documented in 11.2. MC modeling and detector
systematics are applied as gaussian-constrained nuisance parameters (NPs) to each
of the MC predictions, while template uncertainties were similarly applied to the
template prediction (see Section 11.2).

Figure 11.4 reports the single-bin background-only transfer factors obtained after
background-only fit for the single-bin signal region (bins 4-11). From the estimated
transfer factors we can see the agreement of the single-bin fit and the multi-bin fit
results. Figure 11.8 shows the yields for different associated signal, control and
validation regions after the single-bin fit procedure. A summary plot of the post-fit
event yields in these signal regions is provided in Figure 11.7d. The agreement
between data and background prediction shows no evidence for new physics in
the boosted 80 GeV regions and in the high jet multiplicity signal regions with
pT > 50GeV.

Figure 11.9 shows a selection of $(ET*) distributions comparing data and total
background for several single-bin signal regions. Here, it is possible to note the
remarkable agreement between the background estimation and the data across the
complete 8(ET*) distribution, even in event selections with large jet multiplicities
(N20 > 12).

jets

11.3 STATISTICAL TESTS AND MODEL-INDEPENDENT FIT

We often want to evaluate hypotheses about our dataset and to do that according
to a certain confidence level. In order to achieve this goal, statistical tests are performed
using a null hypothesis Hpy that we would like to ideally reject and an alternative
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hypothesis Hy that we would to accept in case of rejection of Hy. In searches for SUSY,
we generally formulate two types of procedures for statistical tests:

o The discovery test, allowing to evaluate if we have effectively observed some
sort of signal in the designed signal regions. This statistical test considers
as null hypothesis Hy the fact of having purely background in our data and
an alternative hypothesis H; corresponding to the observation of signal and
background in the analysis signal regions. In case of discovery, the null
hypothesis Hyp must be rejected while the alternative hypothesis H; must be
accepted.

e The exclusion test, allowing to find a certain amount of signal which is not
rejected by our data according to a certain confidence level.

When we test different hypothesis, the Neyman-Pearson Lemma implies that the
optimal discriminator for comparing hypothesis is the likelihood ratio

L (Hy; data) (11.13)
L(H;;data) 13

11.3.1  Discovery test and model-independent fit

In order to test the potential discovery of new physics in the analysis signal
regions, a discovery fit is performed by reintroducing a signal to the background-
only likelihood defined in Equation (11.9). Using the general profile likelihood
definition of Equation (11.8) we can inject one signal event in the analysis bin i and
scale it by a transfer factor sz by defining

Si = Hsig - 1. (11.14)

Usig becomes then a parameter of the fit which can be estimated together with
the other background transfer factors defined in Equation (11.11) . This approach
does not consider any signal contamination in the control and validation regions.
Additionally, this fit is considered as model-independent due to the usage of a general
signal contamination of 1 inside the single signal regions.

By noting with p the signal strength i, and by considering the other transfer
factors as nuisance parameters of the model 0, the discovery test is performed using
the profile likelihood ratio defined by

Au) = T(0) (11.15)

where {1 and 6 are the maximum likelihood estimators and 9 is the maximum
likelihood estimator for a fixed value of . The value of {1 is forced to be positive such
that only physical signals can be tested. By definition, we can see that 0 < A () <1
where A (1) close to 1 means that the signal strength 1 is in good agreement with the
observed data. Figure 11.10 shows a comparison between the background-only and
a discovery fit for an RPV grid point with mg = 1.4TeV, m;y = 600 GeV. After the
fit, it is possible to see that the signal strength [l is set to zero.
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(b) Exclusion fit
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The discovery test statistic is defined as

(11.16)

~J2InA(0) forfi >0,
do= 0 forjt <0,

where the background-only hypothesis is the null-hypothesis that we want to reject.
The discovery p-value represents, given a certain data observation, the fraction of
outcomes that allows to accept the alternative hypothesis Hy (i.e. there is signal)
while the null-hypothesis H (i.e. we have pure backgrounds in our SRs) is true and
it can be written as

po= [ tlaolHodao = [ flgolu = 0)dgo. (11.17)
ag” ag”

f(qolHo) represents the PDF of q¢ assuming the background-only hypothesis p =0,
which can be determined using different background-only pseudo-experiments or, in
the asymptotic regime (i.e. large number of events) using an analytical approximation
[108].

The discovery significance Z associated to the p-value po can be defined as

Z=0""(1—po) (11.18)

where ,
D(Z) :/ G(x;0,1)dx (11.19)

and G(x;0, 1) represents a unit gaussian defined as in Equation (11.2).

11.4 EXCLUSION LIMITS ON RPC MODELS

Exclusion limits can be set by finding a certain number of signal events (i.e. a
value of p) for which the exclusion p-value associated to the exclusion test statistic

| =2InA(n) forp>p,
qu = (11.20)

0 foru < i,

corresponds to 5%. Similarly to the discovery p-value, the exclusion p-value can be
defined as

Pu :/ . f(qu“i)dq}u (11.21)
qes

and the PDF f(q,|u) can be estimated by creating several signal-plus-background
pseudo-experiments for a fixed value of p. The value of u allowing to fix p,, = 0.05
corresponds to the 95% confidence upper limit on the number of signal events in the
signal region, and it is noted as SZSS. As previously explained, this procedure allows
to set an upper limit on the number of signal events to which the analysis is sensitive
to. However, a low upper limit (i.e. a good exclusion) on a certain physics model
might be achieved when the analysis has little or no sensitivity to new physics and
when the data fluctuates down with respect to the background-only hypothesis. The

large exclusion of a certain signal model resulting from an unsensitive analysis is
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an unwanted feature of these exclusion limits. In order to protect against this effect,
the convention used by the ATLAS SUSY group is to adopt the conservative CL;
prescription [109], where the p-value of the signal-plus-background hypothesis is
normalized by the power 1 —pg of the background-only test

(11.22)

This quantity represents the new p-value for a given signal strength p and it replaces
Pu- The exclusion limits presented in the next part of this thesis are all computed
using this CLs approach.

Figure 11.11 and 11.12 report the 95% CL exclusion limits computed using
the CLs prescription previously described. These figures report the expected and
observed limits in the multi-bin and single-bin approach described in the previous
sections. The multi-bin approach allows to better contrain the signal and background
systematics in the various analysis regions due to the larger amount of data points
accessible by the fit, allowing to set stronger limits on simplified models than the
single-bin fit. Additionally, the limits obtained using the previous version of this
analysis using 36 fb~! of Run 2 data [6] are shown, illustrating the improvements
obtained from this new fit approach and increased statistic. In the two-step gluino
decay grid, the exclusion limits of the gluino mass are improved up to 200 GeV
reaching an exclusion on the gluino mass of 2TeV. The exclusion limits on the
neutralino mass are also significantly improved, excluding neutralinos up to a mass
of 1TeV. Similar values are reported also for the gtt model, where the mass limits
are improved for the gluino up to 1.8 TeV and 1TeV for the neutralino.

Table 11.1 reports several exclusion parameters resulting from the single-bin
exclusion and discovery fits, including the 95% CL upper limit on the number of

expected and observed signal events Spr and S72..

Signal channel (o). [fb] ST, ngp p(s =0) (2)
N2 > 8, MF > 500 GeV 1.16 163 162733 0.50 (0.00)
N2 > 9, M > 340 GeV 0.95 133 140739 0.50 (0.00)
N2 > 10, Mf > 340 GeV 0.22 31 4073 0.50 (0.00)
NQ, = 10, Mj > 500 GeV 0.16 219 259778 0.50 (0.00)
N = 10, M > 500 GeV, Nipjers > 1 0.12 168 228733 0.50 (0.00)
N2o > 11 0.09 13.0 151759 0.50 (0.00)
NoQ > 12, Npjets > 2 0.04 50 52743 0.50 (0.00)
NEQ > 9 0.18 252 245779 0.41(0.22)

Table 11.1 - Left to right: 95% CL upper limits on the visible cross-section ((e0)75.) and on
the number of signal events (Szgs ). The third column (SZXSP) shows the 95% CL upper limit
on the number of signal events, given the expected number (and +1c excursions around
the expectation) of background events. The last column indicates the discovery p-value
(p(s =0)), together with the corresponding Gaussian significance (Z).
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Figure 11.11 — Exclusion limits on the two-step gluino decay. The solid maroon line indicates
the observed exclusion limit at 95% CLg, which is the combination of the individual limits
from the multi-bin signal selections on the basis of the best expected exclusion sensitivity.
A dashed black line and yellow band respectively indicate the expected limit and its 1o
excursions due to all uncertainties on the signal acceptance and background yields. For illus-
tration, the dashed and solid blue lines show the expected and observed limits considering
the single-bin discovery selections only. Grey shading is used to demarcate the observed

limit from the previous publication [6].
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11.5 EXCLUSION LIMITS ON RPV MODELS

Despite the large set of searches for supersymmetry performed by the ATLAS
experiment, no evidence for supersymmetric particles has been observed today at the
LHC. However, due to the lower EXsS and large jet multiplicities characterizing R-
parity violating (RPV) SUSY scenarios (see Chapter 3 for further details) the analysis
described in this work is well suited for studying also these SUSY scenarios. In this
section are reported the results obtained from the reinterpretation of the 36 fb~'
multi-jet search [6] in the context of different R-parity violating SUSY scenarios [7].
As a matter of fact, the low S(ET®) cut applied in this analysis also allows to probe
SUSY signals with lower ET* implied by the RPV SUSY scenarios.

For the RPV grid described in Section 10.2.4, exclusion limits have also been
improved by the 139 fb~! Run 2 search as illustrated in Figure 11.13. In particular,
the gluino mass reach is improved, reaching an exclusion limit at a maximum of
1.55TeV and 1.1 TeV for the neutralino mass. The analysis is particularly sensitive
to this RPV model due to the presence of semi-leptonic decays of top quarks that,
mainly though hadronically-decaying T leptons, increase the ETS of this RPV model
making it visible in the analysis signal regions.

Depending on the strength of the RPV couplings A, A/, A" described in Section
3.2.3, the introduction of these couplings makes the SUSY LSP unstable, allowing
the decay to Standard Model particles after a certain LSP lifetime T sp. The value
of Trsp depends on these RPV coupling strengths as well as the masses of the
sfermions implied in the decay. Most ATLAS searches for RPV SUSY assume
coupling values which are large enough to ensure prompt decays of the SUSY LSP.
However, intermediate values of Trsp can be probed by RPC analyses when the LSP
decays out of the detector volume due to very small values of the RPV couplings or
even inside the detector acceptance, when RPV coupling values are larger. In this
context, the RPV-RPC reinterpretation [7] made in 2018 allowed to compare different
RPC analyses in order to constrain even further the RPV couplings which are not
excluded by current experimental results. A review of the signal models and results
provided in this reinterpretation are provided in the rest of this section.

11.5.1 RPV signals

For the reinterpretation of the multi-jet analysis, several RPV signals have been
generated by setting all the couplings A and A’ to zero and by variating a single
baryon-number-violating coupling A{j, at the time. In these models, the LSP is
assumed to be lightest neutralino X9, which is purely bino-like and has a mass
of 200 GeV. This mass value has been chosen in order to allow the decay of the
neutralino to a top quark while the choice of a bino-like neutralino has been done in
order to simplify the model by removing charginos from the SUSY decay.

In the context of the multi-jet analysis, two signal models have been considered:

GQQ MODEL
This model contains light gluinos and the LSP, with a non-zero A{;, RPV
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Figure 11.13 — Exclusion limits on the RPV model. The solid maroon line indicates the
observed exclusion limit at 95% CLg, which is the combination of the individual limits from
the multi-bin signal selections on the basis of the best expected exclusion sensitivity. A dashed
black line and yellow band respectively indicate the expected limit and its 10 excursions
due to all uncertainties on the signal acceptance and background yields. For illustration, the
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previous publication [6].
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Figure 11.14 — Feynman diagrams of Gqq and Gtt models [7].
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coupling and all the other couplings equal to zero. In the RPC case, the gluino
decays to the lightest neutralino X9 through the virtual squark decay

g — qaqx), (11.23)

where q = (u, d, s, c). The mass of the LSP is fixed at 200 GeV. When the RPV
coupling A{;, is introduced, the LSP can decay through x¢ — qqq. For large
values of A{;,, the gluino simply decays as

g — qqq. (11.24)

The masses of the other squarks are assumed to be 3 TeV while the masses of
the other sfermions are assumed to be above 5 TeV, including third generation
squarks.

GTT MODEL
This model contains light gluinos and the LSP, with a non-zero A,; RPV
coupling and all the other couplings equal to zero. The gluinos are pair-
produced and decays through a virtual top squark as

g — ttxs. (11.25)

The produced top quarks can further decay to a bottom quark and two light
quarks or a lepton-neutrino pair. The mass of the LSP is fixed at 200 GeV.
When AY, ; becomes larger, the neutralino can decay to another top quark and
a bottom and strange quark X9 — tbs while when this coupling is very large
the total decay chain is

g — tbs. (11.26)

The masses of the third generation squarks are assumed to be 2.4 TeV while
the masses of the first- and second-generation squarks are assumed to be larger
than 5 TeV. This choice of the third-generation squark mass is made in order
to ensure that the branching fraction of g — tbs is non-negligible before the
prompt decay regime is reached.

The Feynman diagrams associated to these two models are shown in Figure 11.14.
Due to the additional decay of the LSP to Standard Model particles, the expected
signature for increasing values of A" is large number of jets and moderate ERSS.
Figure 11.15 reports the distributions associated to these quantities for different LSP
lifetimes and simulated signal models [7], showing the expected behaviors when A"
starts to become important.

11.5.2 Results

Figure 11.16 shows the 95% CL exclusion limits derived using the profile likelihood
ratio test described in Section 11.2. The results are reported for both Gtt and Gqq
model.

For the Gqq model, the results are reported as a function of the neutralino lifetime
and the gluino branching ratio, as well as the RPV coupling A{;, strength. Due to
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Figure 11.16 — 95% CL exclusion limits for the Gtt and Gqq model. The red line represents
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11.6 IMPACT OF PARTICLE FLOW

the characteristics of this model, the RPC zero-lepton 2-6 jets analysis [110] sets the
largest limits for this model. The 7-11 multi-jet analysis has reduced sensitivity to this
model at low values of A{;, due to the lower jet multiplicity of this signal whereas
the sensitivity is reduced at lower values of the neutralino lifetime T sp due to the
EMis cut applied by the analysis. For a neutralino lifetime of 100 ns the existence of
a gluino is excluded up to a mass of 2 TeV whereas this value is reduced down to
1TeV for a lifetime of 1ns. Due to the similar characteristics between jets initiated
by first and second generation quarks, this limit can be extended also to A{gk with
i,j,k # 3. No exclusion limits are reported in these figures for A{;, > 10~4. However,
previous searches in all-hadronic final states have set a limit of about 1.2 TeV on the
gluino mass when considering the prompt decay g — qqx{ [97], and 0.9 TeV when
considering the prompt and direct gluino decay to light quarks g — qqq [114].

The Gtt exclusion limits are very different compared to the Gqq ones, considering
that the exclusion limits extend much higher in terms of coupling strength A%, 5 for
RPC analyses. This feature is due to the presence of top quarks in the final state,
which can lead to the presence of ET* in the final state, making the RPC analyses
sensitive also to RPV couplings for this model. For low values of A%, 5, the multi-b
search [111] is the most sensitive one considering the large cuts on the number of
b-jets in the final state and the large presence of top quarks in this specific signals.
However, for shorter neutralino lifetimes (i.e. larger values of A%,;), the EIT“iss cut
applied in this analysis reduces the sensitivity to RPV models and the RPV 1-lepton
search [112] becomes the most sensitive one. As a matter of fact, this analysis was
optimized for the high jet multiplicity resulting from the decay g — ttx$ with a
consequent disintegration of X{ through X{ — tbs, and it is expected to have the
largest sensitivity for high values of A%, ;. The multi-jet 7-12 jets analysis has a lower
sensitivity compared to these two searches for this model, but it provides a very
stable sensitivity for different values of T sp if compared to the multi-b and RPV
1-lepton search. This feature confirms the generality of this search and the sensitivity
to very different models, including also RPV signals due to its low cut on EXsS-based
quantities.

11.6 IMPACT OF PARTICLE FLOW

In order to understand the impact of the Particle Flow jet and EXSS reconstruction
on the analysis sensitivity, a simplified comparison of the results extracted with
the topocluster-only reconstruction was performed. Background predictions and
expected 95% CL Upper limits on the BSM event yield were extracted using the
template method and the statistical tests described in the previous sections. The
comparison is summarised in Table 11.2. In this comparison, only the multijet non-
closure and jet energy scale/resolution systematic uncertainties were included in the
statistical treatment.

It is found that the background yields from SM processes producing neutrinos
are mainly unchanged, whereas the multijet background yields are typically reduced
by 25-30%, demonstrating the superior suppression of fake ER* when using the
PFlow reconstruction. This effect was confirmed using MC simulated fully-hadronic
tt samples as shown in Figure 11.17. Here, the Particle Flow EI}‘iSS distribution
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conditions.

shows significant enhancements with respect to the topocluster-based approach,
indicating better rejection of fake ETS® backgrounds due to the improved EXiss
reconstruction. Additionally, it has been observed a reduction of the multijet template
non-closure uncertainty by approximately 50%. This is an important component
of the total background uncertainty, even though it is often not the dominant one.
This reduction indicates that when the PFlow reconstruction is used, not only is the
multijet background reduced, it is also better determined.

Due to the consistent reduction in overall background yields and a more uneven
improvement in background uncertainties, the sensitivity to BSM signals is found to
have been improved by up to 30%, when quantified in terms of the upper limit on
the number of BSM events.

11.7 COMPARISONS WITH OTHER SEARCHES

The ATLAS Collaboration has published today (March 2020) 154 papers about
supersymmetry and, despite the large efforts, no evidence for SUSY particles has been
found in Run 1 and 2. Figure 11.18 shows a summary plot for the gluino-neutralino
mass plane and the 95% CL exclusion limits of different ATLAS SUSY searches.
These limits, even if dependent on the simulated signal models, illustrate the power
of this analysis (in light blue) if compared to other SUSY searches. In fact, the long
decay chains targeted by this search making it less sensitive than other zero-lepton
searches (e.g. g — qqx°) where the short decay chain makes the uncompressed
phase space more accessible due to the very clear signature with large the jet pt and
EMiss. However, the decays associated to these processes become rapidly small when
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Table 11.2 — Comparison of analysis results for calorimeter (Topocluster) and particle flow

(PFlow) jet reconstruction. For each single-bin signal region, results for the two reconstruction

methods are compared for the following quantities: the total background yield, the multijet

(0nonClosure), the expected limit on the number of signal events falling in the SR (Spr) and
the relative increase in ngp when using Topocluster (ASpr). Only jet energy scale/resolution

production, the systematic uncertainty due to non-closure in the multijet template estimate
and multijet template closure systematic uncertainties have been considered.
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to the lightest supersymmetric particle (lightest neutralino or gravitino) either directly or
through a cascade chain featuring other SUSY particles with intermediate masses. For each
line, the gluino decay mode is reported in the legend and it is assumed to proceed with
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intermediate states, as described in the references provided in the plot [115].
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squark masses increases. Therefore, the g — tf)N(? model seems to be more natural as
the hierarchy problem imposes stop masses in the order of O(1TeV). Even though
the zero-lepton multi-jet analysis provided an exclusion up to 1.8 TeV in the iteration
using the complete Run 2 dataset, the large number of b-jets in the signals and
the Npjets > 3 requirement applied by the multi-b analysis makes this latter more
sensitive to these kind of models. However, the lower cut applied by the multi-jet
analysis due to the usage of multi-jet triggers, makes it sensitive to a portion of the
phase space which is inaccessible to the multi-b search.

For the “two-step” model, the zero-lepton multi-jet search described in this work
provides the best coverage in the gluino-neutralino mass plane if compared to other
sensitive analyses, corresponding to the 1-lepton analysis [116] and the 2 Same-Sign
(SS) lepton analysis [117].

11.8 NEW SIGNATURES FOR FLAVOURED DARK MATTER MODELS

Together with other SUSY searches, the results of the ATLAS zero-lepton multi-jet
analysis are putting under serious stress our expectations about the naturalness
argument and the accessibility of SUSY particles at the LHC. If SUSY does not solve
the hierarchy mass problem of the Higgs, the large masses of the gluinos and squarks
would also make Dark Matter difficult to be discovered in the LHC p-p collisions
due to the low production cross-sections of charginos and neutralinos. However, it
must not be forgotten that there is no direct evidence today to have such an intimate
connection between the Higgs hierarchy mass problem and the Dark Matter content
of the universe, meaning that two different BSM physics models can be considered
for these problems, even though one single SUSY model solving everything at once
would have been certainly preferable.

In the context of Dark Matter searches at the LHC, several analyses have been
performed in the first two runs of the LHC. Commonly explored signatures at the
LHC are mono-X signatures, where an object X recoils against ETS [118], leading to
an observable signal in the ATLAS detector. Additionally, the production of Dark
Matter together with heavy flavour quarks has also started to be explored at the LHC
[119]. In these simplified models, a Dark Matter particle x can be produced through
the exchange of a colour-neutral scalar or pseudoscalar spin-o mediator (generally
noted ¢ and a, respectively) or a colour-charged scalar mediator ¢y.

Different approaches to Dark Matter models has been recently proposed [89]
where the presence of a larger number of dark sector states might give rise to final
states accessible by the SUSY zero-lepton multi-jet search. Using as guiding principle
the fact that the Standard Model seems to be composed only by three quark and
lepton families, these models assume that the Dark Matter sector could also be
composed of three particles and that, through a colored scalar mediator ¢, these
might be produced in the p-p collisions of the LHC. In this model, these Dark Matter
sector particles referred to as x..,Xc and x, couples to up-type quarks through the
interaction Lagrangian terms provided by [89]

Lint = AMjXiuy ¢ + hec. (11.27)
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Figure 11.19 — (a) Dominant ¢-pair production Feynman diagram and (b)$-pair production
cross section [89].

Here, x; and u{ corresponds to the Dark Matter sector and up-type quark particles
with flavour i = u,c,t and colour c. The ¢ scalar mediator is a flavour single
but it carries SU(3)c colour charge, making it interacting also with gluons. The
Aij coupling tensor provides the strength of all the Dark-Matter-Standard-Model
interactions for different up-type quarks. Due to the lack of inconsistencies observed
in flavour physics, the Aj; tensor is considered to be diagonal in this model (i.e.
the quark and Dark Matter families are aligned) and, for simplicity reasons, to be
characterized by a single value A for all up-type quarks. Due to this alignment
between the new Dark Matter particles and the quark sector, these kind of models
are generally known as Flavoured Dark Matter (FDM) models.

Given these three new Dark sector particles, this model proposes a relic Dark
Matter purely composed of the new top partner x that, due to the low amount
of top quarks inside nuclei, can be less accessible by direct Dark Matter detection
experiments. However, due to the large presence of strongly-interacting particles in
p-p collisions, these scenarios could be more visible at the LHC. Given that the relic
Dark Matter is purely composed of x partners and that also x,, and X, (referred to
as X' in the following) must have been abundantly produced in the early stages of
the universe, this imposes masses of the x’ partners to be larger than the Dark Matter
candidate x; (referred to as x in the following). This makes the x’ unstable and
prompt to decay to the x state, which is stable due to an additional U(1) symmetry.
In the assumption that the ¢ can be produced in pairs at the LHC (see Figure 11.20)
and considering the mass hierarchy

Mg > My > My, (11.28)
this models allows long decays of the ¢ mediator of the type
b — qqtx. (11.29)

through the emission of x’ as shown in Figure 11.20. These decays can compete with
the short ¢ — tx decay when m, ~ m, and, in the full-hadronic decay of the top
quark, two long decays resulting from a pair of ¢ mediators can result in a signature
with 12 soft jets and moderate EXS, being accessible by the SUSY multi-jet search.
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Figure 11.20 — Long decay of the ¢ mediator through ¢ — qqty [89].

These models have been simulated at truth level in the ATLAS detector starting
from the work of [89]. In these simulations, different values of mg, my, and A were
scanned while the mass of x’ was fixed at

_ Mg +my

my = 3 (11.30)

Figure 11.21 shows the kinematic variables of a simulated model, where a large
number of jets and moderate ET'® is visible. After scan of different parameter
variables, 95% CL discovery limits have also been computed for 150 fb~' of signal
as shown in Figure 11.22. From these figures, it is visible how the multi-jet analysis
could be sensitive to these models, in particular to values of A close to unity.
Therefore, it is clear that these signatures with high jet multiplicity provide a very

general and powerful way to test the Standard Model and to look for new physics.

Additionally, after decoupling of the Higgs hierarchy mass from the Dark Matter
problem and after making certain assumptions about Dark Matter from common
Standard Model features, models providing identical signatures have been found
[89], justifying the pursuit of this search in the next years at the LHC.
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Figure 11.21 — Truth level (a) number of jets, (b) number of b-jets, (c) truth E%‘iss, (d) Hr and
(e) EMsS significance. Simulations have been made using the model described in [89]. The
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while A = 0.3.
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CONCLUSIONS AND OUTLOOK

“Luna: I think I'll just go down and have some pudding and wait for it all to turn
up — it always does in the end.”
- J.K. Rowling, Harry Potter and the Order of the Phoenix

The Run 2 of the LHC is now finished, setting an extremely important landmark
for the exploration of new phenomena and the understanding of the natural world.
However, despite the huge efforts made by particle physicists in the last years, the
Standard Model is still holding its validity and new physics seems to be either
elusive or absent in the TeV range. This work described a specific search for strong
supersymmetry performed by the ATLAS experiment in Run 2, targeting gluino-
initiated cascade decays leading to final states with large jet multiplicities and Missing
Transverse Momentum. Despite the 139 fb~! of data collected for this search between
2015 and 2018, no evidence for new physics has been reported.

The absence of strong supersymmetry is now seriously putting under stress the
motivations behind this theory and the hierarchy problem of the Higgs, causing large
debates within the scientific community. However, it must not be forgotten that very
often in physics, experiments not finding an answer to a specific question are the
ones leading to the greatest advancements of that field and to a better understanding
of the natural world. A classic example is the Michelson-Morley experiment (1887)
that, demonstrating the absence of an aether medium for the propagation of light,
led to one of the most significant revolutions in the understanding of the natural
world with Einstein’s theory of relativity (1905). Therefore, the increased knowledge
provided by the second run of the LHC and the increased exclusion limits on strong
supersymmetric particles might represent an extremely important achievement that
only the next decades will reveal. Meanwhile, explorations for new phenomena and
less constrained SUSY scenarios (e.g. RPV SUSY, EW SUSY, etc.) must continue in
the next years, specially at the High-Luminosity LHC where the 5 times increased
luminosity might uncover physics effects that are currently hidden due to their
extremely low production rates. In this context, this work also presented a set of
studies about online track-based pileup mitigation showing important reductions of
the background trigger rates using the Hardware-based Track Trigger (HTT) system
designed for the upgrade of the ATLAS Trigger and Data Acquisition system for HL-
LHC. This feature will be fundamental to cope with the huge data flow of HL-LHC,
allowing to keep efficient selections of important physics signal such as HH — bbbb
and EMss-initiated signatures.

This work described important contributions to the ATLAS detector and recon-
struction framework. Particle Flow reconstruction has been commissioned for the
ATLAS experiment during the second run of the LHC and the work described in the
previous chapters about Particle Flow EXS represented an important piece towards
the achievement of this goal. Significant enhancements of the Particle Flow recon-
struction precision with respect to standard calorimeter-based techniques have been
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shown, leading to a new default E'* reconstruction for the LHC Run 3 and probably
beyond (HL-LHC). This reconstruction might be improved even further in the future,
and new ideas for neutral pileup mitigation have been illustrated in the previous
chapters, showing potential enhancements for the future of the ATLAS jet and ETsS
reconstruction. Now that both ATLAS and CMS rely on Particle Flow reconstruction,
this might strengthen even more the utilization of such techniques in future collider
experiments (e.g. CLIC, FCC-ee and ILC), where an extremely accurate jet and ETs$
reconstruction will be needed in order to achieve the necessary precision to explore
new physics signals through precision Standard Model measurements.
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A.1 GROUP THEORY AND SYMMETRIES

In Particle Physics, two theories provide the description of particles interactions:
quantum mechanics and special relativity. The fusion of those theories is called theory
of quantum fields (QFT) and it provides the mathematical framework necessary for
theoretical predictions in particle physics. These theories rely on the invariance under
certain transformation groups, leading to conserved quantities due to Noether theorem

[1].
In Mathematics, a group is defined as a set G supplied by a binary operation ®
combining two elements of G and satisfying the following axioms:

CLOSURE Va,b € G the result of a ® b is also an element of G.
ASSOCIATIVITY Va,b,c € Gthen (a®b)®@c=a® (b®c).

IDENTITY ELEMENT Va € G there exists a unique element e € G such that e® a =
ake=a.

INVERSE ELEMENT Va € G there exists an element a~! € G such that a® a~ ! =
a~ ' ® a = e, where e is the identity element.

Moreover, this group is called Abelian if it satisfy also the commutativity:
a®b=b®a, VabegG. (A.1)

If this condition is not satisfied, the group is simply called a non-Abelian group.
In Quantum Field Theory, we distinguish two types of symmetries:

e Space-time symmetries: these symmetries correspond to the transformations
acting on space-time coordinates:

x* = xM (M) v, vy e{0,1,2,3). (A.2)

Classical examples of space-time symmetries are Lorentz and Poincaré transfor-
mations defining special relativity.
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o Internal symmetries: these symmetries directly act on the fields leaving space-
time unchanged:
D% (x) — MWD (x). (A3)

These symmetries are called global if M“y, is space-time independent while
local if M %y, explicitly depends from space-time coordinates

In the next sections we will introduce a fundamental type of quantum field theory
based on the invariance of these symmetries also known as Yang-Mills theories.

A.2 YANG-MILLS THEORIES

Yang-Mills theories are gauge theories based on the invariance under Poincaré and
SU(N) groups, where SU(N) is the group of special unitary matrices of order N2°. These
theories are currently used to describe elementary particle physics using Abelian
and non-Abelian groups. The non-Abelian gauge formalism is a milestone for the
unification of the weak and electromagnetic forces (i.e. U(1) x SU(2)), as well as in
the description of quantum chromodynamics (i.e. SU(3)) for strong interactions (see
Section 2.2 and 2.1). A classical example of Abelian Yang-Mills theory is represented
by Quantum Electrodynamics (QED) which will be discussed in the following section.

A.2.1  Quantum Electrodynamics (QED)

We want to illustrate here the concept of gauge invariance and charge conservation
using a pratical example: Quantum Electrodynamics (QED). QED corresponds to the
simplest Abelian Yang-Mills theory and it is parametrised by the local gauge group
U(1). The main ingredients of such theory are a Dirac spinor \(x) (representing the
electron and the positron), and a gauge field A" (representing the photon mediator).
In QED, these fields transform as

P — et y(x), (A.g)
b — e e P(x), (A.5)
A — AM 40, x(x). (A.6)

The gauge invariance of the field A" is fundamental as it allows to eliminate those
components of the field which are unphysical degrees of freedom?7.

In the case of a local gauge symmetry (i.e. o« is space-time dependent) a covariant
derivative D* has to be introduced in the spinor kinetic term in order to conserve
gauge invariance. This derivative can be defined as

D* = 0" —ieA", (A7)

26 A general n x n matrix U € SU(N) is characterized by the properties

uuf =1 and det(U)=1.

*7The vector field A" has four degrees of freedom while spin-1 particles have at most 3 degrees of

freedom. One of these components can be removed using gauge invariance.
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and it’s possible to show that the QED Lagrangian

— _ 1
Loep = Wy*Dp —mip — ZFWF“V (A.8)
is invariant under U(1)gauge since
DM — etex(XIphyp, (A.9)

The kinetic term associated to the vector field —%F”"Fuv is the only possible term
that depends on A" derivatives and which possess at the same time gauge and
Lorentz invariance, C and P invariance, and renormalizability. It is possible to note
that gauge invariance forbids mass terms of the form p2A*A,, implying that massive
gauge bosons are forbidden in Yang-Mills theories. This could represent a problem
as the weak gauge bosons W=, Z have a well defined mass. The Higgs mechanism
provides a solution to this problem as the generation of W and Z masses is provided
after the spontaneous breaking of the gauge symmetry (refer to Section 2.3 for more
details).

A.2.2  Non-abelian Yang-Mills theories

Let us consider now the non-abelian group SU(N) where uuf =1anddet(U) =1.

The U matrices can be written as
U=U(x) = exp(igocAtA), (A.10)

where the t*,A =1,...,N%2 —1 are a the generators of the SU(N) group, g a coupling
constant and o are real constants. It is possible to show that the Lie algebra endowed
by the set of generators satisfy the commutations relations

[tA, 5] = iFABCE, (A.11)

where fABC are called the structure constant of the SU(N) group. As we have
previously seen, the QED U(1)j,cq group is clearly an abelian Yang-Mills theory
simply because of the 1 x T identity matrix spanning the group generators trivially
commute with itself.
In general, SU(N) invariant theories can be written using the N-tuplets notation
@ such that
(of

$2 ,
O = . and ©® — @' =UO. (A.12)

OIN
For example, the main objects of an SU(2) invariant theory are called doublets while
triplets for an SU(3) invariant theory such as QCD.

We want to determine now the number of degrees of freedom of an SU(N) theory
as this will correspond to the number of generators t* spanning the group algebra:

N(N—1)

— 2 _ NUNT ) 2

ndof(SU(N)) = 2N <N +2 7 ) \1/ N“—1. (A.13)
N XN complex matrix det(U)=1

uut=1

Therefore, we can distinguish the following number of degrees of freedom:
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e U(1) has 12 degrees of freedom. This corresponds to the photon in QED.

e SU(2) has 2?2 — 1 = 3 degrees of freedom. These correspond to the W+, W~
and Z bosons in the weak theory.

e SU(3) has 32 — 1 = 8 degrees of freedom. These correspond to the 8 gluons of
QCD.

Let us include now local gauge invariance on top of SU(N). Exactly as we did for
the abelian case we need to define a covariant derivative D" such that [D " U} =0

D" =0 —igA¥, (A.14)

where A" = ALt It is easy to show that the transformation law

AR 5 AN — UARUT + éuauuf1 (A.15)

implies

D* — uDH*u ', (A.16)

and that D*® — UD"®. By considering only the first order g terms of Eq. (A.15)
we can compute

AM — (1 +igoat™) AM (1 —igaat?™) + é (1 +igoat™) d* (1 —igocAtA)

a“OC(th
=AM tiglaat?, AM] + 0% actS = ARtC +igaa Al [th, €] +0Fact
~——
1fACB¢B

= (AL — gaaALFAPC 4 atac) €

and obtain the gauge transformation for A%, C=1,2,...,N2—1

AL = A — gaa AEFABC 4 akac. (A.17)

Starting from [D*,DV]¢ = —igF*¥¢$ and (A.14) it is possible to derive a formal
definition of F*¥ = FL¥t* in non-Abelian gauge theories:

FHY =pMAY —dVAK —ig[AM,AY], (A.18)
Fi =0MAX — VAR + gARALFAPC, (A.19)

The Lagrangian density associated to the vector fields AX,C =1,2,...,N2—1

becomes ] 1
Ly == FRVFLy = = Tr [P, (A.20)

where the suffix YM stands for Yang-Mills. Due to the presence of quadratic A%
terms in Eq. (A.19), Lym contains also the self-interactions of vector fields typical of
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non-Abelian gauge theories. Indeed, after a simple calculation it is possible to show
that

1

1
Lym = —ZF;{VFf}V = —ZF;VF(}V .
abelian
— gf*BC (9, AAy) ARAY (A.21)

2
_ %fABCfADEAE‘AEADHAEV,
which shows explicitely the rising of the self-interaction terms of degree 3 and 4.

This feature has dramatically important phenomenological consequences since
the electroweak and strong gauge boson mediators (i.e. gluons and W,Z bosons)
carries self interactive terms as documentated in Section 2.1 and 2.2.

A.3 THE WESS-ZUMINO MODEL

The Wess-Zumino model represents the simplest possible form of supersymmetric
model. This model is essentially composed of two massless fields:

e a complex scalar field ¢;
e a left-chiral Weyl spinor .
The Lagrangian corresponding to this model can be written as
L =0, +x'15"0,X, (A.22)

simply representing the combination of the kinetic terms associated to the massless
scalar field ¢ and the massless Weyl-spinor field x.

At first, let us proof that this Lagrangian is invariant under supersymmetry. In
order to do this we need to introduce supersymmetry transformations. Previously, we
have illustrated that supersymmetry represents a boson-fermion symmetry. There-
fore, we can expect some type of boson-to-fermion (and also fermion-to-boson)
transformation for ¢ and x. Let us introduce an infinitesimal parameter of this
transformation denoted & and let us begin the discussion about the ¢ variation d¢.
We have said that the supersymmetric transformation should transform a boson into
a fermion. Therefore, it is natural to choose

0 ~ &x. (A.23)

However, we are already in front of a problem: x is a Weyl spinor whereas ¢ is a scalar.
In order to save the Lorentz invariance of the SUSY transformation it is immediately
clear that £ must be a Weyl spinor as well and that ¢ must be a Lorentz scalar. This
can be achieved by introducing by parametrising the supersymmetry transformation
with an infinitesimal left-chiral Weyl spinor & such as

(&
£— (a) . (A.29)
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This lead us to the transformation of ¢ and ¢' parametrised by

dp =&-Xx =E%a,

_ ] A2
ST = T -% = Eax® (8.25)

It is important to remark here that the considered SUSY parameter ¢ is not space-
time dependent (i.e. 9,.& = 0), implying that the considered set of supersymmetric
transformations is global and not local. In this context, it can be shown that the
introduction of a space-time dependent SUSY parameter &(x") introduces in the
Lagrangian a new gauge field having the same properties of the graviton. Due to
this reason local SUSY transformations are called supergravity (or SUGRA) theories,
which will not be covered here as these go beyond the scope of this document.

We have now found our SUSY parameter & and the transformations associated to
the two degrees of freedom of the complex scalar field ¢. We are still missing the
transformations of the left-chiral Weyl spinor x. It is possible to show using a similar
argument to what it has been done for ¢, 5¢1 that these can be written as

§x = —1i(0,.¢) oMic?Er,

A.26
syt = —i (aud)T) £Tio2oh, (A.26)
where
« (&
& = <£§> . (A.27)

It is possible to show that the free Wess-Zumino Lagrangian (A.22) is invariant under
the SUSY transformations provided by Eq. (A.25) and (A.26). However, this equality
holds only when the equation of motion provided by the Euler-Lagrange equation
are satisfied. This means that the algebra of this SUSY model closes only when the
particles are on-shell which is not a very nice feature considering that we would like
to have supersymmetry to be valid also for virtual particles. We will see in the next
section that there is a simple workaround for this imposed by the introduction of a
non-physical scalar field generally refered as auxiliary field. However, before closing
this first introduction to the simplesy SUSY model we remark that in order to keep
the dimension of the Lagrangian density £ at 4 ([£] = 4) the dimension of ¢, x and &
are respectively

= [of] =1,
x] = :xq = % (A.28)
8= [el] =

However, as we have previously explained, the SUSY transformation of Eq. (A.25)
and (A.26) closes only on-shell for the free Wess-Zumino Lagrangian given in Eq.
(A.22). This feature can be avoided using a trick, which consists in the introduction
of a new term composed of a unphysical field F(x") generally called auxiliary field.
The new Lagrangian density including this field can be written as

L£=203,00"d" +xTic o, x + FF, (A.29)



A3 THE WESS-ZUMINO MODEL 221

where we can see that, from the Euler-Lagrange equation, the auxiliary field F is
unphysical since F(x") = Ft(x*) =0.
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