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ABSTRACT

A search for massive particles giving rise to all hadronic decays to many jets is presented. The analysis
selects events that pass a trigger based on the total and leadingjet transverse momentum. A data sample
of v/s = 13 TeV proton-proton collisions collected by the ATLAS detector between 2015 and 2018,
corresponding to a total integrated luminosity of 140 fb 1, is used for this search. The analysis deploys
two techniques — a traditional method that searches for an excess number of jets above a transverse
momentum threshold and a new first of it’s kind machine learning based mass resonance search. The
standard model background is estimated for the jet counting method using data with scale factors
derived from simulations, while that of the mass resonance method is entirely derived from data. A
simplified R-parity-violating supersymmetric model is considered with a baryon number violating
coupling A", The observed yields are compatible with those expected from background processes.
Results are presented as limits at 95% confidence level on the model-independent cross section and
interpreted as exclusion limits on scenarios with pair-production of prompt gluinos that decay via N
to six (direct) or ten (cascade) quarks in total. Gluinos with masses up to 1.8 and 2.2 TeV are excluded

for the direct and cascade decay models, respectively.
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Introduction

This is a challenging time for particle physics that necessitates new experiments, technologies, and
methods to propel us forward. Forty years ago, new discoveries were found every few years and even
just five years ago it felt as though breakthroughs were right around the corner. Now a decade after the
Higgs was found and hundreds of searches without discovery at the LHC, we find ourselves wondering

what the road forward is. There are of course many questions that remain unanswered, the nature of



dark matter, matter-antimatter asymmetry, and gauge-hierarchy problem, to name a few, which serve
as ongoing motivation. The challenge we face is that so much of model space has already been probed
via direct searches that any signal will necessarily be difficult to find.

In light of this, there are several options depending on what scale one believes new physics exists at.
Should there be no new physics at any reachable scale, then the right course of action may be to work on
interesting properties of known physics, such as the phase transition from free to confined partons, or
simply change field altogether to something like cosmology which has become a motivation for many
Large Hadron Collider (LHC) searches. More optimistic is that there is new physics that has been
missed in the large dataset, in which case exploring hard regions of phase space with new methods is
the right line of approach. It could also be the case that with more data, rarer processes may become
accessible. If one believes this, then working on detector upgrades to prepare for the High Luminosity
LHC makes sense. Lastly, it is also possible that there is new physics that is just outside of the energy
range accessible at the LHC, meaning that working on future colliders is the best route to discovery.

Throughout graduate school I’'ve worked on two of these options, focusing on the upgrade to A
Toroidal LHC Apparatus (ATLAS)’s muon spectrometer and deploying a new search technique on
the already collected data. The later is the focus of this thesis, which presents a search for pair pro-
duction of massive particles that each decay to all-hadronic final states with many jets. Historically,
this was not a major target for the search program because of the focus on signatures with significant
amount of Missing Transverse Momentum (MET), which would be indicative of non-interacting
particles being produced such as dark matter candidates. Moreover, this signature is notoriously chal-

lenging because of the large multijet background and high multiplicity. The specific simplified signal



model under consideration is R-parity-violating (RPV) Supersymmetry (SUSY), which challenges a
basic assumption of most of the search program that only baryon (B) and lepton (L) number conserv-
ing terms should exist. The B violating models are the main focus here, while other analyses target
the L violating models. Theoretically, these models also provide remedies for the heirarchy problem
depending on the mass spectrum and satisfy one of the Sakharov conditions for baryogenisis that can
help answer questions about matter-antimatter asymmetry. For these reasons, the models have pro-
gressively become of greater interest, leading to this work.

The dissertation is structured as follows. First, a brief overview of the theoretical motivation for
particle physics at large and this thesis in particular is discussed in Chapter 2. Then, the experimental
aspects of the LHC, ATLAS, and physics object reconstruction are discussed in Chapters 3-5. Next,
Chapters 6-8 describe the analysis performed to search for the experimental signature described in the
previous paragraph. Two approaches are utilized, a traditional jet counting method and a new mass
resonance method. Thelater is of great interest since it is the first time on data thata Machine Learning
(ML) algorithm is used to perform the previously impossible task of event reconstruction in high
multiplicity final states, leading to significantly stronger limits. Moreover, the technique appears to
be general enough that the core technology can be used in other scenarios as well. Finally, the analysis

results and outlook are discussed in Chapter 9.



Part 1

Theory and Motivation



Theory

Particle physics has been formulated through theoretical predictions and experimental measure-
ments, yielding an effective theory of nature called the Standard Model (SM). This chapter provides

an overview of the SM in Section 2.1 and Beyond the Standard Model (BSM) physics in Section 2.2.



2.1 THE STANDARD MODEL OF PARTICLE PHYSICS

The SM is described in the framework of Quantum Field Theory (QFT), which combines quan-
tum mechanics, special relativity, and classical field theory. The fundamental objects are quantum
fields that are defined at all points of spacetime. In contrast to classical fields, these quantum objects
take on operator values which can give rise to nontrivial properties.

Much of the theory is based on the ideas of symmetries, or a feature that remains unchanged under
some transformation. The SM contains reference frame, gauge invariance, and discrete symmetries.
The former is a statement that the laws of physics should be invariant under any choice of reference
frame in spacetime. This is encapsulated in the global Poincare symmetry, consisting of translations,
rotations, and boosts. The gauge invariance is a statement that the theory contains redundant degrees

of freedom. This is manifested as a local internal symmetry from the group

SU(3)c @ SU(2)L ® U(1)y, (2.)

where C, L, and Y reference the colour, left-handed weak, and hypercharge quantum numbers, re-
spectively. This symmetry group is spontaneously broken via the Higgs mechanism to SU(3)c ®
SU(2)1, ® U(1)gm, producing the isospin and electric charges in the process. Lastly, discrete symme-
tries describe non-continous changes such as parity inversion or conservation of particle number.
The gauge symmetries are the fundamental principals that determine the form of the Lagrangian

describing the dynamics and kinematics of the quantum fields. For example, a U(1) symmetry dic-
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Figure 2.1: The SM particle content comprised of matter particles and force carriers. Template taken from [1] and num-
bers from [2].

tates that a complex Dirac field should be invariant under the transformation ¢ (x) — e**(@)q)(z),
where a(x) is an angle that varies point to point in spacetime. The possible products of 1 and its
derivatives that are invariant under this transformation gives rise to Langrangian operators of vary-
ing mass dimensions. Additional constraints such as renormalizability (mass dimension of four) or

discrete symmetries restrict the operators that remain present in the theory.

2.1.1 PARTICLE CONTENT

The SM is comprised of fundamental half and full integer spin particles known as fermions and

bosons, respectively, as summarized in Figure 2.1. The particles arise as excitations of the quantum



fields underpinning the theory. The fermions interact through the fundamental forces by exchanging
or producing integer spin objects known as gauge bosons. These charges arise with conservation laws

as dictated by Noether’s theorem [3] applied to the gauge symmetries.

Fermions Currently, quarks and leptons exist in three families or generations. The generations have
identical quantum numbers except for the later ones are more massive. There are antiparticle copies
with opposite electric charge. There are three quarks with electric charge of +2/3 known as the up
[4, 5], charm [6-8], top [9, 10] and three with —1/3 known as the down [4, 5], strange [4, 5], and
bottom [11]. The leptons include the electron [12, 13], muon [14], and tau [15] with electric charge of

—1 as well as the associated neutrally charged neutrinos [16-18].

Gauge Bosons Gauge bosons mediate the three forces described by the SM and arise from broken con-
tinous symmetries as Nambu-Goldstone Bosons [19-21]. The photon mediates the Electromagnetic
(EM) force for electrically charged objects. The eight gluons mediate the strong force for objects car-

rying the colour charge [22]. The W [23,24] and Z bosons mediate the weak interaction [25, 26].

Higgs Boson The only spin 0 particle in the SM is the Higgs boson, which serves a fundamental role
is Electroweak Symmetry Breaking (EWSB) [27-31]. It has no electric or colour charge but is charged

under the weak interaction with a hypercharge of 1 and isospin of —1/2.



2.2 QUANTUM ELECTRODYNAMICS

Quantum Electrodynamics (QED) is the relativistic quantum theory of electromagnetism. It de-
scribes a collection of electrically charged fermions propagating in free space via a kinematic term and
interacting by exchanging a gauge boson, the photon, via a Dirac term. The Langrangian built from

gauge invariant terms under the U(1) symmetry group is

o 1 ,
LqED = Lbirac + LKin. = wa (iv D" —my) s — ZFWFM , (22)
f

where the sum over f runs over the generations with mass m ¢ and spinor ¢ ¢, D, = 0, +ieA,, is the
covariant derivative, I}, = 9, A, — 0, A}, is the electromagnetic field strength, and A, is the photon
field. It can be checked that under the U(1) symmetry transforming 1) — €*®1), the photon field must
transformas A, — A, — %@La for the langragian to be invariant. The U(1)qrp symmetry is not

inherent in the SM but rather arises from partial breaking of the SM symmetry group during EWSB.

2..3  QUANTUM CHROMODYNAMICS

The strong force or Quantum Chromodynamics (QCD), describes the interactions between colour
charged quarks and gluons. QCD is a non-Abelian gauge theory, or a Yang-Mills theory [32], with the

symmetry group SU(3)c. Similar to QED, the lagrangian is composed of Dirac and kinematic terms

7 - 1 a v
£QCD = Z ﬂ)f (Z’Y,LLDM - mf) djf - ZGMVGg . (2‘3)
f



The sum over f includes the quark fields and )¢ is a spinor triplet. The colour charges values are
referred to as red (r), green (g), or blue (b). Quarks carry colour charge and antiquarks carry anti-

colour. The covariant derivative

Dy = 0y +igsTu Ay, (2.4)

couples the quark field with a coupling strength ¢ via the infinitesimal SU(3) generators T}, in the fun-
damental representation via the eight gluon fields A}, (). The representation with Ty, = Aq /2 is of-
ten used, where A, (a = 1...8) are the Gell-Mann matrices. The gauge invariant gluon field strength,
similar to the electromagnetic field strength F'*¥, is given by

G%, =0, A% — 0,A% +g fabCAgAg (2.5)

uv

where % are the structure constants of SU(3). The non-Abelian nature of SU(3) corresponding
to non-zero values of f9%¢ leads to the characteristic properties of QCD. The m s and g correspond
to quark masses and couplings, which are modified during renormalization. QCD exhibits a few im-

portant properties listed below arising from the non-Abelian structure.
Colour confinement [33] The force between two colour charged objects grows linearly with the dis-
tance between the objects. Therefore, as the objects are moved further apart the energy needed to

maintain the colour connection, or flux tube, grows. At some point it becomes energetically favor-

I0



able to spontaneously produced a g pair from the vacuum rather than extend the flux tube further.
This processes is known as hadronization, where colour objects combine to form colour neutral par-
ticles called mesons and baryons. This happens at around a length scale of 1 fm or the QCD scale of

Aqep ~ 200 MeV. In contrast, the electric force of QED drops off like 1 /12

Asymptotic freedom [34, 35] The coupling strength decreases as the energy scale rises

127
(22 —2ny) In (Q%/Aqcp)’

Qg (Q2) = (2.6)

where ny = 6 is the number of quark flavours, Aqcp ~ 0.22 GeV is a QCD parameter often used
as the infrared cutoff scale, and Q? is the 4-momentum transfer of the interaction. In contrast, the
coupling constant of QED increases with energy since virtual photons and e*e™ pairs are sponta-
neously produced by the vacuum. The virtual positrons align closer with the electron since opposite
charges attract, screening the electric charge. This results in av s increasing at shorter distances or

higher energies, often described as a positive beta function

Blr) = - : (2.7)

In QCD, not only are qg spontaneously pairs produced but also virtual gluon pairs because of their
self coupling. The gluon pairs have the opposite effect known as antiscreening and contribute nega-

tively to the beta function. The negative gluon contribution overwhelms the positive gg contribution,

II



making the beta function negative and the coupling strength small at short distances or high energies.

Chiral symmetry breaking [20] The spontaneous symmetry breaking of QCD’s chiral symmetry

which results in hadron masses far above the quark masses.

2.1.4 ELECTROWEAK THEORY

The weak and electromagnetic interactions are described collectively by the Glashow-Salam-Weinberg

(GSW) electroweak model [36—38] with the local gauge-invariant symmetry group
SU2)L, ® U(1)y. (2.8)

The weak interactions only couple to left-handed fermions via a vector-axial (V-A) coupling [39—41]
with associated charge called the weak isospin I. The third component of the isospin is defined as the
conserved charge I3. The interacting spinors are split into their left and right handed components via
projection operators, transforming as an isospin doublet with I3 = +1/2 and single with I3 = 0,

respectively. The generator of the U(1)y is the hypercharge Y. The Electroweak (EW) langrangian is
Lpw = Y ¢ MiD o T
EW — wa’)’ ? /.wa - Z a 72 Z iz (2’9)
f

where the sum over f includes the 2-component Weyl spinors for quarks and leptons, B, is the mass-

less gauge field of the U(1)y gauge field, and W), = (VV;LJ , W/}, Wﬁ) are the massless SU(2) 1, gauge

12



fields. The covariant derivative

1 o1 ,
D, =0,+1g §YWB# + zg§TiLW; (2.10)

couples the Weyl fields with a coupling Yyy for the weak hypercharge of the U(1) and 7 for the pauli

matrices of the SU(2).

2.1.5 ELECTROWEAK SYMMETRY BREAKING

The weak interaction predicted the three spin-1 W bosons and was able to regain Fermi’s low energy
effective theory when the W mass was nonzero. However, this lead to a non-renormalizable theory as

can be seen by the low energy limiting behavior of the propagators

qudv
Juv—>73
: (M) 2 My, quqv const 2
* massive propagator D = — — — — 00
propag (4% 2-MZ, eMZ T ME, (4 )
(M=0) guv—"15"
. = 2\ _ KwY g2 const 2
massless propagator Dy, (¢%) = — = (7 — )

Since the massless propagator asymptotically vanishes, the theory can be renormalized. This problem
can be seen a diverent way as a problem with unitarity violating Feynman diagrams. A similar issue
with violations of unitarity in eTe™ — WTW ™ was resolved by introducing the Z boson. In this
case, WHTW = — WTW~ violated unitarity at a center-of-mass energy around 1 TeV. The unitarity
violating diagrams correspond to the longitudinally polarized W bosons in Wy W, — W W7, scat-
tering. Thelongitudinal polarisation (3rd degree of freedom) only exists for massive particles, whereas

massless particles only have two transverse degrees of freedom. These diagrams can be canceled by di-

agrams involving a scalar particle, which is the Higgs boson. These problems necessitated a solution

13



that could dynamically generate the mass terms for the vector bosons, while preserving the gauge in-
variance. At the time, spontaneous symmetry breaking had already been used in condensed matter
physics to describe the theory of superconductivity. The Higgs mechanism was proposed as an anal-
ogous mechanism to break the electroweak symmetry groups, dynamically generate massive vector
bosons, and create the low energy behavior of electromagnetism [27-31].

The Higgs component of the SM lagrangian is
Litiges = (Du¢) ' (D"9) = V(9) = (Do) (D"9) — 1i*(670) = M6'¢)*,  (2m)

where ¢ is a SU(2) doublet of complex scalar fields with Y = 1

U 1 | &1 +ig2
o= = — . (2.12)

2
¢° v2 ¢ + iy
The free parameters 1 and X of the potential V' (¢) are chosen such that p? < 0and A > 0, which

creates a potential with infinitely many ground states in the valley satisfying

+ L9 2 2 2 M2
¢¢:*(¢1+¢2+¢3+¢4):_7-

5 (2.13)

The field spontaneously chooses a ground state by fixing one of the components. Without loss of

generality, that choice is assumed to be 1 = ¢2 = ¢3 = 0and ps = v where v = /—2p2 /X is

the vacuum expectation value (vev) of the Higgs field. A nonzero vev is consequential for generating

14



masses of all other particles. The Higgs field can then be expanded around this minimum for small

deviations H, 01, 02, 03 giving

1 91(1‘) + Z@Q(SC)
¢ (z) = 7 =
v+ H(zx)+1i03(x) v+ H(x)

e, (2.14)

Sl

where the Nambu-Goldstone fields 0; arising from the broken symmetry are absorbed into the phase

factors and then gauged away. Reinserting into the Higgs Lagrangian yields

1 2
Litiges = 5 (9uH) (9" H) + gZ (v + H)2 W Wh- (2.15)
S T (o6
8 cos (O )? g a '
2
A
+ %(HH)Q - S+ ) (2.17)

where many steps have been skipped to show the final result of creating the physical fields Wﬂi, Zys

H,and A,. The W’ are created from the fundamental fields via

1
+ .
Wi=% (W, FiWy3), (2.18)

while those of the Z and photon A, are created via

Z, cosby —sinOy Wg’
= . (2.19)
A, sinfy  cos Oy B,
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The generated masses of the gauge bosons are

_ v mw 2

9 myg = m, m»7 = 0, myg = —2/,L . (Z.ZO)

Thus, the SU(2) symmetry that is spontaneously broken by the choice of a vacuum expectation value
generates a field excitation that manifests as the Higgs boson with a mass dependent on the kinetic pa-
rameter . This process allows the guage bosons to start as masssless objects then dynamically acquire
mass, protecting renormalizability and correcting the divergent longitudinally polarized diagrams.

The Higgs field also gives rise to the fermion masses through Yukawa mass terms of the kind

grYLOYR, (2.21)

where g is the Yukawa coupling of fermion f and ) is the corresponding wavefunction. After spon-

taneous symmetry breaking the 1 field changes such that the term becomes

%@Llﬁm (2.22)

h i d per fermi =
SO that a mass term 1S generate pCI' €rmion as mf = \/5 .

2.1.6 FREE SM LAGRANGIAN PARAMETERS

The full SM lagrangian has 26 free parameters already or to be determined experimentally:

+ 3 coupling constants of SU(3) ¢, SU(2) ,, and U(1)y written as g5, g,and ¢’
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* 12 Yukawa coupling the Higgs boson with the 6 leptons and 6 quarks

* 3+ 3 mixing angles and 1 + 1 Charge-Parity (CP) violating phase of the Cabibbo-Kobayashi-
Maskawa (CKM) and Pontecorvo—Maki—Nakagawa—Sakata (PMNS) matrices

* 2 Higgs potential parameters ¢ and A

1 QCD vacuum angle gcp

Often alternative parameters are used that describe the same physics but in more experimentally acces-
sible ways such as agy, aus, the Higgs mass, and the Higgs vacuum expectation value (vev). Putting

all of the terms together gives the full lagrangian

Lsm = Locep + LEW + LHiges + Lyukawa (2.23)

1 L
= *ZF;WF“ + WY Dyap + Yiyipy + |DMZ)|2 -V (¢) + h.c. (2.24)

The first term represents the field strength tensors wa, B,,,and GZV. The second term includes the

Dirac terms summing over all fermions with the covariant derivative given by
Dy = 0+ igI Wi + ig' = B, + ig TGS (2.25)
u = Ou +igly Wi +1ig 5 Bu +igs GG 2.25

The third term is the Yukawa couplings between the Higgs field and the fermions. The fourth term is
the Higgs field kinetic term, followed by the Higgs potential. Finally, the last term includes all of the

hermitian conjugates (h.c.) of the earlier terms.
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2.2 BEYOND THE STANDARD MODEL

Though the SM is the most complete physical theory in existance, it has shortcomings. There are a
number of theoretical questions with the SM itself and observations, mostly astrophysical or cosmo-

logical in origin, that are unexplained.

2.2.1 UNEXPLAINED EXPERIMENTAL OBSERVATIONS

Dark matter: Astrophysical and cosmological evidence from gravitational effects indicates that about
85% of the matter in the universe and 26% of the energy density is Dark Matter (DM) [42—44]. The
SM does not contain a DM candidate and searches for production, scattering, or annihilation processes

have come up null [45].

Dark energy: Observations of supernovae, the Cosmic Microwave Background (CMB), large-scale
structure, integrated Sachs-Wolfe effects, and observational Hubble constant data indicate that the
expansion of the universe is accelerating. From the Friedmann and Einstein field equations, this addi-
tional source of energy is necessary to reproduce the experimental observations. This corresponds to
roughly 68% of the total energy in the universe being dark energy. Calculations of the SM vacuum

fluctuations indicate that they are not large enough to be dark energy [46-s50].

Matter-antimatter asymmetry: We observe more matter than anti-matter in the universe. The promi-
nent theoretical explanation is called baryogenesis. The Sakharov conditions posit that for electroweak

baryogenesis to have occured in the early universe that there must be baryon number violation, C and
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C'P violation, and interactions out of thermal equilibrium [s1]. The SM does not appear to have
enough CP violation to explain the asymmetry [52]. The third condition requires a first order phase

transition whereas the SM only contains the smooth EW phase transition [53].

Neutrino masses: The SM only contains massless left handed neutrinos. Oscillation experiments,
however, showed that they are nonzero and the absolute mass scale is constrained to < 1.1 éV at 90%
Confidence Limit (CL) [s4—57]. Neutrino masses can be accomodated in extensions of the SM but the

correct additions are not yet known. Furthermore, it is still unknown if they are Majorana or Dirac.

2.2.2. THEORETICAL ISSUES

Heirarchy problem (Naturalness): There is a large scale difference between the EW and graviational
forces. The Higgs boson is not protected by custodial symmetries in the SM so it receives large quan-
tum corrections proporitional to the square of the Ultraviolet (UV) cutoff scale. If there is no new
physics up until the Plank scale of 10! GeV then the Higgs bare mass must be set to cancel many of

magnitudes qu = m%[ bare Am2 _ — Am?2

‘o Ziher- Lhis may be only asthetically unpleasant or hint

at the need for a deeper theory that explains the scales through dynamical processes 58, 59].

Higgs potential and stability of the universe: The Higgs potential has two free parameters £t and .
The stability of the vacuum requires that A > 0 but y is not constrained. Furthermore, the shape of
the potential is subject to quantum effects that can change its shape at the edges. The most important
contributions to these corrections are from the top quark. If the quantum effects are large enough

relative to the self-interactions of the Higgs field then the edge of the potential could curl downwards,
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creating an infinite negative well. The universe may then quantum tunnel to this state, making the

overall system unstable [60].

Gravity: The SM cannot make predictions about arbitrarily high energies or curved spacetime ge-
ometries. If one posits a massless spin-2 particle then the structure of General Relativity (GR) can be
derived from QFT and gravity’s universal coupling to matter is apparent [61]. The approach breaks
when trying to make predictions about extreme quantum gravitational phenomena, especially at high

energies where an infinite number of counterterms are needed to renormalize the theory to all orders.

Strong CP Problem: The QCD lagrangian can contain a CP violating 6 term

aﬂ,anw (2.26)

where €78 is the antisymmetric tensor of rank 4. This term is an example of a Chern-Simons term
which has nonperturbative effects depending on the topology of the principal bundle, similar in spirit
to the Aharonov-Bohm effect in quantum mechanics. This term leads to a neutron electric dipole mo-
ment that depends on the value of the angle and current experimental results require § < O(10710).
The most prominent solution by Peccei-Quinn introduces a global anomalous symmetry that is spon-
taneously broken at low energies [62]. This creates a Nambu-Goldstone boson called the axion that

forces @ = 0 and thus the theory to be CP-symmetric. The axion has not been observed yet.

SM flavour structure: The Higgs mechanism allows fermion mass terms and the CKM matrix relates
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the quark masses to the flavor basis. However, neither provide an explanation for the fermion mass

heirarchy, the number of generations, the values of the CKM mixing angles or violating phase [63].

2.2.3 R-PARITY-VIOLATING SUPERSYMMETRY

SUSY is an extension to the Standard Model (SM) in which a new symmetry between bosons and
fermions is introduced, resulting in a new set of particles with masses that could be in reach of LHC
energies [64—70]. This additional symmetry and associated particles can help solve problems such as
the particle nature of DM, the hierarchy problem related to the mass of the Higgs boson, and others.
The new particles, collectively known as sparticles differ in spin by half a unit from their SM counter-
parts. In exact SUSY the other sparticle quantum numbers are identical to the SM partners, including
noteably their masses. However, if SUSY exists then since the sparticles have not been seen, it must be
a broken symmetry at the EW scale meaning that the masses mgysy need not equal mg.

The gluino g is a fermion and interacts via the strong force as a colour octet. It is a Majorana rather
than a Dirac fermion because it is electrically neutral and built from combinations of color-anticolor
charges, meaning that it is self-conjugate. There are two primary motivations to search for the §. First,
the g is predicted to have the largest production cross-section of any SUSY particle at the LHC. Second,
naturalness arguments constrain the mass of the g, favouring a light g from its two-loop correction to
the Higgs boson mass.

The general form of the SUSY Lagrangian leads to processes that violate both baryon number ()
and lepton number (L), leading to rapid proton decay and lepton-number-violating processes, such

as unseen decays of 1 — ey that are in conflict with experimental results. To resolve this the concept
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Figure 2.2: Feynman diagrams for pair-produced gluino’s decaying to (left) six quarks via RPV )\N coupling with an inter-
mediate offshell squark (d) and (right) ten quarks through an intermediate neutralino ()2(1)) which then decays to three
quarksviaRPV A" coupling.

of R-parity is introduced and defined as R = (—1)3(B~1)+25 where s is the spin of the particle [71—
74] . All SM particles have R = +1 whereas SUSY particles have R = —1. In R-parity-conserving
scenarios, this leads to the pair production of SUSY particles (from SM collisions), and ultimately the
production of a stable, lightest SUSY particle from the subsequent decays of those initially produced.
ATLAS and Compact Muon Solenoid (CMS) have placed stringent limits on these scenarious.
R-parity, however, remains an ad-hoc addition to SUSY and need not be applied as long as the re-
sulting phenomenology does not conflict with experimental results. The RPV component of a generic

superpotential can be written as [ 75, 76]:

1 _ _ 1 _
Wrpv = iAijkLiLjEk + )\;'jkLinDk: + 5)\;/]-kUiDjDk + w; L; Ho, (2.27)

where 7, j, k = 1,2, 3 are generation indices. The generation indices are omitted in the discussions
that follow if the statement being made is not specific to any generation. The first three terms above

are often referred to as the trilinear couplings, whereas the last term is referred to as bilinear. The L;
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and Q); represent the lepton and quark SU(2)1, doublet superfields, whereas Hy represents the Higgs
superfield. The , D;, and U are the charged lepton, down-type quark, and up-type quark SU(2)L
singlet superfields, respectively. The couplings for cach term are given by A, N, and M, while  is a
mass parameter.

In the models considered in this thesis, the couplings A and A’ are set to zero, and only the baryon-
number violating coupling A7, is non-zero. The case where only A7, # 0 is often referred to as the

“UDD?” scenario, as this couples the up-type quark superfield with two down-type quark superfields

and gives rise to a two types of scenarios:

* squark decays to two quarks,

* gluino, neutralino, chargino decays to 3 quarks via an oft-shell squark.

This thesis is interested in two cases starting with gluino pair production: where the gluino decays to
three quarks via an off-shell squark as shown in the left side of Figure 6.1, and where the gluino decays
into a pair of quarks and a neutralino, and that neutralino decays via an off-shell squark to three quarks
as shown in the right side of Figure 6.1.

In the diagrams above, the off-shell squark is hidden inside of the blue coupling blob. Ina full super-
symmetric theory the squarks could be offshell but in the simplified model the squarks are decoupled
by setting their masses arbitrarily high. This decoupling means that in the phenomological modeling
the gluino or neutralino decay directly to quarks, without mention of an intermediate squark. This
is important so that the model is sensitive to generic pair-produced heavy particle decay modes. Nev-

ertheless, the squark to quarks decay is interesting from the view of QCD colour flow as shown in
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Normally, colour flows Here, colour stop-starts

9
B Eijk q
.
g _ q ----------- jIN b
1 q

Relevant for the R-Parity Violating 1" decays

q q
F; -%Fm/.< g X —"< q
q - ” q "
A q A q

Figure 2.3: Typically colour flows as in the case of a gluon decaying to a ¢g pair (upper left). With the RPV )\” decay vertex
of ¢ — qq,the colour stops and starts via a levi-cevita epsilon symbol (upper right). This is the mediating interaction for
both the direct and cascade decays §/X — qG — qqq of the considered models.

Figure 2.3. The squark and quark are both color triplets, so the decay involves a single colour triplet
going to two colour triplets. This means that the colour structure of the vertex is a levi-civita epsilon
tensor where colour does not flow but rather stops and starts. This is allowed in QCD but not seen
in the SM and can give rise to peculiar decay behavior in the Monte Carlo (MC) generation.

These scenarios are particularly interesting as existing limits from the previous 36.1 fb~!ATLAS
search in this channel [77] only limit the cascade model to a gluino mass from 1.0-1.9 TeV while
the direct decay model analysis was unable to set limits on the gluino mass beyond the Run 1 limit of
around 0.9 TeV. This is in contrast to limits on the gluino mass from R-parity-conserving analyses,
which can be as high as 2.3 TeV. Since gluinos are strongly produced, this means that there could be
alarge number of yet-undiscovered gluinos with mass as light as 1 TeV in the existing ATLAS dataset

if they decay as shown in Figure 6.1. For a gluino of mass 1 TeV, the pair-production cross-section at
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13 TeV is about 0.385 pb (assuming decoupled squarks), and so with 139 fb~*of data there could be

approximately 50, 000 gluinos.

2.2.4 SIMPLIFIED MODELS

A model of new physics is defined by a TeV scale effective Langrangian that describes additional
particle content and interactions. A simplified model is designed to include only a few new particles
and interactions [78]. Often a simplified model is a limiting case of a broader theory, where only
one or two particles are accessible at LHC energy scales while the rest are too heavy and thus can be
integrated out. Effective field theories offer an alternative but similar probe for new physics where
only SM particles are accessible at the LHC energy scale. This introduces effective contact interactions
sensitive to new physics, similar to Fermi’s 4 point interaction. This thesis uses simplified models so

Effective Field Theories are not discussed but Refs. [79-81] provide more details.

2.3 MODELLING OF PROTON-PROTON COLLISIONS

The proton is a composite particle known as a baryon that is made of three valence quarks (u, u, d)
and a sea of virtual particles, including quarks and gluons, created by vacuum fluctuations. Though
its electric and colour charge are produced by the valence quarks, other properties such as its mass are
derived from the energy of QCD interactions via gluon exchanges. Since avg is large at low energies,
the proton is a highly nonperturbative object in most regimes of everyday life. The LHC, however,
provides high energy proton beams such that the momentum transfer ¢ of the hard scatter is large

enough that the system can be treated perturbatively as collisions of the partons.
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2.3.1 FACTORIZATION

The factorization theorem states that at high energies the proton-proton cross section to a final state

f can be decomposed into non-perturbative low energy and high energy hard scatter components [82]

1 1
dopp—s s (5, phs pF) = Z/o dwl/o das fi (w1, 4u7) f5 (w2, 1) dbijy (8, nFhy 1) -
i,J

(2.28)

The non-perturbative low-energy components of the cross section are described by the Parton Dis-
tribution Function (PDF) f; (aci, ,u%) At leading order (LO) the PDF is the probability to find a
parton (i) with a fraction z;, called Bjorken z, of the proton’s longitudinal momentum at a given
factorization scale .

The factorization scale is used to separate the soft and hard physics by protecting against divergent
IR contributions to the cross section. This factorizes the soft contribution from the PDFs from the
hard scatter partonic cross section dd that is calculated using Perturbative-QCD (pQCD). The par-
tonic cross section sums over contributions from all partons 7 and j in the proton. The variable s is
the center of mass energy of the collision and 5 = w1225 is the fraction used in the hard scatter. The
cross section also depends on the renormalization scale j1g, which is the scale at which the coupling
constants are evaluated at. Often ug = i is chosen.

The PDFs cannot be calculated from perturbation theory because at low energies cvg is large so they

are extracted from measurements. They are assumed to be universal, meaning that once determined
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Figure 2.4: Comparison between the NNPDF3.1 NNLO PDFs, evaluated to uQ = 10 GeV2 (left) and u2 = 10* Gev?
(right). The individual contributions from the quarks and gluons are shown as differenc colored lines. The valence quark
contributions are labeled uy and dy [83].

they can be applied to any process. The relevant data for the Bjorken 2 range for the LHC is taken
from deep inelastic scattering (DIS), ep data collected by the Hr and ZEUS collaborations at HERA
as well as jet, ¢, and electroweak boson production [83]. An example is shown in Figure 2.4 at two
different values of the energy scale ¢%. The low g% measurements are evolved using the Dikshitzer-

Gribov-Lopatov-Altarelli-Parisi (DGLAP) equations to match the high ¢ measurements [83].

2.3.2  HARD SCATTERING PROCESS

The factorization in Eq. 2.28 can be further understood by expanding the partonic cross section
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1
dopps s (8, Ry 17) = Z/dwldmd@ffi (z1,1%) fi (w2, 1%) ¥ %‘Mijﬁfﬁ (d®; pr, pR)
i,J

(2.29)
where d6 has been replaced by the associated Matrix Element (ME) and integral over phase space with

measure d®,,. Similar to the sum of states in Fermi’s golden rule, the ME is equal to a sum over of

Feynman diagrams F;_,
My = Z Fijsf- (230)

The ME calculation can be done at various levels of accuracy depending on the order of v diagrams
included in the sum. Calculations at Leading Order (LO), with a single power of g, are readily
available by automated generators. Next-to-Leading Order (NLO) are also readily available and used
by most analyses. Next-to-Next-to-Leading Order (NNLO) calculations are increasingly available but
require significant computational time. Often in analyses, uncertainties are derived from calculating

the ME and cross section using different generators as well as varying the pr and 15 scales.

2.3.3 EVENT GENERATION

The modeling of proton-proton (pp) collisions is sketched in Figure 2.5. From the incoming pro-
tons, partons hard scatter with momentum transfer dictated by the PDFs. The hardest scattering is

typically called the primary interaction while others, as well as remenants from the protons, make up
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Figure 2.5: Visual representation of a proton-proton collision [84].

the underlying event. The incoming and outgoing partons can radiate addition partons which are
called Initial State Radiation (ISR) and Final State Radiation (FSR), respectively. These emissions
may be included in the matrix element depending on the order of calculation and factorization scale.

After the hard scatter process, the evolution of the event is modeled by parton shower algorithms.
The showering is modeled by energy and angular ordering, with the most energetic emissions hap-
pening first. As the showering proceeds, the energy scale drops and aig grows. Once g grows large
enough then the perturbative showering stops and hadronization converts the coloured objects into
colour neutral hadrons. The hadronization process is modeled using universal fragmentation func-
tions that represent the probability for a parton to hadronize for a given Bjorken x [85]. The fragmen-

tation functions are constrained using data since the process cannot be analytically calculated.
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The Experiment
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The Large Hadron Collider

The LHC is a 27 km long circular particle accelerator located 100 m underground on the border
of Switzerland and France near Geneva. With the LHC, protons are brought to over 99.99% the
speed of light and collide at four different points with a peak luminosity of 1034 cm=2s~1. This
disseration utilizes data from the second data taking period, referred to as Run 2, during which the

LHC was operated at a center of mass energy of /s = 13 TeV. The peak instantaneous luminosity
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was 2.1 x 10%* cm 2571, delivering 156 b1 of integrated luminosity to the ATLAS experiment.
This chapter begins with a refresher on important aspects of particle colliders in Section 3.1. The LHC

design is discussed in Section 3.2 and the operating parameters during Run 2 are given in Section 3.3.

3.1  ACCELERATOR Basics

Accelerators are used to produce ultra-relativistic particle beams and high energy collisions. Using
this technology small scale structure can be probed with a spatial resolution given by the De Broglie
wavelength A = 7/p, where I is the Plank constant, and p is the incoming particle momentum. As
the collision energy increases, A decreases and thus smaller lengths can be probed. New high energy
physics can also be accessed, such as resonances of hypothetical particles with rest mass (E = mc?)
below the collision energy.

In choosing the beam type and collider schematics, the most important consideration is how many
events one needs to study the targeted physics. This is given by the product of the integrated luminos-

ity Lin: and cross section of interest proc
Nevents = Line X Oproc = O / Ldt, (3.1)

where the integrated luminosity is the time integral of the instantaneous luminosity. The cross section
has dimensions of area often expressed in units of barn (b) with 1b = 1072* cm? and is a measure of
the probability a specific type of physical interaction will occur, such as two gluons colliding to pro-

duce a Higgs boson. The integrated luminosity has dimensions of inverse area and the instantaneous
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luminosity is the number of interactions per unit area per second given by

N2
L — b nbf(i’l)’y F7 (3‘2)

drooy

where IV}, is the number of protons per bunch, 1, is the number of bunches per beam, fe,, is the beam
revolution frequency, 05,y = /€20y is the root mean square of the beam width in the x(y) direction
for a given emittance € and transverse displacement 3, and F' is a correction factor from the geometry
of the beam crossing. The /3, often referred to as the amplitude function, changes throughout the
beam and is denoted as 8* at the interaction point where the beams are the most focused. The major
goal of LHC physicists and engineers is to deliver the maximum luminosity to each collision point by
changing parameters in this equation and maintaining stable collisions for the longest time possible
(typically around 10 hours).

For example, the total production cross section of the Higgs boson at the LHC was measured to
be around 50 pb. The peak instantaneous luminosity reached by the LHC in Run 2 was 2.1 x 1034
em?s™ ! or 0.021 pb_ls_l. So one expects on average 0.021 pb_ls_1 x 50 pb ~ 1 Higgs boson per
second. To increase the Higgs boson rate the luminosity must be driven up or a new machine designed
with a higher cross section using perhaps lepton-lepton collisions.

Once the physics objective is understood there are two options for colliding particles — hit two
beams head on or a single beam into a fixed target. In the case of beam-beam collisions, the center of

mass energy is /s = 2Ej, where Ej is the energy of each beam. For fixed target, /s = /2Epm,

where m the mass of the target particle. There are use cases for both types of experiments, but to
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produce the highest energy collisions a beam-beam scheme is ideal.

There are two ways to create head-on collisions, using a linear or circular collider. A first consider-
ation in choosing the design is how large the accelerator would need to be, which is dictated by the
acceleration technique. The simplest way to accelerate particles is to use a strong electric field aligned
with the particle’s direction of motion. The maximum accessible energy is limited by the voltage that
can be applied but modern Radio Frequency (RF) cavities help alleviate this problem. In light of new
technology, to increase the /s of a linear collider it must be made longer and thus more expensive.
Circular colliders, on the other hand, reach high energies by circulating the beam many times within
the accelerator. This is accomplished with smaller acceleration regions coupled with powerful mag-
netic fields to keep the particles in orbit. For example, a linear collider with comparable technology
would need to be around 280 km long to reach the same /s as the 27 km circular LHC.

The second consideration is how to control the beam, which is more problematic for circular col-
liders where magnets are used to keep an accelerating beam at constant radius. The difficulty can be
seen from classic equations. The force on a particle of charge ¢ and velocity ' under a magnetic field

B is given classically by relating the centripetal force and magnetic component of the Lorentz force

2
- . v
f=qix B= mT. (33)

When the magnetic field is perpendicular to the particles direction of motion, as is the case with the

LHC’s dipole magnets, the equation reduces to
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p=qrB, (3.4)

where p is the particle momentum perpendicular to the magnetic field, 7 is the orbital radius, B is the
magnetic field strength, and ¢ is the particle’s charge. If one takes the charge ¢ = g, = 1 as for protons
and electrons, then the equation can be reformulated to give the beam energy in GeV as a function of

the field strength in T and the accelerator radius in km
Fieam = 0.3BR. (3.5)

If the particle’s momentum increases and the orbital radius is to remain fixed, then the magnetic field
must increase. This requires ramping the field strength as the particles accelerate. Thus, there is a
tradeoft between the desired energy, accelerator radius, and necessary field strength. For the LHC,
the radius is roughly 27 km and in Run 2 the single beam energy was increased to 6.5 TeV, requiring
roughly 7.5 T magnetic fields.

The third consideration is how much energy a charged particle loses when it accelerates. The total
radiated power is given by the Lamor formula in its relativistic form

A 2
p_ q2fy4 .2+ (ﬁﬁ)
6megc 1-p2 |’

where 3 = ¥ is the ratio of the particle velocity to the speed of light, v = 1/4/1 — 32 is the Lorentz
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factor, € is the vacuum permittivity, and ¢ is the charge of the particle. The two important limiting

cases are for acceleration parallel and perpendicular (3 - B = 0)to the particles velocity

2,2
ga ¢
Py =——= .
allv 67egc (3-7)
2,2
q“a
Poiv = 6 3747 (3.8)
TEQC
where a = © = fBc. The dependence on 7 is important as it is related to the particle’s mass by

E = ymc?. Therefore, in the presence of constant nonzero acceleration the power radiation goes as

4 6

either m™" or m™", meaning lighter particles lose more energy. While a linear collider can circumvent
this problem by not using constant acceleration, a circular collider cannot because the beam undergoes
centripetal acceleration as it traverses the circular path. This means that accelerating electrons inside of
acircular collider, where the acceleration is perpendicular, creates more radiation than protons because
the bremsstrahlung rate is (m,,/ me)4 ~ 10'3 times greater. This consideration was important for
building the LHC and will be for any future collider.

The compositness of the accelerated particles is also important for the available production modes
and certainty about the incoming state. Since leptons are fundamental point-like particles, the colli-
sion energy is known and there is momentum balance in the longitudinal plane (along the beamline).
In contrast, hadrons such as a proton are composite objects made of a sea of quarks and gluons. In
high energy collisions, where the DeBroglie wavelength is less than the proton radius of 1 fm, the inner

structure of the proton is revealed and these partonic constituents collide head on. The momentum

distribution of the partons as a fraction of the proton momentum follows a probability distribution
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modeling the likelihood of finding a parton with a given momentum known as the PDF. As a result,
the incoming momentum and center of mass energy of the hard scatter is not known per collision.
Therefore, within some precision, only momentum conservation in the transverse plane is guaranteed
since the incoming beams are produced at ultra-relativistic speeds along the beam line. There is also
an extensive program for colliding nuclei which has similar considerations as hadron colliders.

The final important point to note is a feature of high luminosity colliders with bunch beam struc-
ture and electronics with finite readout latency, such as the LHC and its experiments. It is inevitable
that there will be multiple collisions per beam (bunch) crossing and any collision that is not the pri-
mary most energetic inelastic collision is known as pileup. These processes can appear to the detector
to be in-time meaning they are from within a single bunch crossing or ouz-of-time when the detector is
read out over a time scale longer than the bunch spacing. There are two important quantities charac-
terizing this effect. First is the Number of Primary Vertices (NPV), which is a count of how many hard
scattering processes there are in a bunch crossing. The second is the average number of interactions

per bunch crossing (1)

<,U> _ Loinelastic
N bunch f LHC ’

(3-9)

which gives an estimate of how much pileup to expect on average per crossing. The mean number
of interactions per bunch crossing, or pileup profile, weighted by the luminosity is shown in Figure
3.1. The average and peak (1) are 33.7 and 70 interactions per bunch crossing, respectively. Pileup is

an extreme challenge for high luminosity collider experiments and often is a driving force for detector
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Figure 3.1: The luminosity-weighted distribution of the mean number of interactions per crossing for the 2015 - 2018
pp collision data at 13 TeV centre-of-mass-energy. All data recorded by ATLAS during stable beams is shown and the
integrated luminosity and the mean <u> values are given in the legend [86].

upgrades, such as the New Small Wheel (NSW). To mitigate it, one needs to correctly identify the

primary vertex and have strong background rejection from particles originating from pileup.

3.2 DESIGN

The injection chain of the LHC is shown in Figure 3.2, beginning with a bottle of hydrogen lo-
cated just before Linac 2. First, the hydrogen is exposed to an electric field that strips its electrons, pro-
ducing protons. Linac 2 then accelerates the protons up to 50 MeV using a sequence of RF cavities.
The protons are then transferred into the Proton Synchrotron Booster (PSB), that uses four stacked

synchrotron rings to further accelerate the protons to 1.4 GeV before injection into the Proton Syn-
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Figure 3.2: The Conseil Européen pour la Recherche Nucléaire (CERN) accelerator complex [87].

chrotron (PS). The PSis composed of 277 iron electromagnets along a 628 m circular path and acceler-
ates the protons up to 25 GeV. The protons are then injected into the Super Proton Synchrotron (SPS),
a7 km long ring that accelerates them up to 450 GeV. Finally, the protons are injected into the 27 km
long LHC that accelerates them to 6.5 TeV.

The LHC uses 8 RF cavities to accelerate the beam and 8000 superconducting magnets to control
it. Each RF oscillates at 400 MHz and can reach a maximum voltage of 2 Megavolts (MV) with an
acceleration gradient of 5 MV/m. With eight RF cavities this corresponds to a maxmium of 16 MV
total, thus each circulation around the LHC increases a proton’s energy by roughly 16 MeV. The cav-
ities are also able to compensate for the 7 keV of energy lost from synchrotron radiation per beam per

revolution. The maximum is achieved after more than 10 million circulations, which is around 20
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Figure 3.3: A cross section of the LHC dipole magnet within the tunnel [88].

minutes. This processes is known as ramping.

The LHC’s superconducting magnets are used for focusing and squeezing the beams, correcting tra-
jectories, and damping oscillations in the beam position. They are built from niobium and titanium
(NbT1) and cooled to 1.9K by liquid helium based cryogenics systems. Out of the 8000 supercon-
ducting magnets, 1232 are dipoles with 8 T fields (12000 Amps of current) that are used to bend
the beams and 392 are quadrupoles used to focus them. The remaining roughly 6000 magnets are
correctors used to preserve the beam quality. As the energy of the beam increases, the magnets are
progressively ramped up in order to keep the orbital radius fixed (as seen in Equation 3.4).

The LHC beam pipe is housed inside a tunnel with diameter 3.7 m. Under this space constraint,

the LHC circulates both beams using the same cryostat but seperate magnetic fields and vacuum pipes
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Parameter Design | 2015 2016 2017 2018
Energy [TeV] 7.0 6.5 6.5 6.5 6.5

No. of Bunches 2808 2244 2220 2556 — 1868 2556

No. of Bunches per Train 288 144 96 128 — 144 144

Max. Stored Energy per beam [M]] 362 280 280 315 312

8* [cm] 55 80 40 40— 30 | 30— 27— 25
Bunch Population Ny, [10*p] 1.2 1.1 1.25 1.25 1.1
Typical Normalized Emittance [um] | 3.75 |2.6—-3.5| 1.8—2 1.8—-22 1.8—-22
Peak Luminosity [10**cm™2s—1] 1.0 < 0.6 1.5 2 2.1

Half Crossing Angle [yirad] 142.5 185 185 — 140 | 150 — 120 150 — 130

Table 3.1: Summary of Run 2 LHC parameters by year compared to the design parameters [90]

per beam. A cross section of a LHC dipole inside of the tunnel is shown in Figure 3.3. A full description
can be found in the LHC technical design [89].

The beam itself is not a continuous beam but rather a series of bunches, known as bunch trains
that are tuned using the RF cavities. A single bunch contains roughly 10! protons. The bunches are
spaced in time by 25 ns (frequency of 40 MHz), which in meters for a particle traveling at roughly the
speed of light is ¢ x 25 ns = 7.495 m. Therefore, the the maximum number of bunches in the LHC
is roughly 27 km /7.495 m ~ 3600. The exact number is slightly larger at 3654 bunches. In practice
this number of not achieved and the LHC sets the maximum number of filled bunches to be 2808.

During Run 2 the maximum number of filled bunches in was 2556.

3.3 RUN 2 CONFIGURATION

The LHC configuration parameters most relevant for physics analysis are listed in Table 3.1. Fol-
lowing the first long shutdown prior to 2015, the beam energy was increased from 4 to 6.5 TeV and

the bunch spacing was decreased from 50 to 25 ns. To achieve this, the dipole magnets undergo a
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Figure 3.4: Cumulative luminosity versus time delivered to ATLAS (green), recorded by ATLAS (yellow), and certified to
be good quality data (blue) during stable beams for pp collisions at 13 TeV centre-of-mass energy in 2015 - 2018 [86].

process known as r7aining. During this operation, the current fed to the magnets is ramped up until
they quench, then ramped down, and repeated until the desired current is achieved. A by-product of
the more extreme beam conditions is that there is more noise in the beam pipe. This happens because
negatively charged electrons become more readily liberated from the accelerator walls and attracted to
the positively charged beam. In order to reduce this electron cloud a method known as scrubbing was
used, in which the LHC circulated intense beams with lower energy but more bunches. This removes
electrons with high potential to be liberated prior to the primary beam injections.

The total integrated luminosity in units of fb~! per month during Run 2 is show in Figure 3.4.
Due to the commissioning challenges from increasing the energy and reducing the bunch spacing,

in 2015 only 3.2 b1 of data was collected. From 2016 - 2018, however, the LHC performance
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was systematically improved and even surpased design parameters as shown in the yearly columns of
Table 3.1. Most notably, the peak instantaneous luminosity was over twice the design value as result of
a reduction in 3* and increase in the number of protons per bunch as well as bunches per beam. In
fact, the LHC was so performant that ATLAS and CMS had to perform luminosity leveling in which
the beam crossing angle and space between the beams was altered to reduce the effective cross section,
which results in a lower luminosity. The primary hurdle that drove ATLAS to do this was the limited
computing power for the High Level Trigger.

The integrated luminosity is measured by ATLAS in two steps. First, the number of pp inelastic
collisions is measured online during data taking and offline in reconstruction. This provides a relative
measure of the luminosity during data taking. Then, the observed rate is calibrated to an absolute
luminosity measurement using Van der Meer scans, in which the beams are systematically moved away
from eachother in the x and y directions until the collision rate is zero. Further details of the calibration
and measurement can be found in Reference [91]. As shown in Figure 3.4, during Run 2 the LHC
delivered 156 tb~! of pp collisions to ATLAS, of which 147 fb~! was recorded and 139 tb~* passed

data quality checks for reliable physics data (later re-evaluated to be 140 fb~1).
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The ATLAS Experiment

The ATLAS experiment is a general purpose cylindrical detector with nearly 47 steradian coverage
in solid angle around the Interaction Point (IP). The detector was designed to study proton-proton
collisions from the LHC and in particular to find the Higgs boson as well as search for signatures of
new physics at the TeV energy scale. The layout is similar to other general purpose detectors with

three concentric sub-detector systems. The Inner Detector (ID) sits closest to the IP and makes up
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Figure 4.1: The ATLAS detector and its subsystems [92].

partof the tracking subsystem. Then, thereis an Electromagnetic Calorimeter (ECAL) and a Hadronic
Calorimeter (HCAL), which are used to measure the energy of particles. A solenoid magnet sits within
the calorimeters to bend charged particles, enabling precision momentum measurements with the ID.
Finally, the Muon Spectrometer (MS) sits on the outermost edges and is the second part of the tracking
system, providing an additional precision momentum measurement for muons bent by a dedicated
toroidal magnet system. A schematic of ATLAS is shown in Figure 4.3.

This chapter begins by outlining the ATLAS coordinate system in Section 4.1, followed by the
physics motivations for the detector design in Section 4.2. The ID is described in Section 4.3, the
magnetic field in Section 4.4, the calorimeters in Section 4.5, and the MS in Section 4.6. Further details

about ATLAS can be found in Reference [93].
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Figure 4.2: The ATLAS coordinate system [94].

4.1 COORDINATE SYSTEM

The nominal IP is defined as the origin of the coordinate system with the beam direction along the z-
axis as shown in Figure 4.2. The x-axis is defined to point towards the LHC ring while the y-axis points
towards the sky. The A-side of the detector is defined with positive z (closer to the Geneva airport)
and the C-side is with negative z (closer to Charlie’s Pub in Saint-Genis-Pouilly). The azimuthal angle
¢ is measured around the beam axis and the polar angle ¢ is the angle from the beam axis. The radial
distance R is defined as R = \/m .

Atahadron collider the center of mass of the colliding partons is not known. Therefore, transverse

variables are used that are invariant under boosts along the z-axis. The rapidity is defined as

) (4.1)

where E/ and p, are the particle’s energy and momentum in the z direction, respectively. 2 key features

46



of rapidity are that differences are lorentz invariant under boosts and particle production is roughly
constant as a function of rapidity. At high energies where a massless approximation £ >> m is appli-

cable, the pseudorapidity is often preferred

1
n=-5 In tan <2> (4.2)

Ann = Oisequivalent to @ = 90° and 7 = o0 is equivalent to @ = 0. The barrel region of ATLAS
corresponds to smaller, typically || ~ 1 — 1.8 depending on the subsystem. The endcap region
measures forward physics at large 1) values, typically around 1-1.8 to 2.5-3.2 with the exception of
the calorimeters which have a forward section from 3.1 < |n| < 4.9. The transverse momentum and
energy that are defined as pr =  /p2 + pg and By = E'sin 0, respectively, are also often used since

the initial transverse distributions are close to zero.

4.2 PHYSICS MOTIVATION

The ATLAS detector was designed with a wide range of physics objectives, but most prominently
observing new physics at the TeV scale. In this quest, the Higgs boson had not yet been found and was a
major target for the LHC. Consequently, many of the important ATLAS sub-systems were designed to
optimize discovery potential over a range of possible production and decay mechanisms depending on
the Higgs mass. Furthermore, the detector was designed with the forethought of precisely measuring
other SM parameters, such as those relating to the top quark, and searching for BSM physics, such as

those arising from SUSY. These objectives were translated into a set of requirements.
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* Fast, high granularity, radiation hard electronics and sensors to cope with the experimental
conditions of the LHC, involving high particle fluxes from primary interactions and pileup.

* Large acceptance in pseudorapidity and nearly full azimuthal angle coverage.

* Sufficient charged-particle momentum resolution and reconstruction efficiency.

* Vertex detectors close to the IP able to observe secondary vertices of 7-leptons and b-jets.

* ECAL for electron and photon measurements.

* HCAL for jet and MET measurements.

* Muon identification and resolution over a wide range of momentum.

+ Strong low p7 trigger efficiency and background rejection.

4.3 INNER DETECTOR

The ID is a tracking detector designed to reconstruct the trajectories of charged particles. It is sur-
rounded by a superconducting solenoid that generates a 2 T magnetic field uniform in the z-direction
that bends charged particle trajectories in ¢. The resulting track’s sagitta can be measured, thus giving
access to the pr. The system is composed of three sub-detector technologies as shown in Figure 4.4: the
Pixel Detector (PD), the Semiconductor Tracker (SCT), and the Transition Radiation Tracker (TRT).
The PD is built out of many O(100 pum) pixels and is closest to the IP between R = 33.25 - 122.5
mm. Next, the SCT is made from many layers of silicon strips and spans R = 299 — 514 mm. Finally,

the TRT is composed of straw (drift) tubes and sits from R = 554 — 1082 mm.
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Figure 4.3: A cross-section of the ATLAS Inner Detector [95].

4.3.1 PIxeL DETECTOR

In the PD, a minimum ionizing charged particle will traverse and ionize active material to produce
around 80 primary electron-hole pairs per micron of silicon [97-99]. If a voltage is applied to the
sensor, then the electrons and holes will drift to induce a signal on the electrode. The produced cur-
rent is read out, amplified, and shaped by front-end electronics, which then extract time and charge
measurements of the signal. The basic detector unit is a rectangular pixel module. A module is built

out of a sensor (active material) bump-bonded to readout electronics. Each sensor is 250 um and
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Figure 4.4: A R-z cross-section view of the layout of a quadrant of the ATLAS inner detector for Run 2. The top panel
shows the whole inner detector, whereas the bottom-left panel shows a magnified view of the pixel detector region [96].

uses oxygenated n-type bulk. The readout pixels have n™ implants with p—n junction on the other
side. Almost all individual pixels span only 50 pm in r—¢ and 400 pm in -z, providing precise
three-dimensional spatial measurements.

A schematic drawing of the PD is shown in Figure 4.5. The detector is built from three concentric
barrel layers and 2 end-caps with three discs each. The single detector modules are mounted on carbon
fiber support structures with incorporated cooling circuits. There are four concentric layers of pixels
in the barrel. The Insertable B-Layer (IBL) is the innermost layer and was installed just before the
start of Run 2. The remaining three layers are original from Run 1 — the B-Layer or Layer-0, Layer-1,
and Layer-2. The endcap consists of three disks. The three original layers have 1774 pixel modelules

spread out over roughly 67 million electronic readout channels in the barrel and 13 million in the
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Figure 4.5: A schematic drawing of the ATLAS Pixel Detector. The detector is built out of three concentric barrel layers
and three end-cap disks per side [99].

endcap. The pixel spatial resolution is roughly 10 gm in r—¢ and 115 pum in 7—z. The active area is
around 1.73 m? with coverage up to || = 2.5. There are approximately 67 million electrical channels
in the barrel and 13 million in the endcap regions of the detector.

The IBL consists of around 12 million pixels with converage up to |17| = 3 and active area of 0.15
m?. In the ¢ direction the system consists of fourteen identical units known as staves, which are each
individually composed of 12 planar silicon sensor modules. At the end of each stave there are 3D
sensors. The IBL planar pixels have a resolution of 10 um in 7—¢ and 60 pum in 7—z. The detector
was installed before Run 2 around a new beam pipe. The new pipe was smaller and thinner than
the previously used one, which reduced the amount of material that particles would traverse before
reaching the pixel detector. This also allowed the IBL to be positioned closer to the IP, reducing the

extrapolation length between the first hit measurement and the impact parameter of a track. These
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upgrades led to a factor 2 improvement in the impact parameter resolution of tracks. Additionally, the

IBL provides radiation shielding for the B-Layer which considerably prolongs its lifetime [100, 101].

4.3.2  SEMICONDUCTOR TRACKER

The SCT is a silicon strip detector consisting of 4 layers in the barrel and 9 disks in each endcap,
providing a coverage up to || = 2.5 [102, 103]. Each layer makes a 3d measurement of particles
traversing the detector. In total the SCT has roughly 6.3 million readout channels spread out across
individual modules and there are 4088 modules per layer.

A SCT module is composed of 2 6.36 x 6.40 cm? silicon sensors. Each sensor is covered with
768 readout strips separated by a pitch size of 80 m. The sensors are made of 285 pum thick p-in-n
type semiconductors and capacitively coupled to the readout strips. Pairs of sensors are wire bonded
together to form longer strips. 2 pairs of strips are offset to eachother at an angle of 40 mrad to provide
ameasure of the precision and non-precision coordinates (a 3d measurement). Each sensor is read out
by 6 front-end ABC'D chips with 128 binary signal output channels. The endcap r and barrel z

resolutions are roughly 580 ysm and 17 pum, respecitvely.

4.3.3 TRANSITION RADIATION TRACKER

The TRT is composed of straw drift tubes and designed to improve charged particle pr resolution
up to |n| = 2 [104,105]. There are 52, 544 straws in the barrel and 245, 760 in the endcap regions. In
the barell the straws point parallel to the beam, while in the endcap they point in the radial direction.

The straws are surround by polypropylene and polyethlene fibers that serve as radiator material.
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Each straw tube is 4 mm in diameter and made from kapton as well as carbon fiber with a 31 pm
diameter gold plated tungsten wire running through the center. The straw wall is a cathode held at
1530V and the wire is the anode. There is a gas mixture within the tube of 70% xenon or argon, 27%
COg,and 3% Og; xenon was replaced by argon in some regions with significant gasleaks for Run 2. As
a charged particle traverses the straw, it ionizes the gas within to produces 5 — 6 primary electron-ion
pairs. The electrons drift towards the wire while the ions drift away. The electric field grows stronger
near the wire so the electrons initiate an avalanche of ionization. This avalanche is characterized by a
gas gain, the charge multiplicative factor due to the avalanche, of 2.5 X 10%.

Furthermore, a charged particle traversing the TRT also produces transition radiation as it moves
across the boundary of the radiation material. Since the radiation spectra depends on the particle’s
Lorentz factor 7, it can be used to distinguish electrons from other particles.

The straw R—-¢ resolution is 130 um. There is no information about the 7) coordinate so the z
position is assumed as the center of the straw with a resolution of roughly 42 cm. This corresponds to
an R resolution of roughly 10 cm in the endcap. The maximum drift time for electrons is roughly 48
ns, meaning that charge must be integrated over at least 2 bunch crossings to fully capture the ioniza-
tion radiation. In combination with high pile-up and rate conditions in Run 2, this lead to occupany
as high as roughly 90% and significantly lower efficiency. Nevertheless, the TRT is instrumental for

fine track momentum resolution by supplying roughly 30 measurements.
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4.4 MaGNETIC FIELD

The magnetic field is critical to measure the momentum of charged particles [106]. The magnet
system is built out of 4 superconducting magnets, including a solenoid, a barrel toroid, and 2 endcap
toroids. The solenoid surrounds the ID to bend particles in ¢ and the toroids sit within the MS to
bend particles in 7). In the ID, the axial magnetic field is roughly 2 T at z = 0 and decreases towards
the tails of 2. In the MS, the field strength varies from 0.15 to 2.5 T in the barrel and 0.2 to 3.5 T in

the endcaps. Consequentially, the integrated field strength has considerable 7 — ¢ variability.

4.5 CALORIMETER

The sampling calorimetry system is divided into an ECAL and HCAL as shown in Figure 4.6, cov-
ering a variety of physics and radiation regimes in the range || < 4.9. The calorimeters contain
alternating absorber (shower producing) and active material (energy measuring) layers. The name
sampling comes from the feature that in the absorber-active alternating scheme some of the particle
energy is lost to the absorber and hence only part of the true energy is measured. The ECAL spans
In| < 2.5 to match the coverage of the ID and is designed with finer granularity for precise electron
and photon measurements. The HCAL is designed for jet reconstruction and EX* measurements.

In addition to providing coverage for electromagnetic and hadronic showers, the calorimetry sys-
tem must also limit punch-through to the muon system, i.e. be thick enough that primarily muons
make it through to the muon system. The ECALis > 22 radiation lengths (Xo) thick in the barrel and

> 24 in the end-caps. The ECAL, HCAL, and outer support combine to provide over 10 interaction
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Figure 4.6: A schematic drawing of the ATLAS Calorimeters. The components of the calorimetry system are the Liquid
Argon (LAr) Calorimeter and the Tile Hadronic Calorimeter [107].

lengths () of material across the full 77 range. This is sufficient to reduce punch-through of jets into
the muon system and provide a good EM measurement.

The energy resolution of a calorimeter can be parametrized as

o(E) a b

E JVE'E

® %, (4.3)

where E is the cluster energy, o(E) is the cluster resolution, @ indicates a sum in quadrature, a is
a stochastic term, b is a electronic noise term, and ¢ is a constant term which includes effects from
detector instabilities and mis-calibration. The stochastic term includes fluctuations from the shower

detection and larger for sampling calorimeters than homogenous ones.
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4.51 LiQUID ARGON ELECTROMAGNETIC CALORIMETER

The Liquid Argon (LAr) ECALissplitinto a barrel part || < 1.475and 2 end-cap pieces 1.375 <
In| < 3.2 [108,109]. The barrel is built out of 2 identical half-barrels seperated by a gap of 4 mm at
z = 0. Each end-cap consists of 2 coaxial wheels covering 1.375 < |n| < 2.5 (outer) and 2.5 <
In| < 3.2 (inner). The active material is liquid Argon and the absorbing layers are Lead plates. The
plates are arranged in an accordion geometry to provide full coverage in ¢.

The ECAL is split into regions based on the physics requirements. In the region devoted to pre-
cision physics || < 2.5, the detector is split in three sections of varying depth. Meanwhile for
2.5 < |n| < 3.2 corresponding to the end-cap inner wheel, the calorimeter is divided in 2 sections in
depth with coarser granularity. There is also a presampler in the region || < 1.8 that helps correct
the energy lost by electrons and photons prior to the calorimeter.

The ECAL operates at a nominal voltage of 2000 V, resulting in an average electron drift time of
roughly 450 ns to traverse the 2.1 mm gap between the copper electrodes and lead absorber plates.
Signals are created by summing adjacent electrodes in a cell or cluster and sampled 5 times every 25 ns.

The energy resolution of the ECAL is

o(E)  10% o 170 MeV
E VE E

@ 0.7%. (4-4)
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4.5.2 HaDRONIC CALORIMETER

The HCAL is composed of the Tile Calorimeter (TileCal), LAr Hadronic End-cap Calorimeter
(HEC), and LAr Forward Calorimeter (FCal). The technologies were chosen to provide adequate en-
ergy resolution for the physics objectives as well as cope with the 77 dependent radiation environment.

The TileCalssits directly outside the ECAL providing barrel coverageup to || < 1.7and R = 2.28
—4.25m [110]. The detector is built from steel absorbers and scintillating tile active material. The light
signals produced by the scintillators are transmitted to 2 photomultiplier tubes via optical fibers.

The LAr HEC consists of 2 wheels per end-cap and sits directly behind the ECAL end-caps. It
provides coverage in the range 1.5 < |n| < 3.2, which extents slightly into the TileCal and FCal
ranges to increase the material density. Unlike the LAr ECAL, the HEC uses a copper absorber.

The LAr FCal provides coverage from 3.1 < |n| < 4.9 and begins at roughly z = 4.7 m. The
detector consists of three modules in each end cap, a single copper one that is optimized for electro-
magnetic measurements and 2 tungsten absorbers designed for hadronic measurements.

The design energy resolutions are given below with the electronic noise term found to be negligble.

Barrel U(EE) = % o 3% (4.5)
Endcap o(E) = 100% @ 10% (4.6)

E VB
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4.6 MUON SPECTROMETER

The MS is designed to provide an additional precision momentum measurement for muons at
|n| < 2.7 that traverse the ID and calorimeters without losing significant energy [111, 112]. The layout
is shown in Figure 4.7. Specifically, the calorimeters were designed to stop primary neutral hadrons,
photons, charged particles except for muons with pt > 3 GeV and neutrinos. Since muons are
produced frequently at the LHC, the MS is an important detector component for precision physics
as well as BSM searches. Additionally, it provides a trigger for charged particles up to || < 2.4.
The MS is submersed in a toroidal magnetic field and consists of four gaseous detectors built upon
distinct technologies — the Monitored Drift Tube (MDT), Cathode Strip Chamber (CSC), Resistive
Plate Chamber (RPC), and Thin Gap Chamber (TGC). The MS just underwent an upgrade for Run
3 to replace the Small Wheel with the NSW which deploys small thin gap chambers and micromegas.

The MS schematic used for Run 2 is described below.

4.6.1 MONITORED DRIFT TUBES

The MDTs are the primary precision tracking technology in the barrel and large regions of the end-
caps. The chambers are built out of pressurized drift tubes. The tubes are filled with Ar/Cog gas which
causes ionization when a charged particle moves through the chamber. A 50 pm tungsten-rhenium
wire runs through the center of each tube with an operating voltage of 3080 V. This wire collects the
electrons produced when the gas is ionized. Since the electric field produced by the wire drops off like

1/12, as the electrons drift closer they experience a stronger field which causes an electron avalanche.
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Figure 4.7: A schematic drawing of the ATLAS Muon Spectrometer. A quarter sectino of the muon system is shown in
the plane containing the beam axis (y-z plane) [113].

This multiplies the primary charge and amplifies the signal.

4.6.2 CATHODE STRIP CHAMBERS

The CSCs are multiwire proportional chambers that are able to track at higher particle rates (~
1000 Hz/cm?) than the MDTs (~ 150 Hz/cm?). They are used in the high 7 region where the

particle rate is largest.

4.6.3 RESISTIVE PLATE CHAMBERS

The RPCs are gaseous electrode-plate detectors (no wires) and make up the trigger system in the bar-
rel region. When an ionizing track traverses the detector, an avalanche is formed from its interaction
with the the electric field between the resistive plates. This avalanche then drifts towards capacitively

coupled metallic readout strips. The detector could be operated in avalanche mode (described) or an
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alternative streamer mode. The avalanche mode is used since it is better at handling higher particle

rates and rate-independent time resolution.

4.6.4 THIN GAP CHAMBERS

The TGCs are responsible in the end-cap for the muon trigger and determination of the azimuthal
coordinate that complements that of the MDTs. The detector is a multi-wire proportional chamber
with a shorter wire-to-cathode distance of 1.4 mm than the wire-to-wire distance of 1.8 mm. In com-
bination with a highly quenching gas mixture of CO2 and n-C5H2, the TGC was able to provide

good time resolution for a majority of the tracks.

4.7 'TRIGGER

In particle physics experiments, a trigger is a system that decides when an interesting event has hap-
p phy p g8 % g p
pened that should be recorded. These systems range in complexity from a simple coincidence between
photomultiplier tubes as used in many cosmic ray experiments, to highly sophisticated software and
hardware filters utilizing data from many subdectors such as in ATLAS. The need for such a system is
directly related to the physics objective. The production modes of particles produced in ppcollisions
y phy p p p
follow probability distributions where the most interesting events are often the rarest. To sample this
p y g p
probability distribution, the LHC collides large amounts of protons and produces copeous amounts
of data. However, there is not enough storage to save all of the data nor is the collection rate fast
enough so the system must decide which events to keep and throw out, eventually saving only around

1% of events. These decisions must happen quickly, in some cases as fast as 2.5 ys, based on the latency
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Figure 4.8: The ATLAS TDAQ system in Run 2 showing the components relevant for triggering as well as the detector
read-out and data flow [114]. Note that the Fast Tracker (FTK) was not used in Run 2.

of the detector and rate of collisions. There are discussions of how to leverage modern technology to
save larger fractions of the data but until then the trigger is a necessary system. The following sections
provide an overview of ATLAS’ trigger and details about the jet triggers used in this thesis.

The trigger is responsible for processing, selecting, and recording events of interest for physics anal-
ysis [114, 115]. The events are selected using a 2-stage system composed of the hardware based Level-
1 (Li) trigger and software based High Level Trigger (HLT). These systems reduce the data rate from
40 MHz, or one collision every 25 ns, to a saveable rate of approximately 1 kHz. The primary compo-

nents and work flow is shown diagramatically in Figure 4.8.
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4.7.1  LEVEL-1 TRIGGER

The Lz trigger is a hardware based filter implemented in custom electronics to use reduced granu-
larity information from the calorimeters and MS. Events are selected based on event-level quantities,
multiplicity of objects above thresholds, and topological requirements. The system is composed of
the Li calorimeter (L1Calo) and L1 muon (L1Muon) triggers. Starting at the upper left of Figure 4.8,
the L1Calo uses signals from the calorimeters [116]. These signals are first digitized and calibrated by
the preprocessor. The processed signals are then sent in parallel to the Cluster Processor (CP) which
identifies electrons, photons, and 7-leptons as well as the Jet/Energy-sum Processor (JEP) which iden-
tifies jets and calculates sums of total and missing transverse energy. The information from both the
CP and JEP are fed into an additional L1 topological (L1Topo) trigger which is able to make decisions
based on topological requirements such as invariant masses or angular distances.

The L1Muon trigger uses information from the RPCs in the barrel and TGCs in the endcaps to
determine if a candidate track is from a muon produced at the IP [117]. The trigger applies coincidences
between the inner and outer TGC stations as well as between the tile calorimeter and the TGCs.

The final L1 trigger decision is made by the Central Trigger Processor (CTP) using signals from the
all of the L1Calo, LiTopo and LiMuon (through the LiMuon Central Trigger Processor Interface) trig-
gers. Additional signals are used from other subsystems as well including the Minimum Bias Trigger
Scintillators, the LUCID Cherenkov counter, and the zero-degree calorimeter. The CTP is also re-
sponsible for limiting the amount of Li triggers within constraints from the detector read-out latency,

known as simple and complex dead time.

62



The L1 reads data at 40 MHz, accepts events up to a maximum read-out rate of 100 kHz, and
makes decisions within a latency of 2.5 p1s. Once an event is deemed interesting, the Lz trigger issues
a L1 Accept. This signals the ReadOut Drivers (RODs) to perform processing and formatting as well
as the ReadOut System (ROS) to buffer the data. This data can then be sent to the HLT if it requests

it. The L trigger also produces Region of Interest (RoI)’s in 7 and ¢ to seed the HLT.

4.7.2 HicH LEVEL TRIGGER

The HLT is a software based filter that runs on mostly commerically available computers and ne2rk
devices. It uses the full granularity data from the calorimeters and MS. First, the Level-2 (L2) trigger is
seeded by Rols, which are detector regions that the Lz trigger has identified as possible trigger objects.
The Rol information consists of coordinates, energy, and signature types. The L2 reduces the event
rate further down to 3.5 kHz and takes 40 ms per event. Then, the event filter utilizes fully recon-
structed events to further refine the trigger selection. In combination, the data rate is reduced down
to 1 kHz which amounts to a data write rate of 1.2 GB/s.

Though there are many specialized triggers, this thesis only uses jet triggers and so the remainder of

this chapter is devoted to those. More information on the trigger system can be found in [114, 115].

4.7.3 JET TRIGGERS

A jet trigger is designed to identify events with some interesting number, feature, or characteristic
of jets. The types of jet triggers currently availabe are: single-jet that require at least one jet above a pr

threshold, multi-jet that requires at least N jets above a pr threshold, Hr that require the scalar sum
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of all jet pr above a threshold, and analysis specific based on individual signatures. This thesis relies

on data passing a single-jet L1 trigger and an Hr trigger built in the HLT.

4.7.4 SINGLE-JET L1 TRIGGER

The Li trigger uses jets built with a sliding window algorithm on the calorimeter cells. The algo-
rithm identifies RoI’s as towers of calorimeter cells whose summed energy exceed a threshold. The
energy is calibrated to the EM scale which leads to accurate energy measurements in the ECAL but
underestimated deposits in the HCAL. After the calibration, then the triggers place requirements on

individual jets. More details can be found in [118].

4.7.5 HrHicH LEVEL TRIGGER

The HLT jet triggers are based on jets reconstructed by the anti-k; algorithm with a radius of R =
0.4. These jets are built from calorimeter topo-clusters without any additional information from the
tracker. They are then calibrated using a similar method to those used for offline physics analysis. First,
a per event pileup subtraction is applied based on jet area and energy density within || < 2. Then,
the calorimeter response is corrected via pr and 7 calibration factors derived from simulation. Finally,

the Hr, the scale sum of jet pr, is computed and used.

4.8 PHASE-1 UPGRADE: NEW SMALL WHEELS

The ATLAS detector is undergoing two phases of upgrades to prepare for the High Luminosity

Large Hadron Collider (HL-LHC), where the expected instantaneous luminosity will be roughly 5 —
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Figure 4.9: (left) Sketch of a quarter section of ATLAS showing different muon trajectories. Only trajectory A corre-
sponds to a muon produced at the LHC interaction point (IP), while trajectories B and C are from the fake signals that
dominate the Level-1 trigger rate. (right) The pseudorapidity distribution of muon candidates passing the level-1 ATLAS
trigger with pr > 20 GeV from 2017 Run-2 data, showing the regions expected to be rejected using the NSW in Run 3
and beyond (orange). Almost all triggered muons (blue histogram) are good muons (red). Figures taken from [119].

7 times larger than it is currently. The most significant Phase-1 upgrade is the complete replacement
of the MS small wheels with the NSW, a two technology detector comprised of roughly 2.45 million
electrical channels. The NSW provides an additional track segment to the Li trigger from coincidence
with the Big Wheels. The segment has roughly 100 zzm spatial resolution, 1 mrad polar angle resolu-
tion, 15% pr resoluion at 1 TeV, and 1.1 us trigger latency. This help reject muons that arise from
other sources such as cavern backgrounds or the halo of the LHC beam as shown in Figure 4.9a, al-
lowing low pr thresholds to be maintained for the end-cap muons even at the HL-LHC luminosity.
The expected rejection regions from including the NSW based on 2017 data taking is shown in Figure
4.9b, making clear the significant impact.

The two technologies used are called the Micromegas (MM) and small-strip Thin Gap Chamber
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Figure 4.10: Schematic diagrams of the (left) Micromegas and (right) small-strip Thin Gap Chambers that are used within
the New Small Wheel. Figures taken from [119].

(STGC). The MM is a parallel plate gaseous detector where gas ionization creates free drift electrons
that move in an electric field, pass through a mesh, create an avalanche in the amplification region,
and then induce a signal on readout strips. It is primarily used for tracking. Meanwhile, the STGC
is a multiwire chamber and the primary trigger detector. The chamber is build with an anode plane
located between 2 parallel cathode planes as well as perpendicular strips to wires and pads for triggering.
Schematics of both technologies are shown in Figure 4.12. The technologies are stacked together to
form sectors, with 32 sectors across the 2 wheels. For futher details see References [119-121].

Though the NSW is not the subject of this thesis, I worked for roughly 2 years on its construc-
tion, commissioning, and data taking with a focus on the MM triggering system. My major contribu-
tions were validating the electrical and optical connectivity of both wheels with so-called connectivity
tests, measuring cosmic ray muons with the Micromegas Trigger Processor (MMTP), and testing the
MMTP firmware. The connectivity tests involved using the internal pulser of a front end-chip called

the VMM to send test signals to each channel which were then read out through electrical and opti-
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Figure 4.11: (left) Number of track segments recorded by the Micromegas trigger processor after test pulsing, validating
the electrical and optical connectivity of a layer. (right) Number of muon candidates recorded by the Micromegas trigger
processor while collecting cosmic ray muons in BB5.

cal connections to other boards, ultimately ending at the MMTP. Figure 4.11a shows an example test
where 6400 pulses per channel were expected to be read out. The majority of VMM channels were
highly efficient and problematic ones were fixed manually. After the connectivity tests, the sectors
were used to trigger on cosmic ray muons, enabling real world testing of the MMTP firmware and
logic for the first time. Internal coincidence logic within the MMTP decided which track candidates
were of interest and sent Li-accepts to record the data. The resulting track profile helped understand
the detector and trigger algorithm characteristics as well as its behavior in noisy environments. An
example data run is shown Figure 4.11b.

Importantly, the cosmic tests enabled a measurement of the trigger time resolution with the final
detector components. The resolution had previously been measured to be roughly 35 ns using a ded-

icated test stand with pre-production electronics and triggering at threshold as shown in Figure 4.12a.
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Figure 4.12: (left) Number of track segments recorded by the Micromegas trigger processor after test pulsing, validating
the electrical and optical connectivity of a layer. (right) Number of muon candidates recorded by the Micromegas trigger
processor while collecting cosmic ray muons in BB5.

The x-axis is the time difference in bunch crossings (BC), or 25 ns intervals, between the first and last
hits, referred to as ART pairs for technical reasons not necessary here. Using the delta time resolution
extracted from the standard deviation of the gaussian peak, the single hit resolution was measured by
summing in quadrature the individual resolutions. The 35 ns resolution was validated using the actual
detector, then different configurations were tested to reduce the latency. Most noteably, triggering at
peak reduced the resolution to roughly 25 ns as shown in Figure 4.12b, helping reduce the overall trig-
ger latency budget. Reducing the peaking time from 200 to 100 ns also had an impact in narrowing
the distribution but those studies are ommitted here. Beyond only the figures shown, the cosmic tests
were foundational to understanding the optimal detector configurations that are now used for pp data

taking. More details can be found in References [122-125].
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Reconstruction of Physics Objects

Reconstruction is the procedure of processing raw detector signals to create objects for physics anal-
ysis. Though this thesis relies primarily on the reconstruction of jets, it also uses leptons (electrons and
muons) and BT reconstruction in order to veto events. These objects are built and calibrated using

measurements from many of ATLAS’s subdetectors as discussed below.
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5.1 TRACKS AND PRIMARY VERTICES

Track reconstruction converts hits of energy deposits to trajectories of charged particles, referred
to as tracks. This section focuses on reconstruction in the ID [126]. This is a complex task because
of the high numbers of charged particles produced per event (about 600 in Run 2), large pileup, and
quantity of detector readout channels (about 100 million). The input to the reconstruction is 3d
points built from clusters in the PD and SCT as well as drift circles in the TRT. Two algorithms are
used.

The inside-out algorithm reconstructs charged particles originating from the hard scatter or from
the decay of short lived particles. The algorithm is seeded by three hits in the PD and SCT. This seed
is combined with information about the magnetic field and detector material within a combinatorial
Kalman filter to extrapolate the track to the end of the SCT. At this stage, there may be multiple track
candidates arising from ambiguities in the extrapolation. An ambiguity solver then applies quality
requirements on the track candidates and ranks them in terms of the quality of the track. Lastly, the
remaining tracks are further extended to the TRT and combined with hit measurements.

The outside-in algorithm serves two roles. First, it mitigates lost tracks due to detector inefficien-
cies, fake tracks, and other ambiguities. Second, it reconstruct tracks originating from decay chains
of long lived particles such as b and ¢ hadrons, photon conversions, or other hadronic processes with
insufficient hits for the inside-out algorithm. The algorithm works in the opposite direction by first
seeding tracks with TRT measurements and then adding hits from the silicon detectors.

The tracks that are used for physics analysis must be within the ID acceptance of |1| < 2.5, have
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pr > 0.5 GeV, and pass additional quality criteria. These criteria include a check of the number of
hits in the silicon detectors and the track consistency with the Primary Vertices (PV), the position of
the primary pp interaction per bunch-crossing.

The PV is reconstructed using an iterative vertex finding and fitting procedure [127, 128]. The most
important quantities entering the algorithm are the longitudinal (zp) and transverse (dp) impact pa-
rameters. The initial position of the vertex fit is seeded by the beam spot in the transverse plane. Then
the tracks and seed are used to iteratively fit the best vertex position using a X2 minimization. After
each iteration the tracks are reweighted based on their compatibility with the fit. After the final itera-
tion, the final weight of each track is evaluated. Then, any tracks deemed incompatible with the vertex
position are removed from the track candidate list and placed back in the pool of unused tracks. The
remaining candidates are then used as input to a new vertex finding iteration. The steps are repeated
until all of the tracks in an event are used or no more vertices can be found. The PV is the one with the
highest >~ p4 of associated tracks. This is based on the assumption that charged particles produced in
hard-scatter interactions have on average higher pr than those produced in pileup. This is an efficient
decision in many cases, except for ones where most of the pr is not carried away by charged particles

such asin H — 7. For those processes, alternative PV finding algorithms can be run.

5.2 ToroLoGICAL CALORIMETER CLUSTERS

Objects such as electrons and jets are reconstructed using information from the calorimeter known

as topological clusters or topo-clusters [118]. These are clusters of energy believed to arise from the
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same particle shower. The algorithm used to build the clusters is based on estimating the signal signif-

icance in adjacent calorimeter cells. The significance is calculated as

EM
E cell
EM
noise,cell

7= , (s.1)

g

where ECEeII{[ and Ur];:é\iie,cell are the cell energy and noise, respectively. The cell energy is calibrated
to the EM scale using calibration constants derived from test beam measurements. The algorithm
begins with all cells in the second calorimeter layer outwards with Z > 4. Adjacent cells with Z > 2
are added to form multi-cell clusters. If the same cell is added to multiple clusters, then those clusters
are merged. Then, adjacent cells with Z > 0 are added. Finally, the clusters are checked for cells that
exceed 500 MeV and if more than one is found then the cluster is split.

Though not used in this analysis, there is an alternative approach to calibrating the topo-clusters
called the Local Cell Weighting (LCW) [118]. This procedure uses cluster properties, such as the energy
deposit and shower characteristics, to calibrate the cell. This accounts for the calorimeter’s different

EM and hadronic responses, proclivity to loose signal due to thresholds applied in the clustering pro-

cedure, or inactive/dead material. Large-R jets are often reconstructed using this type of calibration.

5.3 ELECTRONS

Electrons leave tracks in the ID and deposit energy in the ECAL. They are reconstructed in the
central region |n| < 2.47 using directional information from the tracker and energy scale from the

calorimeter as shown in Figure s.1. They can also be produced in the forward region outside of the
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Figure 5.1: Anelectron passing through the ATLAS detector. The electron pathis showninred as it traverses the tracking
system (pixels, SCT, and TRT) and then showers in the ECAL. The dashed red line indicates an example trajectory of a
bremsstrahlung photon produced from the electron interacting with the material in the tracker. [129].

detector coverage, but those are not considered in this analysis.

The reconstruction algorithm is seeded with topo-clusters calibrated at the EM scale. Tracks are
associated to the topo-clusters and then re-fit using an optimized Gaussian Sum Filter that is designed
to account for nonlinear bremsstrahlung effects [130]. The re-fitted, topo-cluster associated tracks are
used as seeds to create variable-sized super clusters [131]. These super-clusters also take into account
radiation arising from the electron-material interactions.

The energy of the reconstructed electron is determined from the energy deposited within the super-
clusters calibrated to the EM scale. The energy is also adjusted by residual corrections that take into
account non-uniformity between the ECAL layers and MC-based corrections that calibrate the over-
all energy scale. The remaining energy scale and resolution differences between data and MC are cor-
rected using measurements from standard processes such as Z — ee decays. The total electron recon-

struction efficiency is measured in data using a tag-and-probe approach. This is used to derive Er and
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7 correction factors to match the efficiency in simulation and data, ranging from 1-5%. The electron
uncertainties are mostly sub-% level.

There are several sources of backgrounds, including electrons from photon-conversions or semi-
leptonic heavy-flavour hadron decays and jets with high EM contributions. An identification algo-
rithm is used to maximize the signal versus background acceptance. The algorithm is trained to dis-
criminate Z — ee and J/U — ee from dijet events, resulting in three working points (Loose,
Medium, and Tight) corresponding to the degree of signal acceptance and background rejection. Ad-
ditionally, electron backgrounds are reduced by requiring that the electron be isolated from other
tracks or energy deposits. This is done by rejecting electron candidates for which a cone around the

electron contains more energy than a threshold. Events that have electrons are vetoed for this thesis.

5.4 PHOTONS

Photons leave a shower in the ECAL similar to electrons but do not themselves leave a signature
in the tracker since they do not have electric charge. There are two types of photons reconstructed,
converted and unconverted. Converted photons are those that decay to electron-positron pairs within
the tracker volume which then shower in the ECAL. These can be identified by finding a conversion
vertex with two tracks of opposite charge. Unconverted photons do not produce a track in the ID.
The electron and photon reconstructions are run in parallel, followed by an additional algorithm to
distinguish electrons from converted and unconverted photons [129, 132]. Events are not explicitly

vetoed with photons for this thesis but any that exist in the dataset are not used in the analysis.
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5.5 MUONS

Muons produced at TeV energies are minimum ionizing particles that leave tracks in the ID, pass
through the calorimeters without depositing significant energy, and leave hits in the MS. Events that
have muons are vetoed for this thesis. There are multiple reconstruction schemes that utilize different
pieces of subdetector information to enhance efficiency and coverage [133-136].

Muon track candidates in the ID are built as described in Section 5.1. Muon track candidates in
the MS are initially built per station with straight lines. The candidates are then extrapolated between
stations using parabolic trajectories first relying only on spatial information about the subdetector
locations and then information about the magnetic field and energy loss from material interactions.
Finally, an ambiguity solver is applied, the final tracks re-fit and compatibility with the IP checked.
There are five distinct types of built muons: combined, inside-out, muon-spectrometer extrapolated,
segment-tagged, and calorimeter-tagged.

Combined muons are built by matching MS and ID tracks. If two tracks match then the combined
hits are re-fit, taking into account the energy loss in the calorimeter. For || > 2.5 the MS tracks
may also be combined with hits in the pixel and SCT detectors to produce silicon-associated forward
muons. Combined muons are the purest and most commonly used of the reconstruction types.

Inside-out combined muons are reconstructed using an algorithm that extrapolates ID tracks to
the MS and searches for at least three loosely-aligned MS hits. The algorithm does not rely on an
independently reconstructed MS track. Therefore, the muons recover efficiency in regions of limited

MS coverage and at low pr, where they may only reach the early MS stations.
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MS extrapolated muons are reconstructed from MS tracks that do not match a ID track. The MS
track fit parameters are extrapolated to the beamline, increasing the acceptance outside of the ID to
the full MS coverage up to || = 2.7.

Segment-tagged muons are ID tracks that are matched with at least one reconstructed MS track.
The muon parameters are taken directly from the ID track.

Calorimeter-tagged muons are reconstructed by extrapolating ID tracks through the calorimeter
and searching for energy deposits consistent with a minimum-ionizing particle. If a track is tagged,
then the muon parameters are taken directly from the ID track. The pr threshold for ID tracks is
raised from 2 GeV to 5 GeV to reduce the large background at low pr.

Muons can also be produced promptly in the hard-scatter pp collision or non-promptly from heavy-
flavour hadron, kaon, or pion decays. The track of a heavy-flavour decay muons typically agrees with
a PV but is less isolated. Kaons and pions, meanwhile, often decay within the detector material and
produce tracks with kinks. To discriminate between these types of signal and background muons, a
dedicated identification algorithm is used with five working points (Low-pr, Loose, Medium, Tight,
High-pr) corresponding to different levels of signal efliciency vs background rejection. The working
points are based on the type of muon included and variables used to quantify the agreement between
the ID and MS. Muons are further purified using an isolation tagger to remove non-prompt muons
from heavy flavour decays.

The energy scale is calibrated to the part-per-million and resolution to the percentlevel using Z —
ppeand J /¢ — pp. These processes are also used in tag-and-probe approaches to measure efficiencies

as well as apply residual corrections to the simulation.
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5.6 T LEPTONS

The 7 is the heaviest known lepton, decays with a lifetime of about 2.9 x 10~ 1350ra proper decay
length of roughly 87um, and has an electric charge of —1. They decay typically before reaching any
active regions of ATLAS; 35% of the time leptonically via 7 — 117, where [ is either an electron
or a muon, and 65% of the time hadronically. The leptonic decays produce large amounts of Eiss,
The hadronic decays give rise to narrow jets. Therefore, tau candidates are seeded by jets and the tau
vertex is defined as the candidate track vertex with the largest fraction of momentum from tracks with
AR < 0.2 within the jet. Additional requirements are placed on the position of the vertex using
dp and 2. The 7 and ¢ directions are calculated using topo-clusters within the jet core. A massless
approximation is used so that the pr and Er are equal. The tau energy is further calibrated as described
in [137]. Though thesis does not expect events with taus, there is no specific tau reconstruction or veto

so hadronically decaying taus may be reconstructed as jets but this is a subdominant background.

5.7 MissING TRANSVERSE ENERGY

MET arises when a particle does not interact with ATLAS. Though in the SM this only happens
for neutrinos, many BSM theories contain non-interacting particles such dark matter candidates. In-
formation about these particles is inferred by using energy and momentum conservation in the trans-
verse plane (perpendicular to the beamline). This cannot be done in the longitudinal plane (along the
beamline) because the incoming longitudinal momentum of the hard-scattering partons is not known

as they arise from the PDF’s. Since the incoming partons have approximately zero initial transverse
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momentum, after the collision the transverse momentum of all the produced objects should sum to
zero. Therefore, the components of the missing momentum vector are the negative of the sum of all

reconstructed objects

) = —1 % Yo Pewit YL Pe | (52)

1E€hard objects J Esoft objects

where the hard objects includ fully reconstructed and calibrated particles (electrons, photons, 7-leptons,
muons) and jets. The soft term includes tracks that are not associated to any objects but are compatible

with the PV. The set of observables constructed with g‘@s) are:

E?iss — (E;niss’ E;niss) ’ (5.3)
miss __ Emiss _ [miss 2 [Emiss 2

ET _|T‘_ (x)+(y)7 (5-4)

¢miss — tan—l (E;liss/E;liss) . (55)

Since experimentally not all objects are reconstructed, FI* is biased towards positive values. The
value can also be biased by double counting objects. A dedicated overlap removal is used to mitigate
this effect. Systematic uncertainties on EI are calculated by recomputing the variable for each object
uncertainty. The soft term is estimated using events where the E* recoils off of a reconstructed Z.
The uncertainty on the soft term is estimated using SM processes without EF such as Z — [I. A
discussion of the objects, reconstruction, calibration, uncertainties, and resolution is available in [138].

This thesis expects small amounts of FX* but does not explicitly veto it.
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5.8 JETS

Quarks and gluons produced in collisions hadronize into color-neutral particles such as pions and
neutrons. At high energies, this process leads to collimated sprays of particles known as a jet. These
sprays are detected as tracks in the ID and energy deposits in the calorimeter. Experimentally, a jet is
built from a set of 4-momentum grouped together by a clustering algorithm, acting as a proxy for the
underlying partons. Understanding jets is crucial because they are the most produced objects at the

LHC and the main object used in this thesis.

5.8.1 JET CLUSTERING

A clustering algorithm is used to group objects, such as tracks and calorimeter energy deposits,
into jets. There are important considerations for the design and implementation of these algorithms
[139, 140]: simple to implement experimentally and theoretically, defined at any order of perturbation
theory, yields a finite cross section at any order of perturbation theory, and yields a cross section that
is relatively insensitive to hadronization.

The first criteria are practical considerations. For example, an algorithm can be too slow to run
experimentally and must be applicable with partons (theory) or detector measurements (experimen-
tal) as inputs. The third and fourth requirements are those of infra-red and collinear (IRC) safety,
which ensures pQCD calculations are applicable. The last requirement is meant to ensure that jets
are representative of the hard partons in the event rather than those arising from non-perturbative ef-

fects in hadronization, the activity in the Underlying Event (UE), modifications from detector effects,
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pileup contamination, and other effects. The two main types of algorithms are cone and sequential-
recombination algorithms.

Cone algorithms reconstruct jets by summing the 4-momentum of all particles within a cone and
checking if it satisfies a set of criteria [141]. This creates a list of candidate cones which must then be
split and merged to find non-overlapping jet cones. This type of algorithm was extensively used at the
Tevatron but not at the LHC.

Sequential-recombination algorithms are based on the concept of successive parton branchings as
predicted from pQCD. The algorithms attempt to invert the branching by combining particles based
on a distance measure that is small when the QCD branching is kinematically favored. Most of the

algorithms fall into a family called generalised-k; algorithms [142] that proceeds as follows.

1. Input the list of objects inside of an event.

2. Using those objects build an inter-particle distance d;; and a beam distance d; 5

. ([ 2p 2
dij = min <pt§,pt§> ARZ-QJ- (5.6)

2
dip = p;" R?, (57)

where p is a free parameter, A R;; is the distance in 7—¢ between pairs, and R is the jet radius.
3. If d;; is the smallest then remove objects 7 and j from the list and add their combination k. If
d; g is the smallest then object ¢ is called a jet and removed from the list.

4. Repeat steps 2 and 3 until all objects are removed from the list.
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Figure 5.2: lllustration of a parton-level event that is injected random soft ghosts as clustered by four different algorithm
[143]. The regular circular shapes created by the anti-k; algorithm (bottom right) is favorable and used at the LHC.

This class of algorithms guide the clustering process to combine nearby objects which may have
originated from a splitting. The k; algorithm with p = 1 combines soft objects since the minimum
distance is driven by the smallest pr [144, 145]. This is based on the idea that soft emissions are en-
hanced in pQCD. Theoretically this is appealing but experimentally the jets are sensitive to UE and
pileup. The Cambridge/Aachen algorithm with p = 0 is purely geometrical and is not as sensitive to
soft backgrounds but favors nearby objects that could arise from collinear splitting [146] . The anti-k;
algorithm with p = —1 is the most widely used algorithm at the LHC since it favors hard particles
first [147]. This is advantageous because jets form around hard cores up to a characteristic jet radius,
making them insensitive to soft radiation and circular in the 77—¢ plane as shown in Figure 5.2. These
features are important for experimental calibration. The jets used in this thesis are built using the

anti-k; algorithm implemented in the FastJet package [142, 148].
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5.8.2 PARTICLE FLOW JETS

Particle-flow objects were introduced in Run 2 to utilize information from both the calorimeters
and tracker [149]. In Run 1, jets were built using topo-clusters (calorimeter only) and then calibrated
to the particle-level using tracks associated with the jet. By actually building the signal (the objects
entering the jet clustering) with both the calorimeter and tracker, the energy resolution is improved.

The advantages of tracking information are:

* The design calorimeter energy resolution for single charged pions in the barrel is

o(F) - 50% 1%
B \/E S¥ f @ 3.4%, (5.8)

while the design pr resolution for the tracker is

1
o <p ) -pr = 0.036% - pr & 1.3%, (5-9)
T

where the quantities are measured in GeV. Therefore, for low-energy charged particles the res-
olution in the tracker is considerably better than the energy resolution of the calorimeter. Ad-
ditionally, soft particles which may be vetoed by the topo-clusters can be included as tracks.

* The charged particle angular resolution is better for the tracker.

* Soft charged particles originating from a hadronic jet that are swept outside of the jet cone by
the magnetic field before reaching the calorimeter can be associated by using the track ¢.

* Tracks within a jet can be matched with vertices, allowing rejection of pileup matched jets.
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Figure 5.3: Flow chart of the particle flow algorithm. The procedure associates tracks and topo clusters, subtracts the
charged particle contribution of the association from the cluster, and returns modified topo clusters as well as the original
objects. These objects are then used in jet clustering [149].

Meanwhile, the calorimeter is able to reconstruct charged and neutral particles, has a superior en-
ergy resolution at high energies, and has larger geometrical acceptance than the tracker. Therefore, a
combination of the two systems provides superior jet reconstruction.

The Particle Flow (PFlow) algorithm takes in tracks and topo-clusters and returns associated tracks,
unmodified topo-clusters, and energy subtracted topo-clusters. The routine is shown in Figure s.3.
First, each track is associated to a single topo-cluster and the expected energy deposit in the cluster
based on the track is calculated. Then, the algorithm evaluates the probability that the track deposited
energy in more than one cluster. If the probability is high, then additional topo-clusters are added to
the track/topo-cluster system. The expected energy is subtracted cell-by-cell from the matched clusters.
Finally, the topo-cluster remnants originating from shower fluctuations are removed.

The inputs to the anti-k; algorithm are the positive energy topo-clusters after the energy subtrac-
tion step and selected tracks that are matched to the hard-scatter PV with |29 sin @] < 2 mm. Then,
the jet candidates undergo Jet Energy Scale (JES) calibration where the energy scale is corrected to the

particle level and the Jet Energy Resolution (JER) is measured.
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Figure 5.4: Stages of JES calibrations. Each step is applied to the 4-momentum of the jet [150].

5.8.3 JET ENERGY SCALE CALIBRATION

The calibration addresses experimental effects including pileup contamination, variable detector
response, and energy leakage in order for the measured JES to be close to the particle-level scale. The
procedure is outlined in Figure s.4.

First, the jet pr is corrected for energy contamination from pileup. The correction is proportional
to the jet area and dependent on the median jet pr density in an event. Then, residual corrections
are applied based on the NPV and mean number of interactions per bunch-crossing . Next, the
jet 4-momenta are corrected to the particle level with /-1 dependent factors derived from inclusive
dijet samples. Then, a global sequential calibration is applied to reduce flavor dependence and energy
leakage using calorimeter, track, and muon-segment variables.

Finally, an i situ calibration measures the jet response in data and MC, using the ratio as a correc-
tion to data. The jet response is measured by balancing the pr of ajet against a well measured reference

object in y+Jet, Z(— ee)+Jet, Z(— pp)+Jet, and multijet events. The response is defined as the
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Figure 5.5: (left) Ratio of the PFlow+JES jet response in data to MC as a function of jet pr for Z+jet, y+jet, and multijet
in situ calibrations. (right) The fractional JES systematic uncertainty versus pr for central anti-k; R = 0.4 jets [150].

average ratio of the jet pr to the reference object pr in bins of the reference object pr

jet

R=("L). (5.10)

ref

bt

The ratio is sensitive to effects that could change the absolute jet energy, such as additional radiative
jets and energy leakage into or out of the jet cone. Therefore, the final #7-situ calibration is a double
ratio ¢ = Rt/ RMC shown as a function of the jet pr in the left side of Figure 5.5. The inverse
of the curve is taken as a scale factor and applied to data. The individual contributions from the four
processes are also compared (unfilled markers). The fractional JES systematic uncertainty is shown in

the right side of Figure s.s.

5.8.4 JET ENERGY REsOLUTION

After the jet calibration, the resolution is measured in data [150]. The relative JER is parameter-

ized as a pr dependent functional form expected for calorimeter-responses with three independent
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contributions arising from noise (/V), stochastic (.S), and constant C' terms:

U(pT):ﬁ@ S

pPr Y%y v/ Pt

@ C. (5.1)

The noise term (V') comes from electronic noise in the detector and pileup, which are both approx-
imately independent of any single jet pr. Itis expected to be significant up to pr around 30 GeV. The
stocastic term (.5) is from fluctuations in the amount of energy deposited in the detector and limits the
resolution up to several hundred GeV in pr. The constant term (C) arises from fluctuations that are
proportional to the jet pr such as the starting point of hadron showers and is dominate in the high-pr
region above roughly 400 GeV.

To precisely measure the JER in data, the jets must either recoil against a well measured reference
object or be balanced in a well-defined dijet event. The later is preferred because dijets events are fre-
quently produced, well understood theoretically, and approximately balance in the pr of the two lead-
ing jets. The dijet events must pass central and forward jet trigger, Jet Vertex Tagging (JV'T) selection,

and topological criteria. The measurement is done using tag-and-probe in bins of the average jet trans-

probe

verse momentum pf}vg and the probe jet 73,

The noise term of Eq. s.11is constrained by measuring fluctuations of energy deposits from pileup
in data collected by random unbiased triggers. The measurements are done with the random cone
method that sums energy deposits in the calorimeter within random cones with areas similar to anti—
ki R = 0.4 jets. The electronic contribution to the noise is estimated using dedicated MC samples

with zero pileup u = 0. The full noise term in the JER combination is the quadrature sum of the
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pileup and electronic noises. Systematic uncertainties are applied to account for differences between
data and MC as well as fit parameterization instability.

The combined JER measurement is done by performing a fit to the dijet measurements with a
constraint on the noise term from the random cone measurements. The functional form from Eq.
s.11 is used to extrapolate across pjrft The dijet measurement uncertainties are fully correlated and
the noise term uncertainties are propagated while repeating the fit for different values of N. The
resulting JER combination for PFlow+JES jets and absolute uncertainties are shown in Figure 5.6. A
comparison with EM+JES jets can be found in [150] and in general the PFlow+]ES jets beform better

at low-pt where the ID information is helpful.
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Part II1

Analysis
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Core Components

This thesis presents a search for the pair production of gluinos, where each gluino subsequently
undergoes an RPV decay to either 3 quarks, or 5 quarks via an intermediate neutralino, resulting in a
final state with at least 6 or at least 10 jets. Example decay diagrams for these processes are shown in
Figure 6.1.

This analysis is particularly challenging since the final state for the signal process is simply jets, iden-
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Figure 6.1: Feynman diagrams for pair-produced gluino’s decaying to (left) six quarks via RPV /\” coupling with an inter-
mediate offshell squark ((j) and (right) ten quarks through an intermediate neutralino ()2?) which then decays to three
quarksviaRPV A coupling.

tical to QCD multijet processes which are abundantly produced at the LHC. Two methods of investi-
gating these signatures are employed by the analysis. The firstisajet counting method, using selections
on standard kinematic variables to isolate the signal from the large multijet background then looking
for an excess number of highly energetic jets. The second is a novel mass resonance method, using a
newly developed Machine Learning (ML) algorithm to exploit the expected resonance from the SUSY
particle when the jets from a given gluino are combined.

The chapter provides an overview of core analysis components including the data and MC samples,
object definitions, event preselection, data format, and cutflows. The details of the two methods are

left for dedicated subsequent chapters.

6.1 DATA SAMPLES

The analyses use the full /s = 13 TeV Run 2 dataset collected by ATLAS during the years 2015
- 2018. The Good Run List (GRL) is used to select data deemed good for physics by ATLAS, cor-

responding to a total integrated luminosity of 140 tb~1[151]. The DAOD_PHYS derivation is used
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with p-tag p5083. Events are also required to pass basic event cleaning requirements to remove events
in which a subdetector raised an error flag. Jets are also required to pass cleaning requirements to re-
move instances of high calorimeter noise signals and non-collision background. After the good run
lists are selected, a general preselection is applied to all regions of the analysis based upon the expected
kinematics of the direct decay model. The cuts on the cascade model are generally tighter so they
are applied downstream during the analysis. All preselection criteria are summarized in Table 6.1 and

discussed further below.
Table 6.1: Preselection requirements

Selection Criteria | Value
Trigger selection | HLT_ht1000_L1J100
leading jet pr > 200 GeV

Ht > 1100 GeV
jet pr > 50 GeV
jet |n] <28

Number of Jets | >4

6.2 SIGNAL MODEL SAMPLES

The two simplified models are shown in Figure 6.1, with the direct decay model on the left and
the cascade decay model on the right. Both models probe RPV A" couplings. The direct decay
model targets heavy pair produced particles (gluino g in the RPV model) decaying directly to quarks.
The cascade decay model targets pair produced heavy particles (gluinos) decaying to quarks via an
intermediate heavy particle (neutralino 9. The signals are generated as LO simplified models us-

ing MG5_aMC@NLO event generator [152, 153] using the RPV UFO [154] interfaced to Pythia 8 [1s5].
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Figure 6.2: The theoretical cross sections for pair produced gluinos in proton-proton collisions as a function of the gluino
mass. The red curve computed at next to leading order in the strong coupling adding the resummation of soft gluon
emission at next-to-leading-logarithmic accuracy (NLO+NLL). The improved green curve is recomputed at next-to-next-
leading order and next-to-next-to-leading-logarithmic (NNLO+NNLL) accuracy [162].

Two additional partons are included in the matrix element calculation to mimic NLO contributions
without the full computational cost. The A14 [156] set of tunes are used for UE together with the
NNPDF2.3LO PDF set [157]. The EvtGen program [158] is used to generate the events in free space
which is then passed through a simulated version of the ATLAS detector using GEANT4 [159, 160].
The signal cross-sections are calculated at NNLO in avg, adding the resummation of soft gluon emis-
sion at next-to-next-to-leading-logarithmic (NNLL) accuracy (NNLO+NNLL) as recommended by
the SUSY working group and shown in Figure 6.2 [161].

Simulated signal samples cover a range of mg and my. In the direct decay model, the mj is varied
from 900 to 2500 GeV in steps of 100 GeV. As shown in Figure 6.2, this targets 4 orders of magni-
tude in the cross section from 1 pb at 900 GeV to 10~% pb at 2500 GeV. Three sets of samples exist
depending on the flavour of final state quarks, targeting light quarks with an optional heavy flavour

b-quark. In the first, the non-zero A}, coupling leads to the § — uds decay. The second set of sam-
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ples contain gluino decays of the form § — udb, arising from a non-zero A} 3 decay. The final two
samples contain a mixture where all 2\ couplings are open. In the cascade model, for each myj in the
range 1000 - 2400 GeV, a range of neutralino masses from 50 to 1900 GeV are studied. The three

flavour samples are also studied for the cascade model.

6.3 BACKGROUND SAMPLES

While a data-driven method is primarily used to estimate the backgrounds, simulated events are
used to validate part of the methodology and to derive scale factors for the jet counting method.
Multijet events constitute the dominant background in the search region, with a small contribution
from top-quark pair production (¢£). Other backgrounds including y+jets, W-ets, Z+jets, single-top
quark, and diboson are negligible.

Multijet production was generated using PyTH1A 8.230, with leading-order MEs for dijet produc-

tion matched to the parton shower [163]. The renormalization and factorization scales were set to the

geometric mean of the squared transverse masses of the two outgoing particles in the ME:

PR = 03+ ) (0 + m3). (6:1)

The NNPDF2.3L0 PDF set was used in the ME generation, the parton shower, and the simulation
of the multi-parton interactions [157] . The A14 set of tuned parameters was used [164]. Perturbative
uncertainties were estimated through event weights that encompass variations of the scales at which

g is evaluated in the initial- and final-state shower as well as the PDF uncertainty in the shower and
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the non-singular part of the splitting functions [155]. The fragmentation and hadronization was based
on the Lund string model [16s, 166]. To populate the inclusive jet pr spectrum efficiently, the sample
used a biased phase-space sampling which was compensated for by an appropriately decreasing event

weight. Specifically, events at a scale pi® were oversampled by a factor of (i /10 GeV)*.

6.4 OBJECTS

Jets: PFlow jets are constructed with the anti-k7 algorithm and R = 0.4 [147]. This strategy ofters
significant improvements in the JER, reduced pileup jet rates, and a more accurate jet direction in the
n—¢ plane. More details about the reconstruction are in Section 5.8. Jets containing a large particle
momentum contribution from pile-up vertices, as measured by the JVT discriminant are rejected if
they have pr = 20 - 60 GeV, || < 2.4and JVT < 0.5 [167]. Jets were selected with pr > 50 GeV

and |n| < 2.8.

b-tagging: Selected jets are tagged as b-jets if they are within the ID acceptance of |n| < 2.5 and are
identified by a dedicated multivariate algorithm (DL1r). The algorithm uses a selection of inputs in-
cluding information about the impact parameters of ID tracks, the presence of displaced secondary
vertices, and the reconstructed flight paths of b- and c-hadrons inside the jet [168]. The b-tagging al-
gorithm uses a working point with an efficiency of 77%, determined with a sample of simulated t¢
events. The mis-tag rate is 20% for c-jets and 0.9% for light-flavour jets. Differences in efficiency and

mis-tag rate between data and MC simulation are taken into account with scale factors [168]. Figure
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Figure 6.3: Number of b-tags in the signal region for several UDB models, multi-jets, and tt MC.

6.3 shows the number of b-tagged jets for several UDB models, the multi-jet MC, and t¢ MC.

Leptons: Events containing an electron or muon are rejected. These leptons are also used in the over-
lap removal described below. Electron candidates are reconstructed from an isolated ECAL energy
deposit matched to an ID track [132], have pr > 10 GeV, || < 2.47, and satisfy the Loose likelihood-
based identification criteria [129, 132]. More details can be found in Section s5.3. The longitudinal
impact parameter relative to the primary vertex is required to be zp sin ¢ < 0.5 mm. Muon candi-
dates are formed by combining information from the MS and ID [135]. They are required to have pr
> 10 GeV, |n| < 2.7, zpsinf < 0.5 mm, and satisfy the Medium identification requirements [135].

More details can be found in Section 5.5

Overlap Removal A procedure is applied to remove non-isolated leptons and avoid double counting
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tracks and energy depositions associated with overlapping reconstructed jets, electrons, and muons.

The procedure applies the following actions to an event:

* If two electrons share a track: the object with lower pr is rejected

* If a muon and an electron share their ID track: electron is rejected, unless the muon is a calo-
muon, then the muon is rejected

+ Ifajet and an electron are within AR = /n? + ¢? < 0.2: the jet is removed

* Ifajetand an electron are within AR < 0.4: the electron is removed

* Ifajet and a muon are within AR < 0.2 or the muon track is ghost associated to the jet: the
jet is removed if it’s number of tracks is lower than 3 and if the jet pr and total track pr are
consistent with the muon FSR or energy loss

* Ifa muon and ajet are within AR < 0.4: the muon is rejected.

Multiplicative scale factors are applied to MC to account for differences between data and simulation

for reconstruction, identification and isolation efficiencies, and for the jet momentum scales and JER.

6.5 TRIGGER

Events are required to pass the lowest un-prescaled Hr trigger (HLT_ht1000_L131600) with an
online threshold of 850-1000 GeV, depending on the data-taking period. The ATLAS triggering
system is described in Section 4.7 and Ref. [115]. The L1 requires events to contain at least one jet
with pr > 100 GeV (L13100). The HLT requires H7 > 1000 GeV for data recorded in 2016-2018

(HLT_ht1000_L13100)and Hy > 850 GeV for 2015 (HLT_ht850_L1375). The turn-on curvesare
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Figure 6.4: Turn-on curves for L1 jet trigger (a) and HLT _ht trigger (b). The trigger used in this analysisisHLT_ht1000_-
L1J100. Efficiency with respect to the total number of signal events for (c) the lowest un-prescaled HT trigger and (d)
the lowest un-prescaled HT trigger after the offline plateau selections are applied.

shown in Figures 6.4aand 6.4b. The HLT_ht1000_L1J100 trigger has an efficiency greater than 95%
for signal events, as shown in Figure 6.4c. In order to ensure the trigger plateau, events are required
to have Hr > 1100 GeV and leading jet p7 > 200 GeV. Figure 6.4d shows that the signal efficiency

remains high even after the plateau criteria are applied.
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Figure 6.5: Data-MC comparison distributions for the Hy (upper left), leading jet pr (upper right), number of jets (lower
left), difference in leading jet 1) (lower right) spectrums. The full Run 2 dataset of 140 b~ is shown (black points) com-
pared to the simulated multijet (gray) and ¢£ (green) contributions making up the SM total (hatched). Thank you to Lea
Halser and John Anders for producing the figures.

6.6 Data-MC COMPARISONS

Figure 6.5 shows data-MC comparisons for important variables after the preselection: the sum of
all accepted jet pr (HT_full), the leading jet pr, the total number of signal jets and the |Anq2| be-
tween the two leading jets per event. The lower panels of the plots show ratio of Run-2 data to MC.

Only statistical uncertainties are considered. The Hr and leading jet pr distributions have a flat ratio
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distribution at around ~ 0.95, except for the tails at high values which is covered by the statistical
uncertainty, showing that the MC is overestimating the data slightly. These spectra also show that the
signals are on average more energetic than the multijet events, an important feature used by both anal-
ysis methods. The number of jets distribution shows a trend starting at 7 that the spectrum is not well
modeled by MC and a data-driven background estimation is needed. Futhermore, the left panel of

Figure 6.6 shows that the n-jets distribution is a strong variable to suppress the multi-jet background.

6.7 EVENT TororLoGY AND C-PARAMETER

Event shape variables in general describe how energy flows in an event and can be effectively to
distinguish isotropic signal decays from the background multijet events. They are defined in such a
way to vanish for 2 — 2 processes and reach a maximum when the energy is uniformly distributed in
the event. Since possible g candidates have high masses, they would be pair produced almost at rest or
with alow boost. This results in close to isotropic decays or C-parameter high values. In the opposite
direction, the QCD multijets is dominated by dijet events that have lower C-parameter values.

The variable used is derived from the linearised sphericity tensor [169]

pii Pz,iDyi  Px,iPzi

1 1
— . 2 P
S Tl | Poibes i Pt

Mgy, =
o P 2
PziPxi  Pz,iDy,i pz,i

Given the normalisation of the My, tensor, its eigenvalues (\;) are defined such that ), A; = 1.

When two of them are zero, the third one must be equal to one. In this case the final state consists
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Figure 6.6: Comparison between normalised to unity distributions of the observed data, the QCD Multi-jet background
and signal models. Left: n-jets spectrum with a p requirement of 100 GeV. Right: distribution of the C' variable for
events with at least 6 jets above 100 GeV.

of two back-to-back jets. If there are three jets with the momenta lying on the same plane, one of
the eigenvalues will be equal to 0. If, instead, the spread of the momenta in the final state is close to
spherical, the eigenvalues will all be close to 1/3.

From the eigenvalues of the sphericity tensor, the C-parameter is defined as

C = 3()\1)\2 + A A3 + )\2)\3) (6.3)

and its distribution is shown in the right panel of Figure 6.6, comparing the general shape between
the Pythia multijet and signal models. The signal events show an isotropic energy flow, featuring
a higher distribution of C. The multijet events, instead, have typically lower C' values. The variable
above roughly 0.9 provides strong seperation power. The modeling of the C-parameter in this region,
however, is not perfect, which will be discussed further in the analysis method sections.

The shape of the C-parameter can be understood as follows. For 2 jets events A3 = 0 and the max

I00



value of C' = 3(1/2-1/2) = 3/4 = 0.75. So, C' > 0.75 is possible only in events with n-jets > 2.
How that region is populated depends on the pr hierarchy of the jets. If the pr of the two leading jets
is much larger than the remaining jets, then A1, Ao > A3 ~ 0. While C' = 1 is achieved ideally for
a perfect spherical momentum distribution. For example, for 3-jet events, this could occur if all three
jets have an exactly equal momentum magnitude. These types of configurations are rare in multijet

events, and thus the C' shape has a steeply falling trend after the o.75 value.
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Jet Counting Method

The Jet Counting Method (JCM) looks for an excess number of events with high pr jets. This ex-
perimental signature is expected from pair produced massive particles that decay all hadronically but
not from the multijet background. Previous analyses at /s = 7 and 8 TeV searched for similar signa-
tures but did not observe an excess [170, 171]. This iteration uses additional cuts on the C-parameter

and number of b-tagged jets. Though no excess is observed, exclusion limits on the signal models are
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significantly extended. This chapter is largely adapted from a note produced by Stefano Franchellucci,
Pantelis Kontaxakis, and Anna Sfyrla.

A main advantage of this method is its simplicity — events are counted in signal regions and the
SM background is estimated. Then, the yields are interpretted in background only and signal plus
background scenarios. The results can be reinterpreted following the same procedure for other signal
models. The analysis strategy, background estimate, systematic uncertainties, method validation, and

results are discussed in Sections 7.1 — 7.5.

7.1 STRATEGY

The spectra shown in Figure 7.1 are used to optimize Signal Region (SR) definitions for the direct
decay models. The bin content is equal to the number of MC events where > 7 jets are counted above
the pr threshold reported on the horizontal axis. The signal over background ratio and the significance
assuming a 30% uncertainty on the background are given in the bottom panels [172]. The background
rejection improves significantly with a selection on the C-parameter as shown in Figure 7.1b.

For the cascade decay models, the number of jets depends on the mass difference between the g

and the intermediate ¥, denoted Amg_go = mg —mgo. If Amg_so is large then the neutralino

-x9

may be highly boosted, which could lead to quarks with overlapping parton showers and merged

jets in reconstruction. For this case, a n-jet threshold at 7 is found to be sufficiently sensitive. When
X

Amg_ 0 is an intermediate size, the energy may be well distributed among the decay products and

a higher requirement of 8 jets improves background rejection considerably as shown in Figure 7.2.
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Figure 7.1: Histograms showing the number of events counted in MC samples containing at least 7 jets with p7 above the
one reported in the horizontal axis without (a) and with (b) an additional cut on the C'-parameter. The middle panel shows
the ratio of the counts between signal and background simulations. The bottom panel shows the significance computed
using the MCyields and assuming 30% systematic uncertainty on the background counts. The multijet background (red)
and three direct decay signal models (blue, green, orange) are shown.

Lastly when Amg_;(o is small, the neutralino is produced at threshold so most of the energy will be
1

carried by its decay products. The jets produced directly from the gluino may be soft enough to merge,
leading to a similar final state as the first case where a > 7 jet selection is sufficient.

The SM background is estimated by extrapolating the number of events across Vjets using data and
MC for the overall scale and extrapolation factors, respectively. It makes use of a Control Region (CR)
with alow pr requirement to calibrate the background to data as well as a Normalization Region (NR)
atlower jet multiplicities. The closer these two regions are to the SR, the better the method is expected
to perform. However, if they are too close then there may be substantive signal contamination which

would bias the prediction. The amount of bias depends on the given model. The regions optimized
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Figure 7.2: Histograms showing the number of events counted in MC samples containing at least 7 (a) or 8 (b) jets with
pT above the one reported in the horizontal axis. The middle panel shows the ratio of the counts between signal and
background simulations. The bottom panel shows the significance computed using the MC yields and assuming 30%

systematic uncertainty on the background counts. The multijet background (red) and three direct decay signal models
(blue, green, orange) are shown.

for the UDS models were chosen to have a CR at 60 GeV. In this way, as shown in Figure 7.7, minimal
bias is expected on the background prediction. Dedicated Validation Region (VR) are used to check
and validate the background prediction methodology prior to unblinding. The method is discussed
in detail in the following section.

For the UDB scenarios an additional event selection based on the number of b-tagged jets is used
to further enhance the expected signal to background yields. However, the selection considerably
increases the signal contamination in the CR and VRs for the lowest mass gluinos. Consequently, a

two-step sequential unblinding procedure is used.

105



N [ob Cox bup | e Ol e

SR1 180 - 130.8%55, 115 £ 11 (2 x 3) small masses
SR2 >7 220 >090 - 25.5747 2445 (2 x 3) medium masses
SR3 240 - 11.242% 1243 (2 x 3) high masses
SRy | >8 180 >085 - 27.3138 33+6 (2 x 5)

SRs >8 220 >085 - 46119 T+3 (2 x 5)

SRibj | >7 180 >085 >2 36.47573 26+5 (2 % 3) UDB high mass
SRz2bj | >8 180 >085 >2 4.8M10 2+1 (2 X 5) UDB high mass

Table 7.1: Signal regions definitions. The counting of the jets is to be considered at the given pr threshold. The back-
ground prediction is always normalized using scale factors computed in CRs at lower jet p requirements.

Nies SR Car | ittt Conamimion v
VR-A1 180 >0.80 | 72504.4733137 12.0% 70184 + 265
VR-A2 | 5 160 >0.85 | 65051.57375%9 10.8% 64985 + 255
VR-A3 150 >0.90 | 29542.01253%° 11.7% 30360 + 174
VR-B1 120 >0.80 | 79593.8721829 11.6% 80271 4 283
VR-B2 6 1o >0.85 | 58246.91%7°4 11.5% 59997 + 245
VR-B3 oo >0.90 | 28499.17500%3 11.5% 30212 + 174
VR-C1 180 347.74371 11.1% 372+ 19
VR-C2 | >7 220 <0.60 47.878, 12.8% 3546
VR-C3 240 18.3737 16.0% 1444
VR-Di | >8 18 <0.60 22.9%29 23.1% 16+4

Table 7.2: Validation regions definitions. The counting of the jets is to be considered at the given pr threshold. The
background prediction is always normalized using scale factors computed at lower jet pr requirements.

First, the models are checked using SRs without b-tagging as defined in Table 7.1. Each model is
tested in the region with maximal sensitivity. If no statistical excess is seen above 20, the method is
validated with b-tag selections using the VRs defined in Table 7.3 (CASE 1). Instead, if an excess is seen

then regions with exclusive b-tagging selections are used to validate the method as defined in Table 7.3
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jets pr Expected Max Signal Ob-
b-tags  N.jets (GeV] C cut Background Cont.amina— served
tion Events
CASE 1
VR-A-bj | >2 5 180 >0.85| 1664.5732 17.3% -
VR-B-bj | >2 6 120 >0.85 | 2776.9772 13.6% -
VR-Cbj | >2  >7 18 <0.60 32.2730 8.6% -
VR-Dbj | >2 >8 160 <0.60 76173 9.9% -
CASE II
VR-A-obj | o 5 140 >0.85 | 82794.673950 1.0% -
VR-A-1bj I 5 140  >0.85 | 19927.972361 19.2% -
VR-B-obj o 6 o0 >0.80 | 130659.978311 0.8% -
VR-B-1bj I 6 o0 >0.80 | 36240.073223 16.3% -
VR-C-obj o >7 180 <0.60 289.17154 1.3% -
VR-C-1bj I >7 18 <0.60 86.3122 17.8% -
VR-D-obj | o >8 140 <060 | 228.07%3 0.8% -
VR-D-1bj I >8 140 < 0.60 58.6’:3:8 20.1% -

Table 7.3: Validation regions with b-tagging. The case | refers to the scenario where no excess is seen during the first
unblinding step. In this case, the mz = 1.3 TeV UDB model considered for the maximal signal contamination. While
case |l considers the eventuality of a 20 excess. Here, mg = 0.9 TeV is considered for potential signal contamination.
In both cases, the Expected Background column contains the MC yields coming from multijet and t samples, and the
associated error correspond to the MC statistical error.

and the CR is not used (cask 11). If the background estimate in the VR has bad closure with data,

then an additional systematic error is included.

7.2 BACKGROUND ESTIMATE

The background extrapolation uses MC samples to compute transfer factors across different jets

multiplicities and data to normalize the prediction. The number of events with a given jet multiplicity
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Figure 7.3: The event yields in MC samples with different jets p thresholds. Figures (a) and (b) correspond to the exclu-
sive n-jets equal to 4 and 5, respectively, along with a C' requirement of at least 0.9. The bottom panels show the ratio
of the counts between signal and background. The red dotted line represents the threshold of tolerable signal contami-
nation, arbitrarily set to 20%.

of N above a certain pr, can be extrapolated as:

NExtr. _ NData NTIZ[_CjetS
n—jets — *Vm—jets ’ NMC_ (7-1)
m—]ets

where m < n and the m-jets (exclusive) region should be ideally signal free to avoid introducing bias.
Since the signal is characterized by a large multiplicity in the final state, high background purity is
expected in events with a low number of jets (< 6). Figure 7.3 shows the expected yields for QCD
multijet events and gluino events in low exclusive n-jets bins, demonstrating that events with up to 4
and 5 jets can be used in data for normalizing the background prediction.

As previously mentioned, at first approximation the main source of background is the multijet
events. Therefore, the transfer factors are estimated using only the simulated multijet samples. These
factors are computed using an exclusive number of jets selection while the signal regions are inclusive.

Consequently, if the target regions have a requirement of at least 7 jets, the extrapolation will be a sum
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Figure 7.4: Comparison between the background prediction and data, in different validation regions. Figure (a) shows
the test of the method when extrapolating fromm =4ton >7jets, with C< 0.6. While in (b) the extrapolation is done
form =4ton >5 jets, but with the inverted C cut, C> 0.9. The red histograms show the background extrapolated
using the scale factors computed in the CR at a jet pr requirement of 60 GeV, comparing data and MC. While the orange
histograms are the predicted background yields, without the usage of such scale factors.

of the regions with exactly j-jets, where j > n. This sum can be truncated at j = n + 2 since higher
multiplicities bring a negligible contribution (< 0.5%) that decreases further at high pr.

To account for the mismodeling of the multijet spectrum from MC, scale factors are estimated from
direct comparisons with data in CRs. The scale factors (s, = Sy |py>py, ) are derived for the MC
yields in Eq. 7.1 with alow pr o > 60 GeV threshold. This places the CR as close as possible to the

SR with minimal signal contamination. For example, the extrapolation from m=4ton > 7jets is

MC Data
NEx Data Ni—jets . _ Si, NZ —jets
7Jets § Wq * IV 4—jers * NMC Wa5 = —3 Si = MC . (7.2)
4— Jets S4 i—jets | pr>60 Gev

The impact of the scale factors can be seen in Figure 7.4, where the closure in 2 VRs is shown to

improve with the additional corrections.
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Figure 7.5: Closure test of the background method in all VRs. The background is extrapolated from a n-jet = 4 using a
CR at 60 GeV. The bottom panel shows the ratio of data over the predicted number of background events. In this panel,
the red-shaded region represents the MC statistical error, the light-blue band is the MC theory error and the yellow band
is the sum in quadrature of all the JES and JER errors. The grey region is the combination of all these uncertainties.

The closure of the background prediction for the rest of the VRs listed in Table 7.2 is shown below
in Figure 7.5. The NR uses n-jets = 4 and the CR uses pr > 60 GeV. There is an agreement between
data and the predicted background within the errors for all regions, with the exception of a 5% devia-
tion in VR-B3. A closure uncertainty of 5% is added in quadrature to account for this mismodeling.
To further check the robustness of the method, predictions are done in slices of C' and compared to
data at different jet multiplicities in Figure 7.6. Despite the MC mismodeling known from previous
measurements [169], the extrapolation procedure shows fairly accurate results.

Lastly, signal injection tests are performed to check that the method is robust against possible signal
contamination. These are done by predicting the yields using Equation 7.2 while replacing data with
combinations of MC multijet plus signal samples. Then, the obtained predictions are compared to the

pure MC multijet yields. Figure 7.7 displays the predicted number of events from the method, with
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of background events. In this panel, the grey-shaded region represents the MC statistical error.

and without signal injection, and the signal events, for all the signal regions. Only the lowest mass

points introduce a bias in the background. However, the expected signal-to-noise ratio in the SRs is

high enough such that the sensitivity is minimally affected.
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Figure 7.7: Yields in the various SRs using MC only from signal injection tests. The background distribution (red) is ob-
tained for the multijet samples. The background with signal injection (orange), is obtained by replacing the data terms
with multijets plus signal events in Equation 7.2. The py threshold used for the CR is 60 GeV.

7.3 UNCERTAINTIES

Different types of systematic errors were considered for this analysis. They can be split into three
categories: modeling, experimental, and methodological errors. The first category is mostly account-
ing for the lack of knowledge and the approximations made in the MC calculations. The experimental
errors derive from the calibration procedures. The methodological errors arise from the background

method estimation. A final summary of all the uncertainties is outlined in section 7.3.4.

7.3.1 MODELING

This class includes systematic effects in the modeling of both backgrounds and signals. However,

the QCD multijet background is expected to have the most relevant uncertainties. The main sources
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of errors in the MC simulations are: missing higher orders in the perturbative expansion of the par-
tonic cross-section, PDF uncertainties, strong coupling constant o, uncertainties. The effect of these
is evaluated by varying the relevant parameters of the simulation. Using a standard technique, dif-
ferent MC event weights are produced for multiple variations. In this way, the MC sample can be
re-weighted according to the different simulation configurations. The predictions of the background
and signal yields obtained for each variation are compared to the nominal samples. The distance be-

tween nominal and re-weighted yields are quoted as uncertainties.

MC multijet: The considered variations are combined into three different sets, where events weight
evaluating the same systematic effect are grouped. The combinations are done by taking an envelope
of all the uncertainties. In most of the regions, the highest systematic error is related to the modeling
of ISR and FSR. In some cases, strong fluctuations are seen with high statistical uncertainties. These
are caused by few events with large weights. To avoid having these large fluctuations, some events were
excluded following an outlier removal procedure. An alternative Sherpa sample was also considered,

but given the high discrepancies in data comparisons no additional uncertainty was assigned.

MC tt: A similar procedure to the multijet case is used also for tt but only for the search regions with

b-tagging requirements. Both event weights and alternative generators are used.

Signal: The MC event weights are varied to test the impact of the renormalization scale, factoriza-
tion scale, g value, and PDF uncertainties. The method is repeated for each variation to derive an

uncertainty and included as Nuissance Parameter (NP)s.
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7.3.2  EXPERIMENTAL

Jet Energy Scale and Resolution: The Global Reduction JES with 23 NPs and Simple JER with 8
NPs are used. The background extrapolation was done for each variation and then compared to the
nominal one. All VRs were checked and the systematic effects have an impact well below 10%. In the

final fit procedure these are included as NPs for both the signal and the background.

Scale Factors: Uncertainties on the b-tagging and JVT scale factors are included for both signal and

background as NDPs arising from event weight variations.

Luminosity: A luminosity uncertainty is applied as a scale factor to the normalization of the signal

samples. For the combined Run 2 dataset, a luminosity uncertainty of 0.8% is used on the measured
value of 140068.94 pb~1.
7.3.3 METHODOLOGY

VR non-closure: In almost all the tested VRs, the predicted background and the data are compatible
within 10 of the uncertainties. Only one region (VR-B3) has a larger fluctuation, leading to a 4.8%

systematic error for regions with a tight C' selection (C' >0.9) to cover the observed discrepancy.

7.3.4 SYSTEMATICS SUMMARY

The systematic uncertaintes are summarized below in Table 7.4.
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Uncertainty type # NP ‘ Short description

Signal statistics I Weighted Poisson error, computed as the sum of MC
weights Y, \/w?

Background statistics I MC and data Poisson errors from CR, NR and trans-
fer factors, propagated for equation 7.2

MC multijets 3 MC theory uncertainties with highest contributions,
mostly coming from PDF, scale, ISR and FSR model-
ing uncertainties

MCtt 4 Similar to multijets, includes Hard Scatter, Parton
showering, ISR and FSR modeling uncertainties

MC signal 7 Signal modeling systematics, mostly scale and PDF
uncertainties (excluding errors on the cross-section)

JES/JER set 31 Jet energy scale and resolution errors, for the Global
Reduction JES and Simple JER sets; this uncertainty
is applied to both signal and background

Flavour tagging 5 Uncertainties on b-tagging scale factors; this uncer-

tainty is applied to both signal and background

Jet-vertex tagging

Uncertainties on JVT scale factors; this uncertainty is

applied to both signal and background

Luminosity

Uncertainty on the total Run 2 luminosity (0.8%)

VR non-closure

Error to account discrepancies above 10 in VR, only

forC' > 0.9

Table 7.4: Summary of the uncertainties considered for the jet counting method.
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7.4 STATISTICAL ANALYSIS

A procedure to set limits on the models of interest, in the context of the cut and count (CCA)
approach, using thejet-counting method is performed. The software package pyhf [173,174] was used.
A profile likelihood ratio combining Poisson probabilities for signal and background is computed, in
asingle bin, to determine the confidence level (CL) for consistency of the observed data with the signal-
plus-background hypothesis (CLs.p). An analogous calculation is performed for the background-only
hypothesis (CLy). From the ratio of these quantities, the confidence level for the presence of signal
(CLy) is determined and it is treated as a modified pseudo-frequentist p-value.

The definitions of the search regions in Table 7.1 were obtained before the unblinding of the data,
using the CL; method. The method was tested over a grid of possible selections. The regions giv-
ing the best-expected limits were then chosen. For the optimization all the uncertainties were consid-
ered, as summarised in Table 7.4. The tested selections thresholds are: n-jets x pr x C = [7;8] x
[160; 260]GeV x [0.8;0.95].

The results of performing the limit-setting procedure in the signal regions are shown for SR1, SR2
and SR3 in Fig.7.8a as a function of gluino mass for the six-quark (light flavor) model. These results
show the expected cross-section limits in comparison to the predicted cross-section from the theory.
Under the assumption that all RPV decays are to light-flavor quarks, gluino masses of mg < 1600
GeV are expected to be excluded at the 95% CL.

Figure 7.8b shows the expected limits in the (myg, mfc(f) phase space, for the cascade decay models

in the best-performing regions. For the model where no b-tagging is used, gluino masses above 2200
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Figure 7.8: Expected cross-section limits at a 95% CL for the direct and cascade decay models. All systematic uncer-
tainties are included in the fitting procedure unless mentioned otherwise. (a) Direct decay UDS scenario where the dif-
ferent dashed represent limits for the three different signal regions (SR1, SR2 and SR3). (b) Exclusion contours in the
(mg, m)Z‘f) mass plane for the ten-quark (light flavor) gluino cascade decay models. (c-d) Direct decay UDB scenario
where (c) shows the impact of the b-tagging requirement at different systematic uncertainty levels and (d) shows the
improvement from including a b-tagging selection.

GeV are expected to be excluded at the 95% CL for the region of 800 < m 0 < 1600 GeV and up to

>

1600 GeV for mgo > 50 GeV.
To further improve the reach of the analysis, regions with flavor tagging selections are also used.
These are especially relevant for the UDB models, where each gluino decay produces b-quark. A similar

optimization procedure was done also in this case, to identify the best cuts. The highest sensitivity is
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Figure7.9: Unblindedsignal regions, definedintable 7.1. Figure (a) shows the regions targeting the UDS models, while (b)
the ones for the UDB models with at least 2 b-tagged jets. The background is extrapolated from a jet multiplicity of 4, and
with a CR at 60 GeV. The bottom panel shows the ratio of data over the predicted number of background events. In this
panel, the red-shaded region represents the MC statistical error, the light-blue band is the MC theory error associated
with the multijet fraction of the background while the light-green band is the one associated with the ¢£ component. The
yellow and purple bands are respectively the sums in quadrature of all the JES/JER errors, and the b-tagging systematic
errors. The grey region is the combination of all these uncertainties.

obtained with at least 2 /-tagged jets in the event, keeping looser pr and C' cuts. Figures 7.8c and 7.8d

show the impact of the additional b-tag requirement on some of the expected limit curves.

7.5  RESULTS

The unblinded SR yields are shown in Figure 7.9. The observed yields are consistent with the pre-
dicted backgrounds within uncertainties so the limit setting procedure is used. The SR which provides
the best expected sensitivity for a given gluino mass is used to set the limit. The exclusion limits for
direct UDS and UDB decay models are shown in Figures 7.10a and 7.10b, respectively. Though there

is good closure overall, an under fluctuation in the data yields for the direct decay UDB model regions
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Figure 7.10: Expected and observed cross-section limits at a 95% CL for the direct decay UDS (a) and UDB models (b) as
well as the cascade decay UDS (c) and UDB models (d).

led to a systematically stronger observed than expected limit as shown in Figure 7.10b. Likewise, the
exclusion limits for the UDS and UDB cascade decay models are shown in Figures 7.10c and 7.10d, re-
spectively. This result extends the exclusion on gluino masses from the previous ATLAS search [77]
by around 700-800 GeV for the direct decay models and 500-600 GeV for the cascade models. The
results are discussed further with the mass resonance method in the conclusions section.

Upper limits on the product of cross-section, acceptance, and efficiency are shown in Table 7.5 for
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Signal region (€0)9? [fb] S99 595 CLp p(s =0)(Z)

obs obs erp
SR1 0.32 45 5718 0.51 0.50 (0.00)
SR> 0.09 13 14.1%57 0.56 0.50 (0.00)
SR3 0.07 10 9.5+ 0.52 0.42 (0.20)
SR4 0.16 22 17.4755 0.26 0.21 (0.79)
SRs 0.07 9.4 7.4%58 0.42 0.32 (0.46)
SRubj 0.08 11 17.0%%3 0.55 0.50 (0.00)
SR2bj 0.03 4.4 6.677% 0.66 0.50 (0.00)

Table 7.5: The upper limit table for the signal regions for the jet counting method. Left to right: 95% CL upper limits on
the visible cross section ((ea)Zis) and on the number of signal events (Sgg’s ). The third column (Sg;’p) shows the 95%
CL upper limit on the number of signal events, given the expected number (and £=10 excursions on the expectation) of
background events. The last two columnsindicate the C'L g value, i.e. the confidence level observed for the background-

only hypothesis, and the discovery p-value (p(s = O)).

the jet counting method. The same procedure is used to derive the limits except that the signal model

hypothesis is removed and the contribution is allowed to float freely starting.
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Mass Resonance Method

The mass resonance method aims to observe a localized excess in an invariant mass spectrum, an
unambigious sign of new physics. To do so then one must reconstruct the event by deciding which of
the pair produced particles each jet originates from. Historically, kinematic optimization techniques
often based on the angular distance between jets were used. These techniques, however, are intractible

at high multiplicities where the number of possible combinations is large and the kinematics of differ-
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Figure 8.1: Percent combinatorial background given a brute-force analysis (black) is shown as a function of final-state
multiplicity. Increased complexities from nested resonances are shown for various intermediate decays (grey). Example
past search signal selection efficiencies are also shown (blue) for 1 TeV resonances from recent LHC searches [175-181].

ent choices are similar. This has been referrred to as the combinatoric problem of event reconstruction.
Figure 8.1 illustrates the impact of the problem on experimental sensitivity, with the signal acceptance
dropping oft roughly with the final state multiplicity. Recently, machine learning methods that per-
form well on high dimensional tasks have been proposed in phenomology studies to solve this prob-
lem. Most of the studies have focused on reconstructing standard model processes [182-184], while
there has been only one search study of pair production decaying to four jets [185]. The search scenario
is considerably more challenging because the mass is not known apriori and must be scanned. Though
foundational, these studies did not consider the background shape, estimate, or fitting methodology

which are essential in practice. This thesis is the first experimental result with such a technique.

122



Input Output Bump-Hunt

o O
5 & & # Events
) 0] x>
5 R > 429
% oy o @ _B. B TR
= - Neural g  fe ISR
@ o 8182 ISR
o %)
&y EPx Network £ : —>
© : (NN) -
°

Network Score
4-momentum

1
Moy =5 (mg +m§)

Figure 8.2: Overview of the mass resonance analysis. The jet 4-momentum are fed into a neural network that returns the
per jet probability (score) to originate from either gluino or non-signal source. Using the predictions, the jet 4-momenta
are added together to make the gluino invariant mass spectrum to perform a bump hunt on.

8.1 STRATEGY

The method strategy is shown pictorially below in Figure 8.2. Beginning on the left side of Figure
8.2, the calibrated jet 4-momentum are fed into a Neural Network (NN). The output of the NN is
3 numbers per jet that represent the probability to originate from either of the gluinos or a different
source (ISR/pileup). The maximum score per jet is used to group the jets and then the 4-momenta
of all jets within a grouping is summed to form candidate gluino 4-momenta. Lastly, a bump hunt s
performed on the average invariant mass spectrum My = % (mé + mg) using a profile likelihood
ratio test to compare background only and signal plus background hypotheses. The background is
estimated using a fit to the smoothly falling mass spectrum. Similar event selections are applied as
the jet counting method to reduce the multijet background, requiring at least 6 jets with pr > 100
GeVand C' > 0.9. In the next sections the selections are applied unless mentioned otherwise. The
following subsections provide technical details about the model, training procedure, performance,

background estimate technique, and bump hunt.
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to predict jet pairings. The important conceptual goals of each block are displayed above in text.

8.2 MODEL

The goal of the architecture design was to make a model that is computationally expressive, capa-
ble of processing variable number of jets, and permutation invariant with respect to the input jets as
well as the candidate gluinos. Similar objectives have existed in other fields such as natural language
processing and protein structure prediction, leading to the attention mechanism that is now used in
many generative pretrained transformers [186-188]. Though these techniques are not yet used exten-
sively by ATLAS, it was hypothesized that the attention mechanism could be adapted to tackle the
combinatoric problem. The performance of the resulting model outlined in Figure 8.3 confirms that
hypothesis.

The model was built from basic computational units referred to as Embedding Block (EB) and
Attention Block (AB), which can be seen shaded tan and blue, respectively, in Figure 8.3. These blocks

are composed of widely available modules in the PyTorch package [189] as shown in Figure 8.4.
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Figure 8.4: The basic model blocks called the Embedding Block (left) and Attention Block (right).

Embedding block: This block learns an embedding from R? — RY. The input is a d-dimensional
vector and the output is d’ dimensional vector. This accomplished through repeated applications of

the transformation

2" = ReLU (LayerNorm (Az + b)), (8.1)

where A and b are learned matrices, LayerNorm applies normalization over the input, and ReL.U is
the rectified linear unit function [190]. The final layer is an optional Linear unit so that the output is
not constrained to be positive, which a ReLU would have done. Psuedocode is supplied in Algorithm
1, where the subscripts indicate valus that are learned throughout training and IV is the number of

stacked blocks as in Figure 8.4.
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Algorithm 1 Embedding Block

function EMBEDDINGBLOCK(7)

Inputz € R? > Input d-dim vector
if Normalize Input then
T \/% * v, + By > Optional BatchNorm(x)
end if
foriin N; do > Loop over IV, stacked Linear blocks
x4 A+ b > Linear(x)
T \/% * 7y + B, > LayerNorm(x)
x < max(0, x) > ReLU(x)
end for
if Apply Final Linear then
x < Apx + by > Optional Linear(x)
end if
Return z € RY > Output d -dim vector
end function

Attention block: This block learns relationships between objects most often embedded into latent
dimensions. The attention mechanism is best understood by reading Section 3 of Ref. [186]. The
attention function is a mapping from a query and a set of key-value pairs to an output, where all three
inputs are vectors. The output is a weighted sum of the values, with the weights computed from a
compatibility function between the query and keys. The type of attention deployed here is called

Scaled Dot-Product Attention which uses the dot product as the compatibility function

K
Attention (@, K, V, A) = softmax <Q

NG + A> V, (8.2)

where the factor of dy, is the key dimension used to regulate how large the dot product can grow, @

is called the query, K is called the key, V' is called the value, and A is a bias term that can be added
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Algorithm 2 Attention Block

function ATTENTIONBLOCK(Q, K, V| A)
Input Q € R Key K € RY Xk, Value V € RY % Bias A

for i in N, do > Loop over N4y stacked blocks
x < MultiHead Attention(Q, K, V, A) > Attention
r+—az+V > Skip connection
resid < x > Prepare Skip connection
x < Embedding(x) > Embedding Alg. 1
T <+ x + resid > Skip connection
T \/% v: + B; > LayerNorm(x)

end for

Return zz € R4xdv
end function

to the attention weights or set to zero. Noteable properties of the attention mechanism is that it is
permutation invariant with respect to the inputs, expressive computationally with a message passing
like information flow, optimizable via back propagation, and efficient since its model graph is highly
parallizeable onto compute architectures as a result of being broad but not deep. After the attention
mechanism, further embeddings are used to extract and utilize the information progressively. Psue-

docode is supplied in Algorithm 2, where Nty is the number of stacked blocks as in Figure 8.4.

8.2.1 WALKTHROUGH

To best understand the transformations applied by the model below is a walkthrough from input
to output, following Figure 8.3. The important variables are the number of inputjets J, input features
F, per-jetembedding dimension F, and number of target objects T". For the direct decay model J = 8

jets, I = 4 for the four-momenta, and T" = 3 for the two gluinos and ISR.
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Input: The input to the network is the 8 leading jets stacked in a matrix. If an event has less than 8

jets it is padded with rows of zeros. The matrices are preprocessed as

logpgF n’ cos¢? sing’ log E°

= |logpt n' cos¢’ sing! logE |- (83)

ensuring that the input are of similar magnitude and the azimuthal angle avoids ambigiuties from 27

rotations. Fixed size matrices are used because of hardware constraints.

Per-Jet Embedding: Each jet, is fed into the same EB. The number of dimensions is increased from

R to RE, with E = 32 for the final model. Using the same EB preserves permutation invariance.

& + EmbeddingBlock(x) € RI* (8.4)

Angular Information: The pairwise angular distance between all jets is cast into a latent space as

A« (An, Acos ¢, Asin ¢) € R7*I>3 (8.5)

A < EmbeddingBlock(A) € R?*J (8.6)

where J is the number of input jets and 3 is the anglur dimension from (7, cos ¢, sin ¢). This 3-

dimension tensor is cast down to a single dimension then used as a bias term in the Jet Self Attention.
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Jet Self Attention: Attention between the embedded jets per event with the embedded pariswise

angular distance used as a bias. The keeps the dimensionality of the input the same R7*E — RIXE,

x < AttentionBlock(z, z, z, A) € RI*E (8.7)

Candidate Self Attention: Candidate gluinos are built by interpretting arbitrarily the first three di-
mensions per jet as jet-assignment scores. During evaluation the maximum score is taken per jet to
decide which source the jet comes from. However, while training this is not possible since the max-
imum is not differentiable so the scores are converted to roughly discrete choices using the Gumbel-
Softmax which applies a sampling of the softmax probability distribution. The candidates are built by
adding (via matrix multiplication) the jet groups, producing latent space candidates. Lastly, attention

is applied between the candidates without any angular bias term.

¢ + GumbelSoftmax(z[:, : 3]) € R?*? (8.8)
¢ cl xx e R¥I x RI*E = R3*E (8.9)
¢ + AttentionBlock(c, ¢, ¢) € R3*E (8.10)

Jet-Candidate Cross Attention: Apply attention with () equal to embedded jets post attention while

both key, value equal to the candidate objects post attention, and without any bias term.

& + AttentionBlock(z, ¢, ¢) € R7*E (8.11)
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Final Embedding: Each embedded jet is fed into the same EB for a final embedding. The number of
dimensions is decreased from R to R3, with E = 32 for the final model and 3 from the number of

target parents. The outputs of this block are the predicted scores per jet.

= < EmbeddingBlock(z) € R7*3 (8.12)

Ouput Scores to M,ye: The final predictions are three numbers per jet corresponding to the confi-
dence the jet arose dominantly from either gluino or a different source. Once the network scores are
predicted, then the rest of the postprocessing occurs outside of the model. The max score per jet is the
predicted assignment. Then the 4-momentum of all jets assigned to each parent are added together to

form the predicted gluino 4-momentum.

c* — ArgMax(z)? x P* € R¥ x R4 = R34 (8.13)

ab, a7 ISRF = ¢y, ¢, & (8.14)

where P* is the matrix of jet 4-momentum in (E, p,, Dy, D) basis. Lastly, the gluino invariant masses

are computed to give the average mass spectrum.

Mavg
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Figure 8.5: Number of jets matched per event (left) and per gluino (right).

8.2.2 TRAINING

The target labels were made per event by matching jets to truth partons, with the minimum AR <
0.4 match chosen. If there was no match then the jet was assumed to originate from ISR or pileup.
Multiple jets were allowed to be matched to the same parton, providing groups of jets that were asso-
ciated to each g. The number of matched jets per event and per g are shown in Figure 8.5.

The training set is made to be close to the target signal region — all events that pass the trigger
selection, leading jet pt, at least six jets with pr above 100 GeV, and C' > 0.8. Only events with exactly
3 jets matched per gluino were used in training since the A R matching gave worse mass resolution with
variable number of jets. To reduce background sculpting and create a smooth model throughout the
targeted mass range, all mass points were trained on simultaneously. As shown in Figure 8.5, there are
at most 8 matched jets and any tighter selection will only reduce this number. Therefore, for training

the events are truncated at 8 jets. Any event with fewer is padded with 0.
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Figure 8.6: Target mass distribution for 2x3 UDB (bold) and UDS (light) models. The mass distribution with number of
jets truncated at 13 (left) versus at 8 (right). There is no difference between the plots because the number of matched
jets stops at 8 as shown in Figure 8.5.

The total training set size with all mass points is roughly 1.73 million events, with 90% of the
dataset used for training and 10% for validation. Each training batch consisted of 2048 events. The
training set uses a pileup profile modeled on the 2018 data and labeled as MC16e. Alternative MC
samples with the pileup profile varied to represent the 2015-2016 and 2017 datasets were used to
test the dependence on the profile and are labeled MC16a and MC16d, respectively. The model was

trained using CUDA 11.6, PyTorch 1.13.1, and PyTorch Lightning 2.0.0 [189, 191, 192].

Hardware and Schedule: The model was trained using 8 CPU cores and an NVIDIA Quadro RTX
4000 for 500K steps or roughly 14 hours. Shorter trainings for hyperparameter optimization used 16

CPU cores and an NVIDIA A100.

Optimizer: The Adam optimizer with 31 = 0.9, B2 = 0.999, ¢ = 1e—08, and A = 0 was used.

The learning rate (Ir) was ramped up linearly to a maximum value of Iry,ax over the first N steps and
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then decayed exponentially by € every N steps for the remainder of the training:

st
e step < N
lI'step = Irmax X (8~I7)

aster//N elge,

with Irpax = 1le—3, N = 2% of the total number of steps, and & = 0.95. The model weights were

updated on each training step.

Loss Function: The loss function is the sum of a cross entropy loss on the final output Ljs and
auxiliary losses per repeated block. The loss is symmetrized by taking the minimum loss per event

with the jet grouping swapped between gluino’s. The strength of the auxiliary term is scaled via Aaux
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to favor the final network output, with Aaux = 0.25 used for the final model.

L = Lot + Aaux Do (8.18)
Lyt = min CrossEntropyLoss (7, y) (8.19)
gorag1
;N
Laux = ﬁ z% L%\/Iv (8'20)
1=

where ¢ is a sum over the attention blocks up until the final one. The training and validation loss curves

are shown in Figure 8.7.

Hyperparameters: First, by hand we changed the hyperparameters until decent performance was
found. Then using those hyperparameters as initial values performed a population based scan with
nearby values to pick the model with minimum validation loss [193, 194 ]. The embedding dimension,
number of attention blocks, learning rate, and batch size were scanned over. The model parameters
selected are summarized in Table 8.1.

After modest hyperparameter tuning it was found that the final sensitivity is statistically limited as
a result of the kinematic event selections, rather than by the model performance. This was found by
replacing the predicted signal distribution with the target signal distribution, leaving the background
as the predicted spectrum, in the statistical analysis. This swap did not significantly improve the sen-
sitivity. If additional hyperparameter tuning could shift the predicted background spectrum towards
smaller values then this would be worthwhile but it was not found to be achievable with the current

methodology.
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Name Value

Embedding Input Dimensions 5
Embedding Dimension 32
Embedding MLP # Layers 3
MLP Input Dim 3
MLP # Nodes 32
MLP # Layers 3
# Attention Blocks 4
# Heads per Attention Block 4
Atention Block MLP # Nodes 32
Out Dim 3
Gumble Softmax 7 1
Gumble Softmax Hard On
Precision 16-bit Mixed
Gradient Clip o.1

Table 8.1: Table of the used model parameters.

8.2.3 PERFORMANCE

The confusion matrix of the test set is shown in the Figure 8.8. Along the x-axis is the predicted
label, y-axis is the target label, and z-axis is the number of jets per million. First, this verifies that padded
jets are always labeled as padded. Second, that the symmetric loss ensures that there is not a preference
to label objects as g1 or g2. Third, the number of times a jet is mislabeled as ISR or signal, respectively,
is non-negligble.

The fraction of events with > N correctly labelled jets (taking into account g swapping) is shown
in Table 8.2. Approximately 50% of events have at least 6 correctly matched jets. To compute this
number, first the number of jets matched to g; and g is computed. Then the collection of jets are
swapped between the gluinos, the number is recomputed, and the maximum accuracy taken. The
accuracies are computed inclusively for > IV jets. The dropoft going from 6 to 7 jets is from softer jets
that have less destinctive impacts on the energy flow and mass peaks migrating between the parents.

In general, the performance is good enough to reconstruct mass peaks as shown in Figure 8.9, com-
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Figure 8.8: Confusion matrix for the model evaluated trained on mc16e and evaluated on independent test set mc16d.

paring the predicted vs target spectrums. All pileup profile variations are included with negligble dif-
ferences between the generations observed. Mislabeling by either swapping jets between gluinos or
with an ISR jet results in a broadening of the mass distribution. Some radiation is also lost by trun-
cating at 8 jets, sharing radiation between jets, and reconstruction inefficiency which shifts the mass
peaks below their true values.

The UDB model contains two b-quarks at parton level. Therefore, an additional selection on the
number b-tagged jets with the DLir 77% WP tagger [195] is used. Figure 8.10 shows the myg distri-

bution with at least 1 or 2 b-tags. The > 1 selection is used to maintain sufficient acceptance.
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sample >0 21 22 >3 >4 >5 2>6 >7 =8
UDBgoo 1.00 1.00 1.00 098 0.94 0.68 0.50 0.13 O.II
UDB 1ooo 1.00 1.00 1.00 0.98 0.94 0.69 0.5I1 0.14 O.II
UDB1ioo 1.00 1.00 1.00 0.98 0.94 0.70 0.52 0.I4 O.II
UDB 1200 1.00 1.00 1.00 0.98 0.94 0.7 0.53 0.I5 O0.12
UDB 1300 1.00 1.00 1.00 0.98 0.95 0.72 0.54 0.I5 O0.12
UDB 1400 1.00 1.00 1.00 0.98 0.95 0.72 0.54 0.16 0.12
UDB 1500 1.00 1.00 1.00 0.98 0.95 0.72 0.55 0.16 0.13
UDB 1600 1.00 1.00 1.00 0.98 0.95 0.72 0.55 0.16 0.12
UDB 1700 1.00 1.00 1.00 0.98 0.95 0.73 0.55 0.17 0.13
UDB 1800 1.00 1.00 1.00 0.98 0.95 0.73 0.56 0.17 0.13
UDB19oo 1.00 1.00 1.00 0.98 0.96 0.73 0.56 0.17 0.13
UDB20ooo 1.00 1.00 1.00 0.99 0.96 0.74 0.57 0.18 0.13
UDB210o 1.00 1.00 1.00 0.99 0.96 0.75 0.58 0.18 o0.14
UDB 2200 1.00 1.00 1.00 0.99 0.96 0.75 0.58 0.19 o0.14
UDB 2300 1.00 1.00 1.00 0.99 0.96 0.75 0.58 0.20 0.14
UDB 2400 1.00 1.00 1.00 0.99 0.96 0.76 0.59 0.20 0.4
UDB2soo 1.00 1.00 1.00 0.99 0.96 0.76 0.59 0.20 0.14
UDS 900 1.00 1.00 1.00 0.98 0.94 0.69 0.50 0.I14 O.II
UDS 1000 1.00 1.00 1.00 0.98 0.94 0.70 0.2 O0.I5 0.12
UDS 1100 1.00 1.00 1.00 0.98 0.95 0.71 0.53 0.16 0.12
UDS 1200 1.00 1.00 1.00 0.98 0.95 0.72 0.54 O0.17 0.13
UDS 1300 1.00 1.00 1.00 0.98 0.95 0.72 0.55 O0.17 0.13
UDS 1400 1.00 1.00 1.00 0.98 0.95 0.73 0.55 0.18 0.14
UDS 1500 1.00 1.00 1.00 0.98 0.95 0.73 0.56 0.18 o0.14
UDS 1600 1.00 1.00 1.00 0.98 0.95 0.73 0.56 0.18 o0.14
UDS 1700 1.00 1.00 1.00 0.98 0.95 0.73 0.56 0.19 0.14
UDS 1800 1.00 1.00 1.00 0.99 0.96 0.74 0.57 0.19 0.4
UDS 1900 1.00 1.00 1.00 0.99 0.96 0.74 0.58 0.20 0.I5
UDS 2000 1.00 1.00 1.00 0.99 0.96 0.75 0.58 0.21 0.I5
UDS 2100 1.00 1.00 1.00 0.99 0.96 0.76 0.59 0.21 0.I§
UDS 2200 1.00 1.00 1.00 0.99 0.96 0.76 0.59 0.22 0.16
UDS 2300 1.00 1.00 1.00 0.99 0.96 0.76 0.60 0.22 0.16
UDS 2400 1.00 1.00 1.00 0.99 0.96 0.76 0.59 0.22 0.16
UDS 2500 1.00 1.00 1.00 0.99 0.96 0.77 0.60 0.23 0.16
ALL 1800 1.00 1.00 1.00 0.98 0.95 0.72 0.55 0.16 0.12
ALL2200 1.00 1.00 1.00 0.99 0.96 0.75 0.58 0.18 0.13

Table 8.2: Fraction of events with >N correct jet labels peiajsgmple.



8.3 BACKGROUND ESTIMATE

A data-driven method is used to estimate the SM background by fitting the myg spectrum with a
function. This is possible because the predicted mass spectrum is observed to be smoothly falling and

thus can be parameterized. Two function families were considered:

* N-parameter polynomial: f(z) = po (1 — x)zgvzlpi(logz)i

* N-parameter exponential: f(z) = ePo* (sz\il piLL‘i),

where & = Myyg/+/s and p; are the fit parameters. To reduce the parameter correlations and stabilize
the fit, the functions are normalized such that py controls the scale. This is only feasible for the 2 and
3 parameter functions since the higher order ones have increasingly complex integrals.

The fits were tested on 2015 data with looser selections such that the number of events is similar to
the Pythia 8 Multijet MC sample normalized to 140 b1, whichis representative of the stats expected
in the full dataset. The 2015 data sample is preferred for testing because the associated uncertainties
of the MC sample are highly dependent on the event weights, with large weights leading to misrepre-
sentative uncertainties. Meanwhile the data sample has more reasonable uncertainties, at the cost of
limited stats at the tail of the 72,y spectrum. The looser selections are reasonable because the shape
of the multijet spectrum is similar at different inclusive C' selections as shown in Figure 8.11.

The fit region is set from 0.7 — 3 TeV. The lower edge is chosen so that the multijet spectrum is
smoothly falling as shown in Figure 8.10. The upper edge is chosen to include the largest signal mass

where there is sensitivity and there is still some stats. Figure 8.12 shows the results of likelihood and
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Figure 8.11: The normalized predicted average mass distribution of 2015 data with looser selections (left) and multijet
MC sample normalized to 140 fb~! (right) as a function of inclusive C' selections.

x? based background only fits to data and multijet MC, respectively. The top panel is the predicted
distribution in black and fit in green. The bottom panel is the significance equal to (Data - Fit)/Total
Error, where Total Error is the sum in quadrature of the Poisson /N of data and the fit error.

The following criteria were used to determine which function to use.

1. The background fit must have a small x?/Np.o.r. and probability 1 — P(k/2,%x?/2) > 0.1.

2. The spurious signal contribution is p1gp, < 20% or psp/osp < 20%), as explained further
below. Each N parameter function is checked with the N+1 parameter function within the
same family and the N parameter function of the alternative family fits to 2015 data.

3. The function with the lowest number of parameters is chosen since that has less freedom to
absorb potential signal and thus has the best sensitivity.

4. If one function from each family remains then the more sensitive and stable is chosen.
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Figure 8.12: Fitted background functional form for data 2015 with C=> 0.7 and 6pt70 (left). Fitted distribution for all
the MC normalized to 140 fb~! with C> 0.9 and 6pt 100 (right).

The spurious signal contribution pigp, is defined as the extracted signal strength from an S+B fit
when datais background only. If the background function is known exactly then the prediction would
be match data, yielding s, = p1s = 0. In practice a nonzero jisp, is found. Therefore, the spurious
signal quantifies the degree to which a background function is able to spuriously create a signal or
absorb a signal that is actually there. This is a quantitative way to qualify the fact that the correct
background function is not known.

All considered functions pass the first criteria as shown in the left panel of Figure 8.12. The 2 pa-
rameter functions do not pass the spurious signal checks. The 3 and 4 parameter functions pass the
spurious signal checks for the mass range roughly up to 2 TeV, which is at the limit of the statistical
sensitivity. Therefore, the two 3 parameter functions are considered. The 3 parameter exponential is

unstable during S+B fits, meaning that small changes in the parameter could yield dramatically differ-
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ent results during optimization. Therefore, the normalized 3-parameter polynomial is chosen.

Two additional tests are done to further validate the functions. First, spurious signal tests are done
to validate that random fluctuations of the fitted data do not generate large spurious signals through
S+B fits on psuedodata sets with poisson variations per bin. Second, signal injection tests are done to
verify that a B only fit to the background function cannot absorb S+B data. The figures are omitted

here since they are better discussed in the internal note.

8.4 UNCERTAINTIES

8.41 MODELING

As in the jet counting method, there are systematic effects on the final result from the physics mod-
eling. However, since the background estimate is entirely data driven, there are no uncertainties from
using multijet MC. The uncertainties affecting the signal model are those modifying the event weights
to test the renormalization scale, factorization scale, cvg value, and PDF uncertainties as discussed in
Section 7.3.1. They are included using the ratio of the re-weighted to nominal spectrums and NPs in

the final fit. One-sided uncertainties are symmetrized to stabilize the likelihood minimization.

8.4.2 EXPERIMENTAL

Experimental uncertainties for the scale factor variations, JES, JER, and luminosity variations as
discussed in Section 7.3.2 are included. The event kinematics are affected by these variations, so the

model is re-evalauted to produce new mass spectrums.
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Figure 8.13: The spurious signal systematic per mass point derived from fitting the nominal 3 parameter polynomial
function to the 4 parameter function evaluated at each bin center. The 4 parameter function is fitted to 2015 data with
looser selections on the C'-parameter and the jet pr’s.

8.43 METHODOLOGY

The systematics from the methodology are entirely from the uncertainty on the choice of back-
ground function and its fit. First, uncertainties on the parameters of the fitting function are included
in the fit minimization. Second, the uncertainty from the choice of background function is quanti-
fied with the spurious signal systematic as defined previously. The value is derived from an S+B fit
with the data set equal to a 4 parameter fit to data 2015 and the background function set equal to the
nominal 3 parameter function The uncertainty is included with a Gaussian prior for jigp, such that
the contribution starts at 0 and can be pulled to £1 times its contribution. This is implemented as

a negative plus a positive contribution. The positive term has a Gaussian prior that starts at 1 which
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produces net 0 spurious signal contribution

X =i+ bi(p,0) + Nsp = sip + bi(p, ) + sipusp (Osp — 1) (8.21)
where 0g;, is a Gaussian nuisance parameter. As the nuisance parameter moves, the contribution be-
comes nonzero. The distribution of ugp, is shown below in Figure 8.13. Lastly, no additional sys-
tematic is applied for the actual NN because it simply chooses an arbitrary combination of the jet

4-momenta, meaning it may produce imperfect reconstruction but not an unaccounted for bias.

8.5 STATISTICAL ANALYSIS

Abump huntis performed on the myg spectrum using a profile likelihood ratio to test background
only and signal plus background hypotheses. The likelihood function is the product of Poisson terms

for the bin yields and Gaussian terms for the nuisance parameters of the systematic uncertainties:

L (\) = Poisson x Gaussian (8.22)
Nbins 0
= H Poisson (k = n;; \) H./\/(u =0,0 =0yp) (8.23)
i 0
Nbins \p; ) ﬁ o302 520
= . 2
n;! Nors *

The fitted background b; is a function of the nuisance parameters of the background functional form.

The signal is scaled by an overall signal strength z¢. Then, the B and S+B likelihood functions are
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Lp =L (A=b50)). (8.25)

Lsip=1L (/\ — s;p + by (7, 9)) . (8.26)

The test minimizes the difference log likelihood (DLL) to obtain the optimal 1 and 6; values

Lsip
B

DLL =logLgsyp —log Lp = log

(8.27)

1,0, p = arg min DLL, (8.28)
w,p,0

where p4 is constrained to be non-negative and §'is initialized using background only fits.
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Figure 8.15: Observed data and fitted background model in the nominal (left) and -tagged (right) regions using a loose
selection and 3.2 fb-1 of data which matches roughly the number of events expected in the full selection and full dataset.
The grey and blue bands present the combined statistical and systematic uncertainty on the background estimate for
the data and MC fit functions respectively.

The procedure is validated with MC simulation as well as a small 3.2 fb~! sample of data from
2015 with a loose selection of C' > 0.7 and 6 jets above 70 GeV such that the number of events is
similar to that of the full dataset with nominal selections. A comparison of the distributions is shown
in Figure 8.14, showing the overall shape and scale are comparable.

First, background only fits are checked for good closure. The spurious signal systematic is disabled,
essentially repeating Figure 8.12 using only the nominal function. Then, S+B fits are done on the back-
ground only data to verify that the extracted signal strength is 0, the background prediction closure,
impact of uncertainties, and the exclusion sensitivity. All signal systematics and spurious signal sys-
tematics are included as NPs. The final fitted signal strength is consistent with 0 up until the stats
limitation around 2 TeV.

The 95% confidence limits are produced in the same manor as described in Section 7.4 and shown
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Figure 8.16: Expected exclusion contours for the gluino direct decay model with (left) UDS and (right) UDB decays, as
obtained by mass resonance analysis. The yellow and green contours of the band around the expected limit are the =10
and 20 variations including both systematic and statistical uncertainties, respectively. The theoretical prediction is
also shown, with the uncertainties in the prediction shown as a coloured band.

in Figure 8.16. The UDB model requires at least 1 b-tag. The exclusion is slightly worse without the
b-tagging selection as compared with the UDS model because of the lower b-jet resolution and shift
towards lower pr from semileptonic decays. The relative systematic rankings are shown in Figures 8.17
and 8.18, showing the sensitivity is statistically limited at high masses.

In addition to the selections previously defined, which are used for the model-dependent interpreta-
tion, a set of model-independent SRs are defined using single bins, in the invariant mass distribution
with a width of 300 GeV, and assume no signal contribution outside of the SR. When considering
the model-independent SRs the background is estimated through a fit to the reconstructed average
mass distribution excluding the signal region bin. This is contrary to the model-dependent fits which
are performed using the full average-mass distribution with 100 GeV bins. Validation of the model-
independent fits are given in Table 8.3, showing the 95% CL on the cross section times acceptance,

number of events, and corresponding significance.
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Signal channel (ec)% . [b] S%. S9 CLg p(s =0)(2)

exp

700 - 1000 GeV 1.54 2151 172.477%1 0.67 0.33 (0.44)
800 - 1100 GeV 0.93 129.6  125.77597 0.59 0.41 (0.23)
900 - 1200 GV 0.56 77.8 88.2150-0 0.32 0.50 (0.00)
1000 - 1300 GV 0.29 41.1 66.617359 0.06 0.50 (0.00)
1100 - 1400 GeV 0.42 58.5 61.41322 0.41 0.50 (0.00)
1200 - 1500 GV 0.33 46.4 46.51155 0.50 0.50 (0.00)
1300 - 1600 GeV 0.29 40.6 30.51%0 0.74 0.25 (0.67)
1400 - 1700 GeV 0.24 33.7 23.873%° 0.82 0.16 (0.98)
1500 - 1800 GeV 0.18 24.8 17.7459 0.80 0.17 (0.97)
1600 - 1900 GeV 0.11 16.1 14.375% 0.65 0.31 (0.49)
1700 - 2000 GV 0.06 9.0 10.715% 0.32 0.50 (0.00)
1800 - 2100 GeV 0.06 7.8 8.215¢ 0.46 0.50 (0.00)
1900 - 2200 GeV 0.06 8.7 6.6172 0.75 0.20 (0.83)
2000 - 2300 GeV 0.04 5.1 51555 0.44 0.50 (0.00)
2100 - 2400 GeV 0.03 4.4 417345 0.53 0.46 (0.11)
2200 - 2500 GeV 0.02 2.4 3.5113 0.21 0.50 (0.00)
2300 - 2600 GV 0.02 2.3 3.07H 0.29 0.49 (0.01)
2400 - 2700 GeV 0.02 2.2 26120 0.35 0.49 (0.03)
2500 - 2800 GeV 0.01 2.1 2.4 0.40 0.49 (0.02)
2600 - 2900 GeV 0.01 2.0 2.370% 0.44 0.49 (0.03)
2700 - 3000 GeV 0.01 2.0 2.1%53 0.46 0.49 (0.04)

Table 8.3: Left to right: 95% CL upper limits on the visible cross section (<€O’>2‘gs) and on the number of signal events
(Sggs ). The third column (Sg)fp) shows the 95% CL upper limit on the number of signal events, given the expected num-
ber (and =10 excursions on the expectation) of background events. The last two columns indicate the C'L g value, i.e.
the confidence level observed for the background-only hypothesis, and the discovery p-value (p(s = O)).
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8.6 REsuLTs

The observed data event yields and the corresponding estimates for the backgrounds in the SRs
are shown in Figure 7 for the mass resonance method. No significant excess of data over the expected
event yields is observed in any of the SRs. However, there are fluctuations in data around 1500 GeV
that results in slight mismodeling of the background expectation and slight swings in the exclusion
contours.

The profile likelihood-ratio test [196] is used to establish 95% confidence intervals using the CL
prescription [197]. The asymptotic approximation of the CLy is used for all statistical tests except for
the high mass model independent bins of the mass resonance method where the number of events is
small and toys are generated. The approximation is validated for other regions with moderately small
yields for both methods using toys. The uncertainties introduced in the previous section are included
as nuisance parameters described by a Gaussian distribution. Upper limits on the product of cross-
section, acceptance, and efficiency are shown in Tables 8.4 and 8.5. The upper limits range from 7.9
t0 0.03 fb, depending on the signal region considered.

Exclusion limits as a function of the masses of the SUSY particles are shown in Figure 8.20 for the
direct gluino decay model. Gluinos with masses up to 1730 and 1800 GeVare excluded in the models

where the gluino decay with 100% branching ratio into qqq and qgb, respectively.
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Figure 8.19: Background only fits to the reconstructed average mass spectrum of the candidate gluinos (left) > 0 and
(right) > 1 b-tagged of the mass resonance method. The grey bands include both statistical and systematic uncertainties.
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Figure 8.20: Observed and expected exclusion contours for the gluino direct decay model with (left) UDS and (right) UDB
decays, as obtained by the mass resonance analysis. The yellow and green contours of the band around the expected limit
are the £10 and 120 variations including both systematic and statistical uncertainties, respectively. The theoretical
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My range [GeV] (eq)2 [fb] So% Soe, CLg p(s =0)(2)
700 - 1000 7.3 1000 1300135 0.22 0.50 (0.00)
800 - 1100 5.7 800 360735 0.99 0.01 (2.5)
900 - 1200 2.1 290 210757 0.81 0.18 (0.91)
1000 - 1300 1.5 210 160159 0.80 0.18 (0.90)
1100 - 1400 0.54 76 120135 0.09 0.50 (0.00)
1200 - 1500 0.27 37 85153 0.00 0.50 (0.00)
1300 - 1600 0.16 23 63137 0.00 0.50 (0.00)
1400 - 1700 0.16 22 47118 0.00 0.50 (0.00)
1500 - 1800 0.24 33 38.815%, 0.25 0.50 (0.00)
1600 - 1900 0.26 37 37.915% 0.47 0.50 (0.00)
1700 - 2000 0.30 42 34.1152 0.71 0.29 (0.55)
1800 - 2100 0.25 35 28.2112 0.72 0.28 (0.57)
1900 - 2200 0.29 41 24.513% 0.93 0.06 (1.5)
2000 - 2300 0.19 27 21.577¢ 0.78 0.19 (0.89)
2100 - 2400 0.15 21 15.5153 0.74 0.20 (0.84)
2200 - 2500 0.08 11 10.57%2 0.57 0.40 (0.26)
2300 - 2600 0.08 11 9.2739 0.66 0.27 (0.61)
2400 - 2700 0.05 6.9 6.8+21 0.51 0.48 (0.05)
2500 - 2800 0.02 2.3 3.1721 0.26 0.50 (0.01)
2600 - 2900 0.04 5.3 52122 0.52 0.46 (0.10)
2700 - 3000 0.06 8.3 82701 0.53 0.44 (0.16)

Table 8.4: The upper limit table for the > 0 b-tagged jets region. Left to right: 95% CL upper limits on the visible cross

section ((ec')23.) and on the number of signal events (S

obs

). The third column 595 ) shows the 95% CL upper limit on

the number of signal events, given the expected number (and =10 excursions on the expectation) of background events.
The last two columns indicate the C'L g value, i.e. the confidence level observed for the background-only hypothesis,
and the discovery p-value (p(s = 0)).
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My range [GeV] (€0)%3 [b] S95 S95 CLp p(s =0)(Z)

obs erp
700 - 1000 5.7 800 9601330 0.31 0.50 (0.00)
800 - 1100 3.3 460 32074 0.89 0.11(1.2)
900 - 1200 1.1 150 130137 0.74 0.24 (0.71)
1000 - 1300 0.92 130 92+1% 0.81 0.18 (0.91)
1100 - 1400 0.36 51 70137 0.17 0.50 (0.00)
1200 - 1500 0.16 23 5214 0.00 0.50 (0.00)
1300 - 1600 0.11 16 39119 0.00 0.50 (0.00)
1400 - 1700 0.12 17 28.91334 0.04 0.50 (0.00)
1500 - 1800 0.20 27 24.972% 0.61 0.38 (0.29)
1600 - 1900 0.25 35 30.0739 0.68 0.45 (0.13)
1700 - 2000 0.21 30 27.7110 0.58 0.42 (0.20)
1800 - 2100 0.17 24 24.0159 0.51 0.49 (0.03)
1900 - 2200 0.18 25 21.612% 0.71 0.26 (0.65)
2000 - 2300 0.13 18 171753 0.63 0.32 (0.47)
2100 - 2400 0.10 13 12.4733 0.63 0.30 (0.51)
2200 - 2500 0.05 6.4 6.4723 0.50 0.50 (0.00)
2300 - 2600 0.05 6.8 6.7158 0.54 0.42 (0.20)
2400 - 2700 0.03 4.0 3.97%2 0.52 0.45 (0.14)
2500 - 2800 0.01 2.0 2115 0.47 0.49 (0.02)
2600 - 2900 0.04 5.4 53772 0.53 0.43 (0.19)
2700 - 3000 0.04 6.1 6.0753 0.53 0.42 (0.20)

Table 8.5: The upper limit table for the > 1 b-tagged jets region. Left to right: 95% CL upper limits on the visible cross
section (<ea>ggs) and on the number of signal events (Sgl?s ). The third column (Sg_:;’p) shows the 95% CL upper limit on
the number of signal events, given the expected number (and =10 excursions on the expectation) of background events.
The last two columns indicate the C'L g value, i.e. the confidence level observed for the background-only hypothesis,

and the discovery p-value (p(s = O)).
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Conclusion

A search for RPV SUSY signals in events with multiple jets is performed with 140 bt of proton—
proton collision dataat /s = 13 TeVcollected by the ATLAS detector at the LHC. Two methods are
utilised, a jet counting method searching for excess events in single-bin signal regions defined at high
jet multiplicity and high C, and a mass resonance approach, which searches for a localized excess in

the reconstructed gluino mass spectrum. A novel machine-learning approach is employed to address
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the combinatorial assignment problem and successfully reconstruct the gluino mass. No significant
excess is seen in any signal region. Limits are set on the production of gluinos in the direct and cascade
decay models in U DD scenarios of RPV SUSY. In the direct decay model, gluinos with masses up
to 1800 GeV are excluded at 95% CL. In the cascade decay model, gluinos with masses as high as
2340 GeV are excluded for a neutralino with 1250 GeV mass. Model-independent limits are also set
on the signal production cross section times branching ratio in five overlapping signal regions. This
search significantly extends the limits from previous results beyond the expected improvement due to
the larger dataset. These results improve upon the previously existing LHC limits owing to the larger
luminosity, the introduction of event shape variables to suppress background, and the development
of machine-learning techniques to assign jets to gluinos and reconstruct their mass. Looking forward,
the techniques developed here will become a backbone for searches and measurements at colliders as

well as other experiments.
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