CERN-THESIS-2019-056

@) 07/05/2019

Exploring the Standard Model and beyond
with jets from proton-proton collisions at

v/ s=13 TeV with the ATLAS Experiment

A DISSERTATION PRESENTED
BY
JENNIFER KATHRYN ROLOFF
TO
THE DEPARTMENT OF PHYSICS

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
DocToR OF PHILOSOPHY
IN THE SUBJECT OF
PHysics

HARVARD UNIVERSITY
CAMBRIDGE, MASSACHUSETTS
MAY 2019



©2019 — JENNIFER KATHRYN ROLOFF
ALL RIGHTS RESERVED.



Thesis advisor: Professor John Huth Jennifer Kathryn Roloff

Exploring the Standard Model and beyond with jets from proton-proton
collisions at y/s=13 TeV with the ATLAS Experiment

ABSTRACT

This thesis documents work from two analysis performed using /s = 13 TeV data taken with the ATLAS de-
tector. The first portion of this thesis presents a measurement of the jet mass. This is the first measurement of a
substructure observable that can be compared to analytical predictions beyond leading logarithmic accuracy. The
measurement demonstrates the ability to precisely measure jet substructure observables, and the analytical calcu-
lations are shown to be in good agreement with the unfolded data distribution, paving the way towards a broader
program of jet substructure measurements at the Large Hadron Collider.

The second part of this thesis lays the foundation for a search for R-parity violating supersymmetry in states
which involve jets and displaced vertices. This search is sensitive to models that have long-lived particles decay-
ing within the tracking detector. This thesis explores the sensitivity of this search, and provides preliminary back-

ground estimation techniques that will be used for this analysis.
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Introduction

The Large Hadron Collider (LHC) has successfully completed two full runs of data-taking. This period has been
marked by a number of successes, including the discovery of the higgs boson, precise measurements of parameters
of the Standard Model, and limits on new particles extending into the TeV range. In spite of this, no new physics
beyond the Standard Model has been discovered. This does not mean that there is no new physics that can be dis-
covered at the LHC, but it does mean that signs of new physics may be difficult to discover. Even though many
aspects the Standard Model are well-understood, there are still many features that are difficult to describe analyt-
ically, and rely heavily on Monte Carlo simulation. In particular, quantum chromodynamics (QCD) is challenging

to model due to the behavior of the strong force, which results in confinement, meaning that individual quarks can-



not exist on their own, and must be contained in color-neutral hadrons. Instead of observing quarks and gluons,
collimated sprays of hadrons (jets) are reconstructed. Jets are important for understanding QCD, but also are chal-
lenging to model.

Recently, several advances have been made in the theoretical understanding of the inner structure of jets, allow-
ing the first calculations of jet substructure observables beyond leading logarithmic accuracy. This thesis presents
the first comparison of a measurement of a jet substructure observable to a theoretical prediction of this accuracy.
This paves the way towards future measurements of jet substructure observables, which are important for creating
better models of the behavior of jets, which is crucial at a hadron collider.

In addition to improving our understanding of the Standard Model, it is important to explore the full variety
of searches for new physics which are possible at the LHC. Long-lived particles exist in a variety of models, but
searches for long-lived particles often require specialized reconstruction and background estimation, and many
searches are not able to set strong limits on these models. As stronger limits are being set on models with promptly
decaying particles, it is important to also search for long-lived particles. This thesis presents the foundations for a
search for long-lived particles which are produced in association with jets by searching for final states which have
a displaced vertex and several jets. The studies shown here include preliminary techniques for the background esti-
mation as well as studies of the sensitivity of this search.

The first few chapters provide the fundamentals for this search, starting with an overview of the Standard Model
in Chapter 1, and an overview of jets in Chapter 2. The theoretical background is followed by a brief overview of
the Large Hadron Collider in Chapter 3, and an overview of the ATLAS detector in Chapter 4. Then, a basic de-
scription of object reconstruction is provided in Chapter 5, and a few studies of jet reconstruction with constituent-
level pileup mitigation in Chapter 6.

Part I describes the measurement of the jet mass, and is divided into several chapters for simplicity. Chapter 7
describes the theoretical background and analytical predictions relevant to the measurement. Then, the event se-
lection for the measurement are described in Chapter 8. A description of unfolding is provided in Chapter 9, and

the various systematic and statistical uncertainties are described in Chapter 10. Finally, the full measurement is



provided in Chapter 11, and a summary of the measurement and its implications are provided in Chapter 12.
Part II lays the foundations for a search for displaced vertices plus jets. Chapter 13 provides an overview of su-

persymmetry, and the theoretical models relevant for this search. The event selection for the search is provided

in Chapter 14. Then, the background estimation techniques for hadronic interactions and merged vertices are de-

scribed in Chapters 15 and 16, and a preliminary exploration of alternative background estimation technique is

shown in Chapter 17. Finally, a summary of the status of the search is given in Chapter 18.



The Standard Model

The Standard Model (SM) of particle physics is a relativistic quantum field theory composed of force-mediating
bosonic fields and fermionic matter fields, which is able to describe elementary particles and their interactions,
with the exception of the gravitational force. It is the result of many years of experimental and theoretical devel-
opments, and was only recently completed in 2012 with the discovery of the Higgs boson by the ATLAS and CMS
experiments® %%,

The Standard Model is described by an SU(3) x SU(2) x U(1) gauge symmetry, and contains 26 free parameters

that must be determined experimentally. Within this framework, particles may be described by their spin, mass,

and charges under the different symmetries. Fermions are categorized as quarks, which have color charge under the



SU(3) symmetry, and color-neutral leptons. These are then further subdivided into up-type and down-type quarks,
where up-type quarks have electric charge of 2/3, and down-type quarks have electric charge of -1/3, while leptons
are divided into electron-type, which have electric charge of -1, and neutrinos, which have no electric charge. It has
been observed that each of these subcategories is composed of three generations, which are only distinguishable

by the mass of the particles. A table showing all known particles and their properties may be seen in Table 1.1°%,
While these particles are the basis for understanding the Standard Model, their interactions may be written more

succinctly using the Standard Model Lagrangian, which may be written as
1 v
Lo = =7 Fus P + i Y + iy1h56 + hue. + Dol = V(9): (L1)

In order to simplify the explanation of this equation, it is possible to break the Lagrangian into several components.
The SU(2)xU(1) sector describes both electroweak (EW) interactions and the higgs sector, while the SU(3) sector

described quantum chromodynamics (QCD). In short, it may all be written as
Lsm = Lqcp + LEw + LHiggs- (1.2)
Each of these sectors is described in detail below.

1.1 THE ELECTROWEAK SECTOR

The Electroweak Lagrangian describes the SU(2)xU(1) sector, where the U(1) symmetry is the gauge group for
hypercharge, and the SU(2) symmetry is weak isospin. It may be further broken into several components in order

to simplify the understanding of it.
Lew = Lgauge + Ltermions + EHiggs + Lyukawa- (13)

The gauge fields for the U(1) and SU(2) symmetries may be written as B, and W] respectively, where a € [1, 3]

since there are three generators for SU(2). Then, their field strength tensors may be written as By, and W},



Table 1.1: A table of the Standard Model particles and their properties

classification name symbol | spin | electric charge mass
up-type quarks up U 1/2 +2/3 2.2 MeV
charm c 1/2 +2/3 1.3 GeV

top t 1/2 +2/3 173 GeV

down-type quarks down d 1/2 -1/3 4.7 MeV
strange s 1/2 -1/3 95 MeV

bottom b 1/2 -1/3 4.2 GeV

electron electron e 1/2 -1 0.51 MeV
muon 1 1/2 -1 105.6 MeV

tau T 1/2 -1 1776 MeV

neutrino electron neutrino Ve 1/2 0 <2eV
muon neutrino vy 1/2 0 <2eV

tau neutrino 7 1/2 0 <2eV

gauge boson photon 0 1 0 < 1x107 B eV
w+ w+ 1 +1 80.3 GeV

W~ w~1 1 -1 80.3 GeV

Z A 1 0 91.2 GeV

gluon g 1 0 0

Higgs boson Higgs H 0 0 125.2 GeV

where

By = 8,B, — 0,B,, )

W, = 0,W, — W, — geare W Wy,
Putting this together, and adding in fermionic Dirac spinors ¢ for the matter fields, the electroweak Lagrangian
may be written as
1

v 1 a apv
Egauge = _ZB[J,VB‘LL - ZWNDW # 5 (15)

where g, g’ are the coupling constants for the U(1) and SU(2) symmetries respectively, and €qpc is the totally asym-
metric tensor.

Then, the fermionic term may be included using the Lagrangian

L= Z 7" (i0u — ¢'Yw By — 971, Wiy

P

. (1.6)
= Z (@miDY" gmr + DnpiDyY Uy + W ri DY Ui + dpy giDY" di i + € ri DY e + Vi DAY Vi,

m=1



where m sums over F'; the number of families, and L and R refer to the chirality of the fields as left- or right-handed,

and D are the covariant derivatives for each of the fields. Left-handed fields transform as SU(2) doublets,

. .
) . )
DqunL = (Op + EgTWu + %BH)Q%L

. .
DS, = (8, + %TW# T %B#)Z;L,

where 77, are the generators of the SU(2) symmetry, and g, ¢’ are the coupling constants for the U(1) and SU(2)
symmetries respectively. Similarly, for the right-handed fields, which are SU(2) singlets, the covariant derivative
may be defined as

.
i
Dyuyr = (O + %Bu)ugnl%

.
Dud’r = (8, + %B#)domR

3 (1.8)
DHeSnR = (Ou+ gBu)eSnR

3
DV = Ouvpur,
Reading off from the Lagrangian, there are both kinetic terms for the bosonic and fermionic fields, as well as in-
teractions between the fermions and bosons. Notably missing from this equation are mass terms for the fermions,
which cannot be added directly since m is not SU(2) invariant. Fermions in the Standard Model are massive,

so there is evidently still a missing piece to this equation. This is what motivated the inclusion of a Higgs boson,

which was theorized in 1964.

1.2 ELECTROWEAK SYMMETRY BREAKING AND THE HIGGS SECTOR

The physics described in the previous two sections is sufficient to explain much of the interactions we see, but still
cannot explain certain things such as the masses of gauge bosons. However, this can be explained if we include the

Higgs sector, which is written as

Luiigge = (Dud)” + 1°¢' 6 — A6 0)?, (1.9)



where ¢ is a complex doublet with hypercharge %, and is often referred to as the Higgs multiplet, and its covariant
derivative D,¢ may be written as

Dyu¢ = 0u¢p —igWit¢ — %ig'B#H. (1.10)

The inclusions of this term has remarkable consequences. The first observation is that u2¢T¢ — A(¢T¢)?, or the
Higgs potential, has local minimum at % In order to be in the ground state, the symmetry of the potential is
spontaneously broken. In order to minimize the potential, the symmetry is spontaneously broken. Solving for H,

and making a choice of gauge that simplifies the result, it may be written as
H = , (1.11)

where v = ,u/ﬁ, and h is a real scalar field.

This term gives mass to the gauge bosons, which can be seen from the term

SOV + (V) + (LB, - W (112)

2

|D.H|" =g
In this basis, the different bosons are not mass eigenstates. To counter this effect, the W2 and B bosons are typi-
cally rewritten as a linear combination that avoids this problem, with

Z, = cos(@w)Wi — sin(6w)By
(1.13)

Ay = sin(0.,)W, — cos(0.) By,

where tan(0,,) = %/. In order to avoid other terms that couple to W#, the W' and W? terms are also transformed

such that they couple instead to A, writing them as

Wizi

i ﬂ(wj FWH2 (1.14)

This results in three massive bosons W= and Z, and one massless boson A, which correspond to the bosons typ-

8



ically described in the Standard Model. Based on this result, it is clear that the masses of the gauge bosons are

related, where

mw =

<

(1.15)
mw

cos(Ow)’

Nl Nl

myg = 92 + g/2 —
Similarly, the inclusion of the Higgs boson solves the problem of fermion masses. It is possible to add a Yukawa

coupling term to the Lagrangian,

F
EYukawa = z(ﬂgLLF;U;LnHugnR + Cﬂr)nLF?rde?nR + é?nLrgnnHegnR + DSLLFumnHV?nR + hC) (116)

m,n

After spontaneous symmetry breaking, these terms have two parts: one for the Yukawa interaction, and one that

resembles a mass term. For instance, this includes the term

F

_ w UV = u
Ly= Z(UOmLanEUOmR S

gM*

), (1.17)

m,n

where M* is the fermion mass matrix, meaning that spontaneous symmetry breaking also restores mass terms for
fermions.

For the quark fields, there is an additional complication. It is impossible to choose a basis that simultaneously
diagonalizes the up and down mass bases. However, it is possible to create mass eigenstates for the quarks, at the
cost of including couplings that break the SU(2) symmetry. These terms are typically described using the Cabibo-
Kobayashi-Maskawa (CKM) matrix, which describes this misalignment. The end result of this is that W bosons

are able to couple up-type and down-type quarks.



1.3 THE QUANTUM CHROMODYNAMICS SECTOR

The strong force is mediated by a spin-1 boson called the gluon, which interacts with itself and spin-1/2 particles

called quarks. The Lagrangian dictating its dynamics may be written as
1 a apv 7, s X T
Lacp = = FL F™Y + 3 dhaiD§y" 9", (1.18)

where

F., = 0,G,, — 0,G}, — gs fijnGLGy (1.19)

is the field strength tensor, and g, is the QCD gauge coupling constant, and
D5 = 0ubap +igsGh Lig. (1.20)

Since there are eight generators for an SU(3) symmetry, i runs from 1 to 8, where each G represents one of the
eight gluon fields, The «, 8 € [1,2, 3] indices represent the color, which are commonly referred to as red, green, and
blue, and r is the quark flavor. The field strenth tensor contains both the kinetic terms for the gluon field, as well
as self-interaction terms, providing both a 3-gluon and 4-gluon interaction 5.

In a quantum field theory, the mass and coupling terms are not static, and instead run with the energy scale of

the process. One interesting feature of QCD is the running of the couping gs

2 aC'fs

902

Blas) = Q° 555 = ~(12)° ()" Bn. (1.21)
n=0

The B function describes the how the effective strength of o, changes as a function of Q?, where Q is the momen-
tum transfer. The different (,, terms of this equation may be solved for, and describe the running of the coupling.

In particular,

2
as 11 4
. (*ncolors - gnﬁavors)~ (122)

/Bo(as) = 7% 3

10



Ignoring the higher order terms, this can be solved to give the strenght of o, as a function of ) and the QCD scale

parameter A,

47

Q)= By

(1.23)

In this equation, there is a competition between the quarks screening the color charge, and the gluon anti-screening
which occurs because of the gluon self-coupling®'. In Standard Model QCD, there are 3 colors and 3 flavors, mean-
ing that the 8 function has a negative value. This results in asymptotic freedom, where the strength of the strong
force drops to zero at high energies or short distances. However, the converse is also true, where at large distances,
the strength of QCD approaches infinity. One result of this, for which there is ample evidence, but still no theo-
retical proof, is color confinement, where colored objects will form color-neutral bound states with other objects,
and will not be observed directly on their own. This means that instead of observing quarks directly, we observe
hadrons, which are color-neutral bound states of quarks. This includes baryons like the proton and neutron, which
are composed of any set of three quarks (or three antiquarks), and mesons, which are composed of quark-antiquark

pairs. The experimental and theoretical implications of this are discussed more in the next chapter.

1.3.1 PARTON DISTRIBUTION FUNCTIONS

One important consequence of confinement for proton collider experiments is in the structure of a proton, which
determines the probability of various hard-scatter processes. While a proton is approximately a bound state of two
up quarks and a down quark, its inner structure is in fact much more complicated. Instead of just being composed
of these valence protons, it also includes virtual quarks and antiquarks, sometimes referred to as sea quarks. In or-
der to predict the probability of a hard-scatter process, it is necessary to have parton distribution functions (PDFs),
which are measurements of the probability of an iteraction with a particular particle inside the proton. This is typ-
ically characterized as a function of x, the fraction of momentum carried by that particle, and Q2, the momentum

scale of the proton.

11



Jets and Jet Algorithms

Unlike other forces in the Standard Model, the strong force increases in strength over long distances. In fact, bare
quarks and gluons have never been observed, which is believed to be a result of color confinement, where as colored
objects become separated, they have sufficient energy to create quark-antiquark pairs, which are eventually turned
into color-neutral hadrons. This means that instead of detecting individual quarks and gluons, collider experiments
instead detect jets, which are collimated sprays of particles that roughly correspond to the radiation from an in-
dividual parton. There are several consequences of this in high energy experimental physics. There are several
scales associated to any process involving quarks, since in addition to the parton interactions, there is some frag-

mentation process that turns these into color-neutral objects. Second, this also implies that a quark or gluon does

12



not necessarily result in the production of a single hadron, and most likely will produce several hadrons during the
fragmentation. In order to probe interactions between colored objects, it is critical to have a meaningful proxy for
these objects that can be observed experimentally. This is typically done using jets, which may be defined in sev-
eral different ways, and which cluster groups of color-neutral objects together to act as a proxy for the initiating
parton. The processes that contribute to jet formation as well as the different algorithms that may be used to de-

fine a jet are the subject of this chapter.

2.1 PARTON SHOWERS AND HADRONIZATION

The first stage of jet formation is the parton shower, where quarks and gluons from the hard-scatter event can radi-
ate gluons, and gluons can split into a quark-antiquark pair. The cross-section for the radiation of a gluon diverges
for very soft or collinear gluons. While this behavior is not experimentally observable, it does require additional
treatment in calculations and models of the parton shower.

In Monte Carlo simulations, the behavior of the parton shower may be modeled using an ordered shower, which
can avoid the problems of divergences as well as issues in double-counting emissions. Typically, parton showers are
either angular ordered, or transverse-momentum ordered. In angular ordering, the widest emissions occur first, and
as the shower progresses, the emissions tend towards smaller angles. In transverse-momentum ordering, the highest
pr emissions occur first.

The parton shower does not produce color-neutral particles, and the evolution from these particles to color-
neutral hadrons occurs during the hadronization stage. This evolution is non-perturbative, meaning that it cannot
currently be described using perturbative QCD. Instead, several different algorithms are used to model its behavior.
Two main models exist to describe this behavior: the Lund string model and cluster hadronization. Both of these
models do a reasonable job of modeling the dynamics of jets, though they come with different benefits.

One of the most popular fragmentation models is the Lund string model, which is used by Pythia. In this model,
a flux tube exists between the quarks in an event. Since the gluon couples to itself, the field between the quarks

will be localized in space. As they move apart, the energy in this string increases with the distance between the ob-

13



jects. At any given point, the string has some probability to break at a verter into a quark-antiquark pair, where
the strength of the field increases linearly with time. This process continues until only on-shell hadrons exist'!.
An alternative approach to hadronization is cluster hadronization, which is used by the Herwig event genera-
tor. This model is based on the idea of preconfinement, in which color singlets clusters are formed that decay into
the final state hadrons. These clusters are formed from the quarks and antiquarks produced in the parton shower
(after all gluons have decayed to quark-antiquark pairs), and tend to be fairly localized and of similar momenta.
The mass distribution of these clusters tends to fairly small and is relatively insensitive to the scale of the origi-
nating hard process. The clusters are then fragmented into the final-state hadrons based on several assumptions.
Low-mass clusters undergo isotropic two-body decay, with equal probability for all quark flavors, and the decay
products are tested against the phase space available for this decay. Clusters with mass above some scale My first
undergo fission into quark-antiquark pairs, which are then decayed. In the case of a cluster with a heavy quark, the
quark is decayed until it no heavy flavors remain. Any unstable resonances are then decayed based on information

in the Particle Data Tables'%7.

2.2 JET ALGORITHMS

A jet is roughly defined to be the collimated spray of partons produced by a particle during its fragmentation.
However, even the definition of what constitutes a particle is ambiguous. In the soft collinear limit, such as a quark
emitting a soft collinear limit, the result is experimentally the same as a single particle. In the hard limit, such as
a hard gluon emission at a wide angle, is not fundamentally different than when this process happens at tree-level,
and so it should be considered as two separate particles. There is a whole realm in between, which makes it impos-
sible to have a universal definition of a jet.

It is, however, still possible to create a definition of a jet. Based on the work from the Snowmass accord®, in
order to be theoretically robust and experimentally tenable, an algorithm used to define a jet must satisfy several
criteria. These properties include the ability to implement it easily, both experimentally and theoretically, and also

require a few theoretical properties. This includes that the jet definition must be defined at any order of perturba-

14



tion theory and also yield a finite cross-section at any order of perturbation theory. Finally, it must be relatively
insensitive to hadronization, in order to avoid large corrections from a theoretical calculation to an experimental
observable "®. These criterion imply that a jet definition must be infrared and collinear safe (IRC), meaning that a
collinear splitting or addition of a soft emission must not change the set of hard jets that are created in the event.
Most jet definitions used by modern experiments are part of a class of sequential recombination algorithms.
These algorithms use a distance metric d;; to recursively combine particles together, where there are several dif-

ferent distance metrics defined below. The sequential recombination algorithm proceeds as follows:
1. Find the distance d;; between all pairs of particles ¢ and j.
2. Find the pair of particles ¢ and j which minimize this distance.

3. If this minimum distance d;jmin is less than a threshold cut dcu¢, then combine ¢ and j into a single pseudo-

jet.
4. If no pairs of particles meet this criterion, the algorithm terminates.
The three main sequential algorithms use the distance metric

AR
RQ

dij; = min(p??i,pQTfj) ) (2.1)

where R is the jet radius, and AR;; is the angular distance between the different particles, and the value of p de-
termines the algorithm type. The k; algorithm uses p = 1, meaning that the soft particles are clustered together
first, while the anti-k; algorithm uses p = —1, meaning the hard radiation is clustered together first. Similarly,
the Cambridge-Aachen algorithm takes p = 0, meaning that only the angular distance between particles is consid-
ered in the clustering algorithm. The anti-k; algorithm has the benefit of creating relatively circular jets, making it
experimentally convenient for calibration. Theoretically, the C/A and k; algorithms provide a nicer definition, as

they are more closely related to the showering'°.

2.3 JET GROOMING

This method of jet reconstruction is sufficient for reconstructing a jet that is at a similar energy scale as the initiat-

ing parton. For this type of reconstruction, typically a fairly small jet radius R, such as R = 0.4 is used, which con-
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tains the majority of high-energy radiation, while not large enough to contain large amounts of other uncorrelated
energy from things such as the underlying event or pileup. However, the internal structure of a jet is important
for several things, in which case a larger jet radius is important for containing more of the shower. For hadronic
decays of heavy boosted objects, the decay products can be reconstructed into a single large-R jet, where the nec-
essary size of the radius depends on the Lorentz boost of the decaying particle. For these, the internal structure
of the jet can be used to separate these jets from the more common jets initiated by light quarks and gluons. Ad-
ditionally, the internal structure of the jet can be used to obtain a more detailed understanding of jet evolution,
providing a more fundamental understanding of QCD as well as for tuning Monte Carlo generators.

Large-R jets cluster more uncorrelated energy into the jet, which decreases the power of using substructure.
This uncorrelated energy includes pileup, which adds energy roughly uniformly throughout the event, as well as
the underlying event, which has a similar effect. In addition, the hard boundary of a jet creates sensitivity to non-
global logarithms, or radiation that leaves, and then re-enters a jet, which complicates the theoretical interpreta-
tion of a jet. In order to account for these effects, several grooming algorithms have been developed, which pref-
erentially remove radiation that does not originate from the initiating particle. Each algorithm accounts for these
effects in a different way, and as a result, the optimal configuration depends on the type of physics being explored.
Several of these algorithms are described below, and a comparison of these algorithms will be shown in Section 6.3,

and a measurement using one of the Soft Drop grooming algorithm is one of the main topics of this thesis.

2.3.1 TRIMMING

80

The trimming algorithm®” identifies the regions of a jet that contain the bulk of the energy, and groom away con-

stituents that are outside of these regions. It achieves this by reclustering the constituents of a large-R jet into sub-
jets of radius Rgub < Rje: using the k: algorithm. and discarding any subjet with pr less than fous X p%r:jge'ioom‘jd
This gives two parameters to the algorithm: Rsu, and fcus, which can be tuned for optimal performance, and Fig-

ure 2.1 demonstrates an example of its behavior. This is an effective grooming algorithm, since it is able to retain

most of the activity clustered around hard radiation within the jet, even for jets with multi-pronged decays, but
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also reduces the catchment area of the jet, reducing the sensitivity to pileup contamination and the underlying

event. This grooming algorithm with Rsup, =0.2, feut =5% is the standard for large-R jets on ATLAS, based on

1 20

an optimization done during Run , and has been found to improve the pileup stability and increase the mass

resolution for large-R jet reconstruction in ATLAS.

Initial jet

Figure 2.1: A cartoon demonstrating the trimming algorithm 2°

2.3.2 PRUNING

The pruning algorithm® takes an alternative approach, where it instead modifies the jet clustering sequence by dis-
carding soft and wide-angle constituents, which are more likely to be from pileup or the underlying event. This is
done by reclustering the constituents of a large-R jet using a modified version of the Cambridge-Aachen algorithm
2 where at each step, if the clustering is either too soft or too wide-angled, the cluster with the lower pr is dis-
carded. The Cambridge-Aachen algorithm is used in order to achieve an angular-ordered cluster sequence, which is
more meaningful than the anti-k; algorithm used to determine the set of constituents in a jet. There are two prun-
ing conditions that must be satisfied,

M,
PT,ij

1. Wide Angle : AR;; > Rcut X 2

. min(pT,i,pT,5) <
2. Soft : 7PT,1+pT,j S Zcut
where AR;;, M;;, and pr; are respectively the angular distance, mass, and transverse momentum of the clus-

ter combination. An example of this algorithm applied to constituents is shown in 2.2, which demonstrates the

clustering history as pairs of constituents either pass or fail the pruning algorithm.
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Figure 2.2: An example of the pruning algorithm, where each square represents a constituent with pr proportional to its size. (a)
The unclustered constituents, (b) the first pair of constituents, which fail the pruning algorithm due to the soft condition, (c) the
new set of constituents after discarding the softer constituent in the first splitting, (d) a pair of constituents that pass the prun-
ing conditions, (e) another pair of constituents that pass the pruning conditions, (f) a pair of constituents that fail the wide-angle
condition, and (g) the final jet with its clustering history.

2.3.3 SOFT DROP AND THE MODIFIED MASS DROP TAGGER

The Soft Drop grooming algorithm®® acts on the clustering history of a sequential recombination jet algorithm *.
In this algorithm, the constituents of the large-R jet are reclustered using the Cambridge-Aachen algorithm, creat-

ing an angular ordering of the clustering history. Next, the last step of the clustering is undone, and it is checked
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whether the two proto-jets satisfy the following condition:

et s (32) =
where pr is the transverse momentum of the jet transverse, zcut and [ are algorithm parameters, and AR5 is the
angular distance between the proto-jets. If the soft-drop condition in Eq. (2.2) is not satisfied, then the branch
with the smaller pr is removed. The procedure is then iterated on the remaining branch. Once the condition has
been satisfied, the algorithm terminates, and the remaining constituents form the jet. Diagrams showing the dif-
ferent stages of the grooming algorithm are shown in Figure 2.3. The parameter zcu; sets the scale of the energy
removed by the algorithm, while 8 tunes the sensitivity of the algorithm to wide-angle radiation. As (8 increases,
the fraction of branches where the condition is satisfied increases, reducing the amount of radiation removed from
the jet, and in the limit 8 — oo, the original jet is unmodified. It is noted that Soft Drop with 8 = 0 reduces to
the modified Mass Drop Tagger algorithm, which is an algorithm that preceded the Soft Drop algorithm. However,
for simplicity, this will still be referred to as Soft Drop in this thesis. The Soft Drop algorithm has several nice the-
oretical properties, which are discussed at greater length in Section 7, motivating its use in measurements of jet

substructure observables.

2.3.4 RECURSIVE SOFT DROP

The standard Soft Drop algorithm aims to find the first hard splitting in the jet clustering history in order to de-
fine a groomed jet. In the case of a multi-pronged decay, this condition may not be sufficient to remove much of
the uncorrelated energy in the jet, since the condition may be satisfied before removing all of this energy. A re-
cent extension of the Soft Drop algorithm has been proposed, named Recursive Soft Drop (RSD), in which the al-
gorithm continues until it has found N hard splittings in the clustering history. In the case of N=1, this reduces
to the standard Soft Drop algorithm, while for larger values of N, this allows for more of the jet to be removed by

grooming.
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Figure 2.3: The stages of the soft drop grooming algorithm. (a) A jet clustered with the anti-k; algorithm. (b) The same con-
stituents reclustered with the C/A algorithm. (c) The first iteration of the soft drop algorithm, which removes the jo branch. (d)
The second iteration of the soft drop algorithm, which finds a splitting that satisfies the soft drop condition.

2.3.5 BorTOoM-UP SOFT DROP

Finally, the bottom-up Soft Drop (BUSD) algorithm uses the Soft Drop condition, but applies it during jet clus-

tering, in a way similar to the pruning algorithm. This al#$brithm may be applied to either the full event or to in-



dividual jets, but results shown in this thesis only consider a jet-by-jet grooming. In this algorithm, jets are recon-
structed with the anti-k; algorithm, and then reclustered using a modified version of the Cambridge-Aachen algo-
rithm, where particles ¢ and j with the smallest distance d;; = AR;;/Ro are combined to create a new pseudojet

given by

max(pi,p;j), if the Soft Drop condition fails,
pij = (2.3)
pi +p; ,otherwise.

This means that if the Soft Drop condition is not met, then only the hardest constituent is used for the clustering

history.
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The Large Hadron Collider

The Large Hadron Collider (LHC)***%3% is located at the CERN laboratory, and is the largest existing proton-
proton synchrotron, designed to accelerate protons up to 7 TeV. Four experiments are located at the collision points
that are located around the 27 kilometer ring. Two of these detectors, ATLAS'* and CMS®®, are general-purpose
detectors, whose different designs enable them to provide a cross-check of results. One of the other detectors, AL-
ICE!, is designed for the purpose of studying heavy-ion collisions. The last experiment, LHCb?®, is designed to
study CP-violation by using mesons that decay to b-quarks. The studies presented in this thesis are done using
data taken with the ATLAS experiment, which is described in detail in the next chapter.

The protons are accelerated in several steps. The protons are taken from hydrogen atoms that have been ionized
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in an electric field, and subsequently accelerated to 50 MeV in a linear accelerator, the LINAC 2. These protons
are fed into the BOOSTER, where they are accelerated to 1 GeV. These are accelerated to 26 GeV in the Proton
Synchrotron, and then to 450 GeV in the Super Proton Synchrotron, which is sufficient energy for stable beams in
the LHC, where they are accelerated to their final energy of 6.5 TeV. Figure 3.1 shows the different accelerators

involved in this process, as well as other accelerators present at CERN that are used for other experiments'°2.

CMS
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Figure 3.1: Diagram of the LHC injection chain, as well as some of the relevant experiments at CERN

The protons being collided at the LHC are separated into bunches, which are kept together using the radio
frequency acceleration. There are a 35640 buckets that can be filled with protons at the LHC, with a spacing of
around 25 ns, and a maximum of 2808 regions may be filled **. Typically, the bunches are organized into bunch
trains, which are groups of these regions that are all filled, with some empty buckets between each bunch train.

The exact configuration of these trains varies with the run.
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The rate of data taking, or instantaneous luminosity can be calculated by the simple equation

_ frevbz\]2

L
A )

(3.1)

where frev is the accelerator frequency, b is the number of colliding bunches, N is the number protons per bunch,
and A is the transverse cross section of the overlap between the colliding beams. Thus, in order to increase the
rate of data taking, with a fixed bunch configuration and revolution rate, either the number of protons per bunch
may be increased, or the beam size can be decreased. In order to know the absolute luminosity of data taken, it is
critical to have a measurement of the instantaneous luminosity, requiring measurements of the beam area and the
number of protons. Typically, the beam area is measured using Van der Meer scans, where the rate of collisions is

measured as a function of the distance between beams.
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The ATLAS Detector

The ATLAS experiment is an general-purpose detector designed to be able to detect quasi-stable particles pro-
duced in collisions from the LHC, with the exception of neutrinos. This includes electrons, muons, taus, photons,
and hadrons. Its design follows that of modern general-purpose detectors, with several concentric layers of special-
ized sub-detectors. The ATLAS experiment is composed of a barrel region, composed of a set of cylindrical detec-
tor systems, which is sandwiched by the endcap detectors, or a set of flat, circular detector systems, as depicted
in Figure 4.1. The innermost layers are the tracking detectors, which measure the trajectory of charged particles
without greatly affecting their momenta. The tracking system is encased in a 2 Tesla solenoid magnet in order to

be able to measure their charge and momentum. Outside of this are the calorimeters, which measures the energy
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of all particles (except muons), and are sufficiently dense to stop nearly all particles. Finally, the outermost layer is
composed of toroidal magnets and the muon spectrometer, which are designed for precise measurements of muons,
whose interactions are small enough that they can travel throught the calorimeter. This design allows for the mea-
surement of a wide range of particles, making it useful for everything from measurements of the Standard Model
to searches for particles beyond the Standard Model. Each of the individual components of the detector will be de-
scribed briefly in the following sections, with a focus on the detector systems most relevant for the specific analyses
in this thesis.

There are several different coordinate systems used to describe the ATLAS detector. In general, ATLAS uses a
Cartesian right-handed coordinate system, where the origin is at the nominal interaction point, the z-axis points
along the beampipe, the y-axis points towards the surface of the earth, and the x-axis points towards the center of
the LHC ring. Based on the cylindrical nature of the detector, a cylindrical coordinate system (r, ¢, z) is frequently
used, where r is the radial distance from the z-axis, ¢ is the azimuthal angle around the beampipe. Finally, a co-
ordinate called the pseudorapidity (n) is frequently used, where n = —In(tan(6/2)), and 6 is the polar angle. Pseu-
dorapidity has several convenient properties for collider experiments. For massless particles, differences in pseudo-
rapidity are invariant under longitudinal boosts. Additionally, the production of pions is approximately flat as a
function of n, meaning that in high luminosity, the energy density will be roughly flat as a function of 7. Each of

these different coordinates systems will be used throughout this thesis.

4.1 THE INNER DETECTOR

The inner detector (ID) of ATLAS is designed to reconstruct tracks produced from charged particles passing through
the detector. It consists of three layers: the innermost pixel layers, the middle SemiConductor Tracker (SCT), and
the outermost Transition Radiation Tracker (TRT), which are depicted in Figure 4.2. In order to be able to mea-
sure the momentum and charge of the particles, the tracking system is surrounded by a strong, solenoidal magnetic
field, which bends the trajectory of the charged particles. These detectors provide tracking information for particles

within |n] < 2.5 for tracks with pr down to 0.5 GeV. To balance accurate track reconstruction with the cost of the
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Figure 4.1: Diagram of the ATLAS detector

detectors, the innermost detector systems have a higher granularity than those that are farther from the beamline.

Each of these detectors is described in detail in the following sections.

4.1.1 THE PIXEL LAYERS

The innermost layer of the tracking system is the pixel detector, a type of semiconducting silicon detector, covering
the region |n| < 2.5. The pixel detector is designed to be a high-resolution, radiation-hard detector that is able to
aid in primary vertex reconstruction, precise transverse impact parameter reconstruction, and b-tagging. In order
to be able to perform these tasks, the original pixel detector was designed with three detector layers in the barrel
region, and three disk layers in the endcap, as shown in Figure 4.2. Each layer is composed of several pixel mod-
ules, each of which contains 46,080 silicon sensors of size 50 pum x 400 — 600um in order to provide precise position
information. In order to provide full coverage in ¢, the barrel modules are tilted with respect to the cylinder and
overlap slightly with the next, while the the endcap modules are tilted with respect to the plane perpendicular to
the beam. Signals in the sensors are amplified and compared to a threshold, and the time-over-threshold is stored

for possible readout is the event is triggered. The thresholds may be tuned as the radiation does increases. In ad-
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Figure 4.2: Diagram of the layout of the inner detector

dition, the pixel sensors were designed to be radiation tolerant, with n+ implants on the readout side, and a p™-n
junction on the back. As the sensors undergo radiation, the bulk type inverts, and still allows for some sensitivity
6. In order to improve the overall precision of tracking and vertexing, and to protect against failure of the first

layer of the pixel detector, another layer was added in 2014, named the Insertable B-Layer (IBL), which is located

between the beampipe and the first layer of the original pixel detector®®.

4.1.2 THE SEMICONDUCTOR TRACKER

The SemiConductor Tracker (SCT) is located outside of the pixel detector, meaning that it needs to fulfill less
stringent requirements, both in terms of resolution as well as radiation sensitivity. Instead of using expensive rect-
angular pixel detectors, the SCT uses strips detectors, providing a compromise between accuracy and cost. Each
SCT module consists of two sets of two silicon-strip sensors which are glued together with a stereo angle of 40
mrad between them in order to gain 3-dimensional hit information. In the barrel region, these are positioned ap-

proximately parallel to the magnetic field and beampipe. In order to be robust against radiation damage, it uses
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the same type of doping as in the pixel layers. There are four radial layers of SCT modules in the barrel region

and nine layers per endcap, as shown in Figure 4.2, making a total of nearly 16,000 sensors’°.

4.1.3 Tue TRT

The outermost layer of the tracker is the Transition Radiation Tracker (TRT), where the name comes from its abil-
ity to identify electrons using their transition radiation in the form of x-ray photons, or radiation from charged
particles passing through different materials. In order to do this, it was designed to be made with a xenon-based
gas mixture (Xe(70%)C02(27%)02(3%)), whose high density gives it a long absorption length*?, which is ideal for
detecting this type of radiation. However, due to large gas leaks in parts of the detector, some parts of the TRT
are instead filled with an argon mixture®®.

The TRT is composed of around 300,000 straw tubes, each with a diameter of 4 mm, with a 31 um gold-plated
tungsten wire in the center. In the barrel region, the tubes are parallel to the beamline, where they cover up to
|z] < 720mm. In the endcaps, the wires are perpendicular to the beamline, and cover 827 mm < z < 2774 mm, and
617 < R < 1106 mm°. Since each tube spans a fairly large region, the occupancy becomes high under high pileup

s . 1
conditions, and in some cases, the occupancy can be greater than 50% '°°.

4.1.4 THE SOLENOID

The tracking detectors are surrounded by a solenoid, which provides the 2 T magnetic field enabling the measure-
ment of the transverse momentum of particles. A couple of considerations were taken into account when designing
the solenoid. Since the magnet is in front of the calorimeters, it is important to minimize the amount of material
in order to get the best possible energy measurement. Additionally, stronger magnetic fields are critical, since track
momentum resolution increases proportionally to the strength of the field. With these constraints, the solenoid was

designed to provide a 2 T axial field, with material that contributes around 0.66 radiation lengths .
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4.2 THE CALORIMETERS

The ATLAS calorimeters are designed to measure the energy of particles passing through them, with the exception
of muons and neutrinos. This is done by stopping particles within the calorimeter, and measuring the energy of
their showers. This needs to be possible for both the electromagnetic (EM) showers produced from photons and
electrons, as well as the hadronic showers produced from hadrons. Since these showers differ in shape, composi-
tion, and depth, the ATLAS detector has two calorimeters: an inner electromagnetic calorimeter designed to mea-
sure EM showers, which are absorbed over a shorter scale, and an outer hadronic calorimeter designed to absorb
hadronic showers.

The basics of EM and hadronic showers, as well as the fundamental principles of calorimetry are important to
understanding the design of the ATLAS calorimeters. Electromagnetic showers are formed by photons and elec-
trons when they interact with material. Generally, photons interacting with material can produce an electron-
positron pair, while electrons may undergo bremsstrahlung and emit a photon. The typical scale associated to this
showering is characterized by the radiation length. For electrons, the radiation length is the average distance it
must travel such that it has lost all but 1/e of its initial energy to brehmstrahlung, while for photons, it is 7/9 of
the average distance it travels before pair production.

Hadronic showers are more complicated than EM showers. Not only do they involve more types of particles, but
the types of interactions occurring are also more complicated. Typically, they result from an incoming hadron in-
teracting with a nucleus, which creates a shower of hadrons. These may go on to produce cascading showers, or in

the case of 7°

— 77, they may produce EM showers. In addition to the complication of multiple types of parti-
cles, effects such as nuclear binding energy can result in invisible energy. With all of these factors at play, hadronic
showers have much larger variations in their shape than EM showers. Since they rely on nuclear interactions, they
also typically develop over a longer length than EM showers.

Both the EM and hadronic calorimeters on ATLAS are sampling calorimeters. The basic principle of these is

that they are composed of alternating layers of a dense material to produce showering, and an active material to

measure the showers. There are four separate calorimeters on ATLAS, which are described below.
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Figure 4.3: Sketch of the accordion structure of the EM calorimeter in the barrel region

4.2.1 THE ELECTROMAGNETIC BARREL CALORIMETER

The electromagnetic barrel calorimeter (EMC) covers the region of || < 1.4. The active material of the ECal is
liquid argon (LAr) which was chosen due, to its radiation hardness, and the absorber is lead. In order to detect
high energy electrons and photons, the radiation thickness of the EM calorimeter was chosen to be 24 Xy in the
barrel and 26 Xj in the endcaps. In order to achieve this while still having sufficient energy resolution on medium
energy objects, the lead thickness increases as a function of 7, varying from 1.1 to 2.2 mm.

In order to provide continuous azimuthal coverage, the geometry of the absorbers is given by an accordion shape
for the entire EM calorimeter, as shown in Figure 4.3. In the barrel region, there are 3 sampling layers, plus an
additional presampling.

In the barrel region, the EM calorimeter has an inner radius of 1.15 meters and an outer radius of 2.25 m. The
cell size ranges from 0.025 x 0.025 in 7 — ¢ to 0.1 x 0.1, depending both on the layer as well as the n region. As n
increases, the granularity in n decreases, since the physical size of each n region is also shrinking.

The LAr detectors were designed to minimize pileup effects by applying a shaping function to the signal which
reduces the effects of pileup on average. The shaping function shown in Figure 4.4 has a couple of relevant features.

The total area is zero, and it also spans multiple bunch crossings, such that the fluctuations from pileup will ap-
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Figure 4.4: A diagram of the signal shape in the LAr calorimeters

proximately cancel on average, since the downward fluctuations from nearby bunch crossings (out-of-time pileup)
will tend to cancel the upward fluctuations from pileup within that bunch crossing (in-time pileup). The ADC

counts from 4-5 samples Ssample at different time slices N are translated into a calibrated energy using the formula

N
1
Ecell = ﬁ X Fgain( Z OFsample,gain(Ssample - Pgain))- (41)
I1/E

sample=1

With this equation, the pedestal for each gain Pyain is subtracted from the ADC sample, and these values are
multiplied by the optimal filtering coefficients (OFCs) O Fyample,gain, Which have been determined based on the
pulse shape. This is then converted into a current in pA using Fgain, which is the converted into an energy with

fr/e. The number of samples changed from 5 to 4 in the middle of Run-2 of data taking, though up to 32 samples

may be read out for calibration purposes®”.

4.2.2 THE HADRONIC BARREL (TILE) CALORIMETER

The Hadronic Barrel (Tile) calorimeter is composed of the barrel region, covering the region || < 1.0, with two
extended barrels covering the region 0.8 < |n| < 1.7. It is composed of cells of size 0.1 x 0.1 (An, A¢) in the bar-
rel region, and 0.2 x 0.1 in the extended barrel region, with each cell being composed of alternating layers of iron
plates and scintillating tiles, as shown in Figure 4.5. The tiles measure the scintillation light produced by the show-

ers. Like the EM calorimeter, the tile calorimeter provides several radial measurements, and is designed to have a
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Figure 4.5: Diagram of a tile calorimeter cell1*.

geometry to have approximately even coverage in slices of 7, as seen in 4.6.

4.2.3 THE HADRONIC END-CAP CALORIMETERS

The Hadronic end-cap calorimeters (HEC) are designed to detect hadronic showers for 1.5 < |n| < 3.2. Similarly
to the central EM calorimeter, the active material is liquid argon, while the absorber is copper. Each HEC is com-
posed of two wheels, where each wheel has longitudinal segmentation, with two longitudinal read-outs per wheel.
Its material covers approximately 12 interaction lengths, which was chosen to fully contain jets produced at 14 TeV.
Its granularity in 7, ¢ is approximately 0.1 x 27/64 for the region |n| < 2.5, and 0.2 x 27/647, and the overall

layout may be seen in Figure 4.7.

4.2.4 THE FORWARD CALORIMETERS

The Forward Calorimeter (FCal) covers the region 3.1 < || < 4.9, and therefore needs to be able to cope with a
high particle flux, since it is close to the beampipe. It is important to have some longitudinal information for the

showers, and so it is built in three sections, as shown in Figure 4.8. The module closest to the beam is built with
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Figure 4.7: Diagram of the layout of the hadronic end-cap calorimeters”3.
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Figure 4.9: Electrode structure of the forward calorimeter.

electrode rods and calorimeter matrix made of copper for the absorber, whose conductivity avoids the problem of
overheating the LAr. The second two modules have tungsten electrode rods as absorbers with a matrix built of

tungsten slugs, which are dense'®. The structure of the electrodes may be seen in Figure 4.9.

4.3 THE MUON SPECTROMETER

The Muon Spectrometer (MS) is the outermost layer of the ATLAS detector, built primarily in order to detect

muons in the central region. As the muon system is not used in the analyses presented in this thesis, it is described
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briefly. It is able to measure particles with |n| < 2.7, and trigger on them for || < 2.4. Unlike the other systems
described above, the muon system uses separate detectors for triggering and measuring muons. The triggering sys-
tem is composed of Resistive Plate chambers in the barrel region, and Thin Gap Chambers in the endcap region,
while more precise measurements are performed with the Monitored Drift Tube Chambers in the barrel region, and
Cathode Strip Chambers in the endcaps. In addition, the muon spectrometer contains the toroid magnets, which
consist of the barrel toroid and the endcap toroids. The barrel toroid is composed of eight coils, each 25.3 m long,
and 10.7 m tall. Each endcap contains a toroid, in order to be able to measure muons in the forward region. These

toroids are composed of square coils and wedges, which are glued together to produce a single rigid structure'*.

4.4 TRIGGER AND DATA ACQUISITION

The ATLAS detector takes an enormous amount of data, with collisions every 25 ns, and not all of these can be
fully processed or stored. Most of these events are soft collisions which are not of interest to the average physics
analysis, and so collisions are filtered using the trigger system, which selects events various criterion. Since ATLAS
is a multi-purpose detector, there are a wide variety of triggers available in order to be able to analyze as much
relevant data as possible. There are three stages of the trigger: the Level 1 (L1) trigger which is implemented in
the hardware for fast processing, and the Level-2 (L2) trigger, and the event filter (EF)'*.

The L1 trigger is implemented in hardware, and must make decisions quickly in order determine which events
should be buffered for testing by the high level triggers (HLT). As such, it only takes information from the calorimter
and muon spectrometer, for which it is possible to apply a meaningful reconsruction at this rate. Instead of recon-
structing the complete objects that are used for electron, photon, jet, and MET reconstruction, the L1 calorimter
trigger relies on towers in 1 X ¢, or even more granular at higher n, which are used as proxies for the inputs to
these objects, while the muon spectrometer relies on having at least 3 hits in coincidence. In order to trigger an
event with a jet, a region of interest (Rol) is identified based on 0.2 x 0.2 towers which have a high sum of Er, and
which are a local maximum of sum Fr. The size of the Rol ranges from 0.4 x 0.4 to 0.8 x 0.8, depending on the

relevant jet multiplicity, with higher multiplicity corresponding to a smaller Rol to provide higher granularity®.
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Figure 4.10: The total integrated luminosity for 2015-2018.

The data passing the L1 trigger is designed to have a rate of around 75 kHz, which must then be reduced to
around 200 Hz by the HLT **. The HLT is composed of the Level-2 (L2) trigger and event filter (EF), but they are
often referred to together due to similarities in how they are run. Events are first passed through the L2 trigger,
which reads out information seeded by the Rols from L1, but with more complete information available. Events
passing the L2 trigger proceed to the event filter, which is able to reconstruct the full event, albeit with some modi-
fications to the various reconstruction algorithms. This stage is designed to be as close to the offline reconstruction

as possible within the limitations of the processing speed. Events that pass the offline trigger are then stored per-

manently for full offline reconstruction.

4.5 DATA QUALITY MONITORING

Data-taking with the ATLAS detector has mostly proceeded smoothly, but the quality of the data for each detec-
tor subsystem is carefully monitored throughout data-taking. Data-taking runs where detectors are problematic

for too much of the run are marked as bad, and are not used in standard physics analysis. This information is com-
piled to create a good runs list that lists all of the runs which are of sufficiently high quality to be used in analysis.
The total integrated luminosity, both before any selection is applied, after the trigger, and for high-quality physics
data is shown in Figure 4.10, where it can be seen that from 2015-2018, ATLAS has taken around 139 fb~! of data

which may be used in analysis.
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Object Reconstruction

In order to use information from the detector for physics analysis, it is necessary to process detector signals into
meaningful physics objects. The standard types of physics objects used on ATLAS represent electrons, photons,
muons, jets, tracks, and missing transverse momentum. In general, while these objects are standardized, there are
often multiple supported definitions for each object, which may be chosen in order to best fit the needs of an anal-
ysis. The two analyses covered by this thesis only rely on jets, tracks, and vertices, and the reconstruction of these

objects is described below.
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5.1 TRACK RECONSTRUCTION

Tracks are reconstructed in order to generically represent charged particles traveling through the detector, and are
reconstructed using information from the inner detector layers described in Section 4.1. Charged particles follow a
helical trajectory, and so tracks may be parameterized by their four-momentum, and several additional observables,
as seen in Figure 5.1. The dyp parameter, also known as the transverse impact parameter, described the point of
closest approach to the z-axis that run along the beamline. Similarly, the zo parameter, or the longitudinal impact
parameter, describes the distance along the z-axis to the x-y plane at the same point of closest approach. Then, 0
is given by the angle that the four-momentum of the track makes with respect to the zo axis at the point of closest
approach, while ¢ is the angle that the track makes with respect to the x-y plane at the point of closest approach.
Generally, particles produced near the interaction point will have small values for both zp and do. In addition,
particles emitted collinearly from these will also have small impact parameters, since they will still point approxi-

mately toward the same origin.

track

Figure 5.1: The parameterization of a track on ATLAS.
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The tracking algorithms on ATLAS rely on the three tracking detectors described in Section 4.1. Assuming
100% efficiency, a generic charged particle passing through the barrel region of the inner detector will leave hits in
3 pixel clusters, 8 SCT clusters, and upwards of 30 TRT straws. More realistically, there will be some detector in-
efficiencies from hits below threshold, gaps in the detectors, and incorrectly assigned hits. The tracking algorithms
attempts to balance these effects with the rate of fake track reconstruction in the tracking algorithm.

Standard track reconstruction is performed in two stages: first with an inside-out approach, and then with an
outside-in approach. The inside-out approach uses hits from the inner silicon detectors to seed tracks, which are
then extended outwards, while the outside-in approach uses the TRT to seed tracks, which are then propagated
inwards. The inside-out tracking algorithm is first seeded by the two silicon detectors (the pixel and SCT detec-
tors), where a seed requires three space-points from three separate layers of the silicon detectors '°. Since the size
of each pixel is sufficiently small, a single hit in the pixel detector qualifies as a space point, while the SCT uses
a combination of the two strips that are glued at 40 mrad with respect to each other, as described in Section 4.1.
This seed allows for a rough estimate of the track parameters described above, under the assumption helical tracks.
These seeds are then used as inputs to a window search, which creates a road along the trajectory of the seed. Hits
along this road are then be included in the track candidate using a Kalman filter '°. The quality of these track can-
didates is then assessed based on the number of clusters, holes, track fit quality, and track momentum °.

After these tracks have been created, the outside-in algorithm is run. The electromagnetic calorimeter is used to
determine regions of interest in the TRT, and segments are created out of TRT hits. These segments are then ex-
tended into the silicon detectors, where unassociated hits may be added to the track candidate. These are added to

the standard set of tracks. If no associated silicon hits are found, these tracks are still used for photon conversion

. a5
reconstruction>®.

5.1.1 LARGE RADIUS TRACKING

The standard tracking definition is designed to reconstruct tracks originating from a primary vertex. However, the

cuts applied to these tracks reduce efficiency for tracks originating from long-lived particles, which decay far from
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the interaction point. This motivated the development of the large-radius tracking (LRT) algorithm®® which is
able to reconstruct tracks with loosened parameter choices. The overall algorithm for large radius tracking is nearly
the same as that of as the standard inside-out tracking algorithm, but relaxes several requirements, and is only run
on hits that have not been used by the other tracking algorithms. Several parameters are changed, including the
maximum dop and zp, which are loosened from 300 mm to 10 mm, and from 250 mm to 1500 mm respectively. Two
silicon modules are allowed to be shared instead of one, and only five unshared silicon hits are required instead of
six. Finally, the algorithm uses a sequential Kalman filter instead of a combinatorial one, which avoids the creation
of multiple track candidates. This algorithm improves the reconstruction efficiency for displaced hadrons signifi-
cantly for particles with a production radius of greater than around 20 mm, as shown in Figure 5.2, which shows
the reconstruction efficiency in Monte Carlo for long-lived gluinos in a split SUSY model that decay hadronically.
The overall reconstruction efficiency is defined as ratio of truth particles from the gluino decay that have an associ-

ated reconstructed track to the total number of truth signal particles.
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Figure 5.2: Inclusive track reconstruction efficiency for displaced hadrons as a function of the radius of production 7,44 35,

It is clear that the large-radius tracking algorithm significantly increases the reconstruction efficiency for tracks
from long-lived particles. Especially for very long lifetimes, some inefficiency is still observed, with only around
40% of tracks being reconstructed for particles with a radius of production above 250 mm. This ineffiency is a com-

bination of several effects, including the fiducial volume, as well as the actual inefficiency of the algorithm. In order
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to study the performance of the algorithm for displaced hadrons that fall within the fiducial volume, the technical
efficiency may be defined. This determines the efficiency for truth particles associated to these displaced hadrons
that would be expected to be reconstructed based on the detector layers that they pass through. This eliminates
the effect of particles that would not pass through enough silicon layers to be reconstructed. In order to pass the
basic requirements, a truth particle must have pr > 1 GeV and be produced with 7pr0¢ < 300 mm, and |n| < 5,
and it must deposit energy in at least 7 silicon layers. The technical efficiency is then the ratio of truth particles
that are associated to a reconstructed object to all truth particles that pass this selection. The result of this may
be seen in Figure 5.3, which demonstrates an efficiency of at least 80% for particles that are produced up to 300
mm.

Due to the relaxed requirements, large-radius tracking requires a large amount of computing power. As a result,
these objects are not available by default, and this algorithm is only run on selected events where long-lived parti-

cles are likely to be relevant. The implications of this are discussed in greater detail in Section 14.1.
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Figure 5.3: The technical reconstruction efficiency of signal particles as a function of the radius of production 7,04 35,

5.2 VERTEX RECONSTRUCTION

Reconstructed tracks are the basis of vertex reconstruction, where vertices link groups of tracks with a common ori-

gin. Two types of vertices exist: primary vertices, which correspond to hard-scatter events, and secondary vertices,
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which correspond to interactions and decays of particles produced in the hard-scatter events. The goals of both of
these types of vertices is very different, and consequently, the algorithms used to reconstruct them also differ, as

described in the following sections.

5.2.1 PRIMARY VERTEX RECONSTRUCTION

In order to determine the location of the hard-scatter collision of interest, as well as pileup interactions, it is crit-
ical to be able to reconstruct primary vertices (PVs). In general, the aim is to reconstruct one vertex per interac-
tion, meaning that the amount of pileup may be characterized by the number of reconstructed primary vertices

(Npv). These PVs are reconstructed out of tracks fulfilling the following quality requirements®:

o pr > 400 MeV

e |n| <25

e Nsmits > 9 (if |n| < 1.65), or 11 if |n| > 1.65
e NIBL+B-layerhits = 1

o At most one shared module

¢ No pixel holes

e At most 1 SCT hole

Tracks fulfilling these requirements are then used as inputs to PV reconstruction. A set of primary vertices is
found by seeding the vertex position based on the global maximum of the z-position of all the input tracks. Then,
the vertex position is determined using an adaptive fitting algorithm, which minimizes the x? of the fit, and pro-
gressively down-weights poorly-matched tracks in each step. After the position has been fit, any tracks that are in-
compatible with the reconstructed vertex by more than 7o are removed and used to create a new vertex using this
same method. This algorithm continues until all tracks are included in vertices, or no new vertices may be found.
Fach vertex must have at least two associated tracks to be considered. After creating the set of primary vertices,
their positions are refit using the original reconstructed position and the width of the beamspot '°.

Using this set of vertices, it is possible to determine the interaction that a track is associated to. The vertex
associated to the hard-scatter event is typically the one with the most momentum associated to it, while the other
ones are typically from pileup interactions. The primary vertex association of tracks enables the removal of tracks

originating from a pileup interaction.
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5.2.2 SECONDARY VERTEX RECONSTRUCTION

In order to identify decays of long-lived particles, it is possible to reconstruct secondary vertices. These follow a
different reconstruction algorithm than the primary vertex reconstruction, since the constraints are much different.

The set of secondary vertices is reconstructed out of the set of tracks passing the following preselection:

e The track has not been used for primary vertex reconstruction
e pr > 1 GeV

o Nuits,scT > 2

Secondary vertex reconstruction is then applied using a multi-stage approach. First, the set of all compatible
two-track vertices are found, where each track may be included in multiple vertices. In this stage, all pairs of tracks
are formed into vertices, with the vertex position approximated by the track parameters. If the d0 or z0 of the
tracks are more than 50 or 100 mm from the estimated vertex position, the vertex seed is thrown away. Then com-
patible pairs of tracks have their position estimated more precisely using a full track extrapolation. Vertex seeds
are kept if this fit succeeds, X2z /Mdo ¢ < 5 and 7y < 563 mm. These seeds are further filtered based on the hit
pattern of the associated tracks. Since tracks typically travel outwards from the vertex, tracks are required to have
no hits in tracker layers with smaller radii than the vertex position. For vertices that are very close to the outside
of a tracker layer, this requirement is relaxed by one tracking layer. Additionally, tracks are required to have a hit
in the first tracking layer beyond where the vertex is located. In the case of disabled pixel modules, which do not
produce any hits, this requirement is automatically fulfilled to avoid inefficiencies.

The two-track vertex seeds are then used to create n-track vertices, using a graph that determines compatibility
of each pair of tracks. Each n-track vertex is formed out of tracks where each pair of tracks in the n-track vertex is
one of the 2-track vertex seeds. This may still leave some tracks associated to multiple vertices. In these cases, the
goodness-of-fit is evaluated for this track in each vertex, and it is included the best-fitting vertex.

After the creation of the preliminary set of n-track vertices, additional steps are run to improve the reconstruc-
tion by merging compatible vertices together, and associating additional tracks that were not originally included.

The initial algorithm may reconstruct a single decay as multiple vertices. This includes the reconstruction of

two nearby vertices instead of one, or a misreconstruction of the vertex position from tracks that cross multiple
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times. Additionally, some tracks may not be included in the original vertex, due to effects like a backscatter that
fails the hit pattern requirement, or a track not passing the original preselection. To account for these effects, sev-
eral algorithms are run, first to attempt to merge vertices together, and second to associate additional tracks to

these vertices. In order to determine that vertices to consider merging, the distance significance S is defined, where

S = (05 —1)(C1 4 Ca)(vz — 1) 7, (5.1)

where v; is the position of vertex i, and C; is the covariance matrix for vertex i. The merging algorithms are run
in several stages on vertices whose distance significance is less than 100, where The merging algorithms are run
sequentially, starting with vertices with the smallest number of tracks, which are most likely to be mismeasured. If
a given merging algorithm succeeds, no other vertexing algorithms are tested for that vertex.

The first merging algorithm, merge by shuffling, tests if the position of the original vertex Vi igina1 was slightly
misreconstructed. Looping through all other vertices in the event, starting with those with the most associated

tracks, the algorithm refits the vertex Voriginar with the position of another vertex Viest, resulting in a new position

!
original*

If the distance between the suggested position and the refitted position is less than 10, then the vertices
are merged together.

Next, the magnetic merging algorithm is tested. Again, looping through all other vertices in the event, a track is
borrowed from a target vertex and added to the original vertex. The original vertex is then refit with the position
of the vertex where the track has been taken from. If the distance signicance between the refit vertex and original
vertex is the minimum, and is less than 10, then the vertices are merged together.

Finally, if the other strategies have not resulted in a merged vertex, the algorithm attempts to force merging be-
tween vertices with the wild merging algorithm. In this, all tracks are combined into a vertex, and the algorithm
attempts to fit these with the position of the original vertex. The pair of vertices with the minimum distance sig-
nificance between the new vertex and the original vertex is found. If this distance is less than the 10, then the ver-

tices are merged together.

Finally, any vertices whose distance is less than 2mm are merged automatically. If any of the merging steps
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have succeeded, the vertices are merged together, and the merged vertex is run through a function to improve the
x2. In this step, the vertex position is first refit, seeded by its original position. Then, while its x? is above some
threshold and Niyacks > 2, the algorithm attempts to remove single tracks from the vertex. If this improves the
overall fit quality of the vertex, then the track is removed. This proceeds until the vertex has two tracks or until
the fit quality is sufficiently high.

After this is completed, some tracks may still not be associated to a vertex, and an algorithm is run that allows
for the association of these tracks to existing vertices. Vertices may have a maximum of one track associated to
them by this algorithm. This process is only done for good quality tracks whose x> per degree of freedom is less
than 5 and pr > 1 GeV. Additionally, the maximum dy and z significance must both be less than 5. In order to
avoid contamination from primary vertices, the association is only done for vertices that are at least 0.5 mm away
from any primary vertex. The track is not required to pass the same hit pattern requirements that are used to cre-
ate the vertex, in order to include back-scattered tracks. The association algorithm attempts to add each track to
a vertex, starting with the highest n-track vertices. If the association succeeds, the track is added to the vertex and
removed from the set of tracks to be considered. Once all vertices are created, merged, and associated, the vertex

position is refit.

VERTEX CLEANING CUTS

In the initial processing of the data, an asymmetry in ¢ for vertex production was observed, which can be seen in
Figure 5.4. Generally, a ¢ asymmetry indicates a problem with the reconstruction, since the detector is approxi-
mately symmetric in ¢. Further studies demonstrated that this asymmetry only existed in vertices with an associ-
ated track, and that these tracks tended to have a dop value that corresponds to one of the pixel layers. The prob-
lem has now been understood to be an issue with the track extrapolation, but this solution was not implemented
in time for these studies. Instead, these vertices are preferentially removed using cuts that target the problematic
tracks. Specifically, vertices are tagged as bad if they have an associated track whose dy is between (26,39), (46,

56.5), (83.5, 93.5), or (117.5, 128). The results of this cut may be seen in Figure 5.4, which shows that although

46



this does not entirely remove the ¢ asymmetry, it does lead to a reduction in the behavior.
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Figure 5.4: The track dp distribution and vertex ¢ before and after the cleaning cuts.

5.3 JETS

As mentioned in Section 2.2, there is no single way of defining a jet, and any set of 4-vectors may be used as inputs
to jet reconstruction. In practice, it is recommended to have as close of a correlation between the reconstructed ob-
ject and truth-level particles as possible. On ATLAS, there are several different inputs to jet reconstruction that
have been developed through the years, which rely on some combination of tracking and calorimetry information.
While a track is designed to correspond to a single charged particle, this is more complicated to acheive in the
calorimeter. However, particles tend to create localized energy deposits that can be clustered together to approx-

imately correspond to deposits from a single particle. The information from these two systems may be used in a
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variety of ways in order to improve the performance of jet reconstruction for particular regions of phase space. The
main types of jet inputs used on ATLAS are topological calorimeter-cell clusters, particle flow objects, and track-
caloclusters, each of which is described in the sections below, as well as developments towards further improving

these results for future use.

5.3.1 TorPOLOGICAL CALORIMETER CLUSTERS

Topological calorimeter clusters (topoclusters) are jet inputs created purely out of calorimeter deposits. These ob-
jects are designed to make use of the 3-dimensional calorimeter information while simultaneously suppressing the

noise. The algorithm creates the inputs as follows:

1. Clusters are seeded by cells with |Ecen| > 40mnoise, where onoise is the expected amount of noise for that cell,

and FEcenn may be negative to prevent a bias in the reconstructed energy.

2. Any cells that neighbor the seed that have |Ecen| > 20moise are added to that cluster. This continues until
there are no neighboring cells with |Ecen| > 20moise-

3. All neighboring cells are added to the cluster, regardless of energy

This method is called the ‘4-2-0’ algorithm, based on the seeding of the clusters. Once the clusters are created,
they can then be split into multiple clusters, which happens when there are two local maxima within the cluster®.
Once the algorithm has found the local maxima, the energy of the cells located between the maxima are divided
between the two maxima based on the relative distance to each maxima. Then, the cluster is given an energy of
the sum of the energy of its cells, n and ¢ of the energy-weighted average of the n and ¢ of the cells included in
that cluster, and a mass of zero.

As mentioned in Section 4.2, hadronic and electromagnetic showers are fundamentally different. The ATLAS
calorimeters are non-compensating, meaning that they do not account for the invisible energy present in hadronic
showers. This means that the reconstructed signal for a hadron will be less than that for an electron or photon
that deposits the same energy. In order to account for this, a weighting algorithm was developed that uses lo-

cal shower information to calibrate the energy back to the hadronic scale, called “LCW?” for locally calibrated

*The local maxima must be within the EM sampling layers EMB2, EMB3, EME2, and EME3, or FCALO, and a local
maxima is defined as an excess of at least 500 MeV as compared to at least four neighboring cells. Additionally, cluster split-
ting may occur in EMB1 or EME]L, or can be in any of the hadronic calorimeter sampling layers.
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weight. The LCW algorithm aims to correct signal inefficiencies in hadronic showers due to non-compensation of
the calorimeter, signal losses in clustering, and signal losses from inactive material. It first determines the proba-
bility that a cluster is from an EM or hadronic shower. It then applies a correction for each of these effects, where

correction depends on this probability. For instance,

calib EM emcalib EM hadcalib
Weell = Pclus X w + (1 - Pclus) X w ’ (52)

emcalib hadcalib

where PFM is the probability that a cluster is from an EM-shower, and w and w represent the cal-
ibration weights derived for EM and hadronic showers respectively. Generally, LCW weights are applied to clusters
used in analyses that are concerned with the substructure of a jet. Due to the noise introduced from pileup, these

weights worsen the energy resolution of jets at low-pr, and are not used for small-radius jets, but are important for

large-R jets where the substructure of the jet is relevant.

5.3.2 PARTICLE FLOwW

The tracking detector provides complementary information to the calorimeter, allowing for the combination of in-
formation from the two detectors in order to provide more precise inputs to jet reconstruction. The momentum
resolution of the tracking detector is inversely proportional to the track momentum, wile the calorimeter energy
resolution scales inversely proportional to the square root of the energy of the particle. Generally, the angular
resolution of the tracker is better than that of the calorimeter, since it is designed to measure the direction of a
particle instead of its energy. The Particle Flow (PFlow) algorithm combined tracking and calorimetric informa-
tion with the goal of improving the resolution and pileup stability of reconstructed jets, compared to jets created
from topoclusters alone®. In this algorithm, tracks are matched to EM-scale topoclusters, whose creation is de-
scribed above. Then, the expected amount of deposited energy is calculated, based on the track momentum and
position of the topoclusters, using measured value of the ratio of E/p for single particles. Based on this ratio, if
it is likely that the track has deposited energy into multiple topoclusters, more topoclusters may be included as

well. Then, the expected energy is subtracted cell-by-cell from all of the matched topoclusters until either all of the
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expected energy has been subtracted or no more cells remain. If cells remain after the subtraction, the algorithm
checks if this energy is consistent with the expected shower fluctuations of a single particle. If it is, this energy is
simply removed, and otherwise, it forms a (modified) cluster with no associated track. Any topoclusters that are
not matched to tracks are assumed to originate from neutral particle energy depositions and are unmodified. Af-
ter this algorithm has been completed, the set of particle flow objects (PFOs) consists of tracks whose energy has
been scaled, modified neutral clusters, and unmodified neutral clusters. Typically, PFOs that are not associated to
a pileup vertex are removed, which increases the pileup stability of the PFlow algorithm over unmodified topoclus-
ters.

In some cases, it is difficult to determine an accurate estimate of the expected energy deposit for a track. For
tracks that are nearby other tracks, it is difficult to determine the contributions from an individual track to a par-
ticular cluster, making the subtraction ineffective. Similarly, for high-pr tracks, where the momentum resolution
is sufficiently degraded, the expected shower cannot be calculated accurately enough to make a meaningful sub-
traction. With this in mind, the PFlow algorithm turns off gradually for tracks between 30 and 60 GeV, and no

subtraction is done for tracks above 60 GeV. Similarly, tracks in dense environments are not used for subtraction.

5.3.3 TRACK-CALOCLUSTERS

A second algorithm exists to combine tracking and calorimetric information, which is called Track-CaloClusters
(TCCs)**. This algorithm was designed to improve the substructure resolution of highly boosted objects, by using
tracks to split clusters, based on the increased angular resolution of the tracks. Since TCCs are geared towards jet
substructure, this algorithm uses the LC-scale of the topoclusters instead of the EM scale used in PFlow. Unlike
PFlow, the TCC algorithm does not attempt to do an accurate estimate of the energy contributions of a particular
track, and instead assumes that each track matched to a cluster deposits energy proportional to its pr. The algo-
rithms works as follows. A mapping is created between tracks and clusters based on an extrapolation of each track
to the center of the cluster. Then, for each cluster, the total momentum of associated tracks is computed. Then,

one TCC object is created per track, where the energy of that object is determined based on fraction of momentum
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that a given track contributes to a given cluster.

More precisely, the TCC spliting algorithm takes place in several steps. First, it is noted that each track 7 seeds
a TCC object. Then, for each cluster, the set of all clusters matched to the track 7 is given by C;, and similarly,
the set of all tracks matched to a cluster c is given by T..

The contribution of each cluster ¢ in C, will contribute proportionally to the ratio of its pr to the pr of the 4-
momentum sum of all associated clusters. This fraction ff can then be written as

c_ pT
fr= pr [Zcch pel (5:3)

Then, the amount of momentum contributed from a given cluster is determined based on all associated tracks T¢,
with the momentum of each track weighted by the relative weight of the cluster for that track. This fraction is
then given by F, defined to be

- T
Fr=—_Pr 5.4
P ren, P T (54)

Finally, the total momentum sharing for a track 7 is taken to be

M. =) p°fTFL, (5:5)

ceCr

such that the 4-momentum of a TCC ¢ seeded by track 7 is given as
pe = (pr[M:], 0", """, m[M-]). (5.6)

While this is a complicated equation, a couple examples may be used to demonstrate its behavior. For a track
matched to two clusters, each with no other associated tracks, the energy and mass of the associated TCC is given
by the sum of the four-momentum of the two clusters. For a cluster with energy F. that has two tracks associated
to it, with transverse momentum p% and p3, two TCC objects are created, with the energy of (E. x p%)/(pr + p%)

and (E. x p%)/(pr + p%) respectively. Tracks that are not matched to clusters are not included in the final set
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of TCC objects, and unmatched topoclusters are also added to the collection. Finally, any TCC objects that are
matched to a pileup vertex are removed from the list of objects.

One feature of this algorithm is its pileup dependence. As pileup increases, the number of tracks increases, and
the number of tracks matched to each cluster increases on average. Since the TCC algorithm does not consider
the expected shower deposition of a particle, and only considers the geometrical matching of tracks to clusters, as
pileup increases, the energy remaining from the hard-scatter event will decrease, since more energy will be removed

by pileup tracks matched to clusters created by the hard-scatter event.

5.3.4 UNIFIED FLow OBJECTS

PFlow tends to perform well for low-pr jets, where the algorithm can take advantage of the better tracking reso-
lution, while TCCs tend to perform well for calculating the substructure of highly boosted objects where the gran-
ularity of clusters is not sufficient to resolve the different prongs of a jet. In order to improve the overall perfor-
mance, it is possible to combine these algorithms sequentially into an object called unified flow objects (UFOs),
with a few small modifications. Starting with PFlow objects, the set of tracks associated to the hard-scatter vertex
who are not used for an E/p subtraction are found. This includes tracks that were not sufficently well-matched to
a cluster, as well as tracks in dense environments or high-pr tracks. Then, these tracks are used as inputs to the
TCC algorithm, where they are able to split apart clusters that have not been well-matched to tracks in the PFlow
algorithm. This provides improvements in a couple of ways. It enables the cluster-splitting for highly boosted ob-
jects, which is not possible with the current PFlow algorithm. However, it does this in a way that avoids unnec-
essary splitting of clusters with pileup tracks, since these are not included in the cluster-splitting algorithm, and
retains the PFlow E/p subtraction where relevant. Since PFlow is done at the EM-scale currently, this algorithm is
performed at the EM scale as well.

A comparison of the W-tagging performance of EM-scale PFlow, TCCs, and UFOs is shown in Figure 5.5. These
ROC curves show the background rejection as a function of the signal efficiency using a simple 2-variable tagger.

In this tagger, the smallest mass window that contains 67% of the signal W-jets is determined, and a 1-sided cut
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of d is scanned over to obtain different signal efficiencies. This demonstrates that UFOs consistently perform as

well as or better than either TCCs or PFlow across a wide variety of pr scales, motivating further studies of these

objects.
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Figure 5.5: A comparison of the tagging performance of EMPFlow, TCCs, and UFOs at several different py scales using a 2-
variable tagger with the mass and da.

5.3.5 JET RECONSTRUCTION

Once the jet inputs are created, jet reconstruction algorithms may be applied to these inputs. Jets on ATLAS are

created using the anti-k; algorithm, typically using radius parameter of either 0.4 or 1.0, which are known as small-
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R and large-R jets respectively. The anti-k; algorithm typically produces circular jets, which simplify their experi-
mental interpretation. Most analyses use the standard small-R jet collection, since they capture most of the energy
from the shower, and correspond roughly to a single parton. Analyses that are interested in the substructure of a
jet, either to identify hadronic decays of heavy boosted objects or to study the inner structure of a jet typically use
jets with a larger radius parameter (large-R jets), which captures more of the detailed shower information. The en-
ergy scale of reconstructed jets differs from the energy scale of a corresponding truth jet, due to effects from input
reconstruction as well as additional radiation such as pileup. In order to account for this, a multi-stage calibration
procedure is applied in order to bring the scale of the reconstructed jet closer to the truth scale.

The first stage of the calibration procedure is designed to correct effects from pileup. Pileup adds energy roughly
uniformly throughout the event, meaning that it increases the scale of a jet. Since the amount of pileup changes on
an event-by-event basis, it is important to have a more meaningful subtraction of this pileup energy so that a cali-
bration factor applied to a jet in a low-pileup event will also be applicable to one applied to a jet in a high-pileup
event. For a generic hard-scatter event, the energy density will be peaked in a few places, resulting in a median en-
ergy density of zero. However, assuming a uniform distribution of pileup, the median energy density in an event
can be used to approximate the amount of pileup that has been included in a jet. The median energy density is
calculated using the median pr density of R=0.4 k: jets with |n| < 2, where the k; algorithm is used due to its sen-
sitivity to soft radiation in the event, and then p is given by pr/Aje: 2. After the median energy density has been
calculated, p x A is subtracted from each jet in order to bring its scale closer to the scale without pileup.

After the pileup subtraction has been applied, there is still some remaining pileup dependence of the calibrated
jet response. In order to account for this, a two-stage residual correction is applied. It is observed that the pr de-
pendence of the jet response is fairly linear in both Npy and p. Fitting these slopes enables a further subtraction.

In total, the pileup-corrected pr of a jet is given by

corr TEeCO

pr =pr " —pxA—ax(Nev—1)—=Bxupu, (5.7)

where a and [ are determined by linear fits in several different 7 regions.
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Once the pileup correction has been applied, a calibration is derived to bring the energy closer to that of the
truth scale. The first stage of this is a calibration produced from Monte Carlo events, and is referred to as the
Monte Carlo jet energy scale calibration, or MCJES. To derive this calibration, reconstructed jets are matched to
truth jets if AR < 0.3. This is done on isolated truth jets in order to avoid closeby effects. The jet energy scale is
calibrated using the numerical inversion method?®. These calibration factors are then able to be used for all jets.
After the MC calibration has been applied, a global sequential calibration (GSC) is derived in order to account for
differences in the calorimeter response on the jet composition and energy distribution. This is designed to keep the
same energy response, but to improve the overall resolution.

Finally, the last stage of the jet calibration accounts for differences in the jet response in data and Monte Carlo,
which can arise from imperfect detector descriptions, as well as imperfect modeling of the detector response, or
differences in the simulation of the hard-scatter or pileup event. These differences are measured by comparing the
pr of a jet to that of a different well-measured reference object, including Z — pu + jet events, v + jet events, and

multijet events. A full description of this calibration may be found in 2.
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Constituent-Level Pileup Mitigation

Pileup is one of the major challenges impacting object reconstruction on ATLAS. Higher instantaneous luminosities
enable huge amounts of data-taking, but also result in multiple (soft) interactions per bunch crossing. At the be-
ginning of Run 2, each event typically had around 20 reconstructed primary vertices per bunch crossing, while this
number has increased to nearly 60 by the end of Run 2. These additional interactions result in a number of effects,
including an increased amount of energy not associated to the hard-scatter (HS) event of interest, higher fake rates
in object reconstruction, decreased reconstruction efficiency, worsened resolution of reconstructed objects, and cut
efficiencies which depend on PU. These effects are present in some combination for all different objects which are

reconstructed, but are particularly challenging for jets, which have a comparatively large catchment area.
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6.1 PILEUP MITIGATION TECHNIQUES

Historically, small-R jet reconstruction on ATLAS has relied on a two-fold approach to eliminate pileup. The first
step corrects the expected PU contribution'®, and later, jets are tagged as PU or HS based on their associated
tracks. The PU correction is done using the jet-area subtraction®®, which calculates the area of a jet, and subtracts
the expected amount of PU energy in that region based on the median energy density of the event. Pileup jet tag-

13:25 " wwhich determines the likelihood of a jet being dominated by PU

ging is done with the jet vertex tagger (JVT)
based on the percentage of associated tracks originating from the HS primary vertex. Large-R jets rely on groom-
ing algorithms to remove pileup dependence. Since grooming algorithms remove soft and wide-angle radiation from
jets, this also works to remove pileup from the jet. Since large-R jets are typically used at high pr, a pileup jet tag-
ger is not necessary.

While these techniques have worked effectively for early Run 2 conditions, they begin to fail in higher pileup
conditions. In light of this, there has been a range of algorithms developed to improve these techniques, in particu-

lar by applying them to individual constituents instead of individual jets. Several of these algorithms are described

below, and their performance in ATLAS simulation is evaluated.

6.1.1 CONSTITUENT SUBTRACTION

Constituent subtraction® offers an alternative way of defining area subtraction for constituents using ghost asso-
ciation. For an event with median energy density p, the expected amount of pileup energy in a region with area
A = dn x 0¢ is p x A. With this in mind, massless, low-pr virtual particles called ghosts are added uniformly to
each event with a spacing of I = 0.1 in dn and d¢, such that they each cover an area (Ay) of 0.01. Each ghost is
given the same pr of Ay X p, such that the energy density of the ghosts matches the median energy density.
After the ghosts have been added, the distance, AR; , between each possible pair of particles, i, and ghosts, k is
calculated. Then, starting with the closest ghost-particle pairs, the pr of each ghost and particle is modified by
The algorithm iterates until all pairs with AR; , > ARpaz, where ARp,q0 is one of the free parameters of the

algorithm.
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If pr, > pf,: PT, = P — DT
pr, = 0;
otherwise: pr, — 0,
P, — Pr-

6.1.2 VORONOI SUBTRACTION
Voronoi subtraction provides an alternative approach to applying area subtraction, using the geometrical area of
each constituent given by its Voronoi area in 7 — ¢ space™. The cluster momentum is then corrected by

Ccorr

pr =pr —p* AVoronoi~ (61)

After this subtraction, many clusters are left with an unphysical negative transverse momentum, which cannot be

used for jet finding. Two algorithms can be used to deal with this: negative suppression and spreading. For neg-

ative suppression (Vor Supp), negative p7'" clusters are simply removed from the event, and jet clustering is per-

formed on the remaining clusters. Since the pileup energy density fluctuates throughout a given event, the median

energy density may still be non-zero after applying negative suppression. An alternative approach called Voronoi

spreading accounts for some local fluctuations by distributing negative p5™* to other nearby (positive p%™) clusters.

The algorithm proceeds as follows.

For each cluster ¢ with p77;" < 0:

Ccorr

1. Find the set of clusters J, where each cluster j € J is within a cone of AR;; < 0.4, and has p7}" > 0

2. For each cluster j € J, calculate a weight:

1 1

Wiy = ~Npo X 1 N (6.2)
ARij EAR?J.
such that >, wi; = 1.
3. Rescale the pr of each cluster j € J to be p??ead = maz(pTy + wi; X py, 0).

4. Set pfﬁzead =0

This algorithm ensures that pfl'f’read > 0, and creates a valid set of inputs to jet clustering. Figure 6.1 shows the

*The Voronoi area of a constituent is the area of all points on a plane which are closer to that constituent than any other
constituent
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application of the Voronoi algorithms, starting from the original event, applying the subtraction, and then with

both suppression and spreading.

6.1.3 SOFTKILLER

Unlike the Voronoi and CS algorithms, which rescale the pr of each cluster, the SoftKiller (SK) algorithm *° applies
a pr cut to constituents. This cut is determined on an event-by-event basis, and is designed to make the median
pr flow density (p) approximately zero. This is done by dividing the detector into an n — ¢ grid, with each grid cell
containing all constituents in that region. Then, a pr cut is chosen such that the half of the grid spaces are empty,
which eliminates all constituents from 50% of the cells as well as some constituents from the remaining cells. The
only free parameter of the SK algorithm is the size of the grid, and should be chosen to be large enough that many
cells contain constituents before SK, but small enough that not all constituents are eliminated.

When not applied at particle level, SK is designed to be applied after some form of area subtraction such as
Voronoi subtraction or CS, since clusters may be a combination of HS and PU energy. An example of applying
SK to an event may be seen in Figure 6.2, which demonstrates the process of starting from an unsubtracted event,
applying Voronoi subtraction, and then applying SK with two different grid sizes. This event display demonstrates
the balance that must be struck in choosing a SK grid size: a grid length of 0.4 leaves many clusters which are not
associated to truth jets, while using a grid length of 0.6 begins to cut clusters which are likely associated to the HS

event.

6.1.4 PILEUP PER PARTICLE IDENTIFICATION (PUPPI)

While the first previous algorithms only rely on the 4-momentum of each constituent, it is also possible to use
tracking information to improve the classification of particles. One such algorithm is called “pileup per particle
identification”, or PUPPI*'. PUPPI relies on particle flow information, which provides a classification of charged
particles as either HS or PU. In this algorithm, each constituent i is assigned a likelihood that it is pileup. To de-

termine this likelihood, first, the quantity «; is calculated, where
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a; = log( E Ap% X O(Rmin < AR;i; < Ro)),
- i
J

where j are all of the charged constituents associated to the Primary Vertex (PV), Ry is the maximum radial
distance at which constituents are associated to each other, and Ruyin is the minimum radial distance of associa-
tion. Rmin is generally taken to be very small, and is set to 0.001 for these studies. The idea behind this metric is
that neutral activity nearby high-pr charged activity is more likely to also be pileup than if it is far away from any

other HS activity. Once a has been calculated for all constituents, then the following quantity is determined:

= \2
a; —
X = 6(ai — apy) x (B OPU (6.3)
Opyu
where @py is the mean value of « for all charged PU constituents in the event, and opy is the RMS of that
same distribution. Then, the 4-momentum of each neutral constituent i is weighted by
Wi = FXQ,NDF:I(X?)v (6~4)

where F,2 is the cumulative distribution of the x? distribution. This eliminates all neutral constituents i whose
calculated value of «; is less than apy. Finally, a pr cut is applied to the remaining reweighted constituents in

order to further suppress noise. This is Npy dependent, and is determined by

PT,cut = a + b x Npvy. (65)

While PUPPI can technically be applied to topoclusters, the principles of the algorithm depend strongly on the
association of neutral constituents to nearby charged HS constituents, and is therefore much more effective for
particle-flow type algorithms. In the forward region of the detector, where charged information is not available,
the algorithm needs to be optimized separately, and is done using «; calculated from all constituents instead of
charged HS constituents. For these studies, we take Ryp = 0.3, a = 200 MeV and b = 14 MeV, based on an optimiza-

tion done for small-R jets made from PFOs.
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6.1.5 CLUSTER VERTEX FRACTION

The cluster vertex fraction (CVF) algorithm is a simple form of particle flow modelled after the jet vertex tagging

JVT) method. Tracks are associated to a cluster when ARcluster, track < O.l,Jr and CVF is then calculated as
( :

track

racks p
Zt ks,HS T (6.6)

track track ’
Etracks,HS Pr + Ztracks,PU b

CVF =

where Ztracks,HS and Ztracks’PU indicate the sum over all associated tracks from the hard scatter primary vertex
and the pileup vertices, respectively. If there are no tracks found within AR < 0.1 of the cluster then it is assigned
a CVF value of -1. Values of CVF close to 1 indicate hard scatter activity, while CVF = 0 indicates pileup activity,
and CVF = —1 indicates a neutral cluster with no associated tracks. Since pileup tends to be low-pr, and since

a single nearby PU track can skew the value of CVF, the CVF algorithm removes clusters based on both their cal-
culated value of CVF and their pr. Clusters with CVF=0 and pr > 2 GeV are considered PU and removed from
the event. This algorithms is essentially a rudimentary form of particle flow which is able to be tested easily with-
out creating the full PFO collection. CVF may be used alone or in addition to other pileup mitigation techniques,
and is found to perform better in conjunction with Voronoi Spreading than when applied on its own. Based on an

optimization for small-R jets, Voronoi spreading is applied to the constituents, and CVF is applied afterwards.

TThe effect of the magnetic field on (low momentum) tracks is taken into account by extrapolating the track to the first
layer of the hadronic calorimeter using a simple model based on pr, charge and n of the track.
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Figure 6.1: Event displays at p

ciated to a cluster which is located at the center of the polygon. The color of the region shows magnitude of the pp of each cluster
after each step, and the black dotted circles indicate the truth jets over 20 GeV. (a) The event before Voronoi subtraction. (b) The

the event after Voronoi spreading
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event after Voronoi subtraction, (c), the event after Voronoi suppression, and (d
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Figure 6.2: Example event display (a) before pileup removal, (b) after Voronoi subtraction is applied to constituents, (c) after VS
and SoftKiller 0.4 are applied, and (d) after VS and SK 0.6 are applied. The size of the constituent is proportional to its pp, and
truth jets with pp > 20 GeV are also shown in dashed lines.
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6.2 IMPACT OF PILEUP MITIGATION ON SMALL-R JETS

The most common type of jets used on ATLAS are small-R jets. Currently, ATLAS supports these jets down to

a pr of around 20 GeV, but producing a calibration for thse jets becomes more difficult as pileup decreases the
correlation between the truth and reconstructed jets. The effects of pileup may be seen in both the response of the
jet (pe®/pFe) as well as the overall spread of this distribution (resolution). The effects of pileup on the jet pr
response can be corrected on average using a calibration, but even after such a calibration, the resolution degrades
with increased pileup. However, particle-level studies indicate that constituent-level pileup mitigation algorithms
are able to improve the stability of the jet response distribution as a function of pileup.

In order to perform a preliminary comparison of the different constituent-level pileup mitigation algorithms on
ATLAS, their behavior is studied in low-pr jets using the full ATLAS simulation. These studies use a multijet sam-
ple produced in PYTHIA 8% where the pr of the leading R=0.6 truth jet is between 20 and 60 GeV. Three sam-
ples are produced with different amounts of pileup, in order to study the performance in early Run 2 conditions
((1) = 20), Run 3 conditions ({¢) = 80), and in preparation for the high-luminosity LHC ({(1) = 200). The (u) =
20 sample uses the Al4 tune together with the NNPDF2.3LO PDF set®!, while the other samples use the AU2
tune with the CT10 PDF set. The pileup in these samples is included by overlaying minimum-bias samples, which
are generated with PYTHIAS using tune A2'? and the MSTW2008LO PDF set. In all samples the detector re-
sponse is simulated using Geant4”' and the ATLAS simulation framework'”. Simulation of the detector response
to pile-up proceeds using the same software as for the hard-scatter process.

4745 jets with a radius parameter 0.4 are produced using FastJet*®. The

Once the samples are produced, anti-k;
inputs to the reconstructed jets are LCW topoclusters, which may be modified by a pileup mitigation algorithm,
while the inputs for truth jets are stable particles from the hard scattering event with a lifetime of over 10 ps, ex-
cluding muons and neutrinos. Once the truth and reconstructed jet collections are created, a AR matching is per-
formed, where a truth and reconstructed jet are matched if ARt uth, reco < 0.3. These studies require truth jets to

be isolated from all other truth jets whose pr is greater than 5 GeV by at least AR > 0.6, which minimizes close-

by effects in these studies.
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The width of the jet response is impacted by the calibration of jets, and so it is important to perform a rough
calibration of jets in order to compare their resolution. This is done using the numerical inversion method?® to
calibrate reconstructed jets to the stable-particle-scale. The calibration is derived in bins of the number of primary
vertices Npy. First, in each Npy bin, truth jets matched to reconstructed jets are binned in p% "¢ to find the mode

of the corresponding response distribution in that bin:

reco

R,, =T (6.7)

true
by

This distribution is approximately Gaussian, and the jet response is given by the position of a Gaussian distri-
bution fit to the response distribution. The jet response is binned in (p4#*“¢), and then fit in order to derive a func-
tional form for R(p%™¢). Finally, with the definition f(p%™“¢) = pi™® x R(p% "), the calibrated pr value for a given

reconstructed jet is defined as p§*'®® = f~1(ph°°). Application of the calibration procedure in bins of Npy has a

similar effect to the residual correction described in Ref.??.

The jet pr resolution is then used to compare the performance of the different algorithms, where the resolution
is defined as the width of a Gaussian fit of the calibrated response distribution. The results may be seen in Fig-
ure 6.3 for several different values of . These results demonstrate that constituent-level pileup mitigation is able
to improve the jet resolution compared to both uncorrected and area subtracted jets. As expected, the improve-
ment increases under higher pileup conditions. with up to a 20-30% improvement over standard techniques in HL-
LHC conditions. The improvements are most obvious for low-pr jets, since the relative pileup contributions are
most significant at low-pr, but some improvements may be seen up to 60 GeV. Overall, the CVF algorithm per-

forms the best, which is expected considering its use of tracking information. Of the algorithms which only use

calorimeter information, CS+SK is the most performant choice.
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Figure 6.3: Resolution of low-pr jets reconstructed with anti-k; with R = 0.4 versus true jet py. An average of 20, 80 or 200 pile-
up events is superposed on the multi-jet signal. The constituent-level pileup mitigation methods are explained in the text. Monte
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Carlo statistical uncertainties are negligible, and the estimated jet energy resolution uncertainty is 2-3 percent.
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6.3 IMPACT OF PILEUP MITIGATION ON LARGE-R JETS

For analyses interested in the substructure of a jet, either to tag hadronic decays of heavy boosted objects, or

to measure properties of the jet shape, large-R jets are typically used, since they include a larger portion of the
shower. These analyses are typically interested in more than just the pr and position (7, ¢) of the jet, making

use of jet substructure observables which are sensitive to the soft radiation within the jet. These observables dif-
fer from observables like the pr, which is affected by the total amount of pileup remaining, not the distribution of
pileup. This means that jet substructure observables are more strongly affected by pileup, since soft radiation is
able to impact the calculation of these observables. Jet grooming algorithms are able to remove some of this pileup
dependence, but some residual dependence may still exist after grooming. This means that constituent-level pileup
mitigation algorithms are also applicable to large-R jets.

In order to study this performance, several different Monte Carlo samples are produced. For these studies, a
sample of jets originating from light quarks and gluons (“QCD jets”) is generated using high-pr multijet events,
which are generated in slices of jet pr in order to retain high statistics at high pr. These events are then weighted
to produce a smoothly falling pr distribtuion predicted by PYTHIA8. Signal W jets are taken from the beyond the
Standard Model spin-1 W’/ — WZ — qqqq process, where a maximum of one jet per event is selected based on
its matching to the truth W particle, with a maximum of AR < 0.75 between the particle and the jet axis. An
array of W’ signal samples are generated, with W’ masses ranging from 400-5000 GeV, in order to obtain a broad
kinematic range of W jets. In order to remove the dependence on the signal model, jet-by-jet weights are applied
based on the anti-k; truth jet, such that the pr spectrum of signal W jets matches that of the QCD jets.

In all cases, the samples are generated the PyTHIA 8.186 generator'®® using the Al4 tune '° with the NNPDF2.3LO
PDF set®”. After simulation of the parton shower and hadronization, events are passed through the full GEANT4 ™!
simulation of the ATLAS detector!”. Hadronic showers are simulated using the FTFP BERT model?*. Pileup is
simulated by overlaying additional minimum-bias events generated with PYTHIAS. These events are overlaid onto
the hard scattering events to match the average number of pp interactions per bunch crossing during Run 2 of the

LHC. This overlay is performed in such a way that each sub-detector considers the effect of adjacent bunch cross-
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ings as well as the current hard scatter, thereby accounting for both in-time and out-of-time pileup as described in
Reference®'.

Using these samples, jets are reconstructed with the anti-k; algorithm with R=1.0 using a variety of inputs, in-
cluding LCW topoclusters, PFOs, and TCCs (possibly with pileup mitigation techniques applied). Truth jets are
reconstructed with the anti-k; algorithm with R=1.0, and an exclusive AR matching in (n,¢) is performed between
the truth jet and reconstructed jets for each type of input. The kinematics of this ungroomed truth jet are used to
characterize the pr scale of the hadronic energy flow entering the detector, which ensures that in a given kinematic
region, the comparison between reconstruction algorithms is performed using the same set of jets.

In the case of the QCD jet background sample, the leading truth jet is always kept assuming that it has pr
greater than 300 GeV. The ungroomed reconstructed jet closest to the leading truth jet, within AR < 0.75, is kept,
where this AR matching requirement is performed independently for jets reconstructed from each type of input.
Grooming is then applied to these truth and reconstructed jets, ensuring that the same population of jets studied
for each type of grooming algorithm. In the case of the signal W-jet sample, rather than keeping the leading truth
jet, the truth jet originating from the W boson is kept. The truth jet originating from the W boson is identified
via the criteria AR(Jrruth, W) < 0.75, where Jrrusn is the truth jet nearest to the W boson. After determining
which truth jet to keep, the procedure for deciding which ungroomed reconstructed jets to keep for each input type
proceeds in the same way as for the QCD jet background sample.

In order to ensure full containment of the hadronic W boson decay, jets are only studied if they are matched
to a truth jet with pr > 300 GeV. Additionally, to ensure that the catchment area of the jet is largely contained
true| <

within the region of the detector where charged-particle tracks may be reconstructed, an additional cut of |

1.2 is applied.

6.3.1 PILEUP STABILITY OF THE W MASS DISTRIBUTION

For analyses looking to tag hadronic decays of boosted heavy objects like W bosons or top quarks, the jet mass is

one of the best discriminating variables. Since the jet mass is a jet substructure observable, the mass distribution
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shifts as a function of the number of reconstructed primary vertices (Npv), as shown in Figure 6.4, which shows
the mass distribution of W-boson jets in low and high pileup conditions. As expected, the jet mass increases with
pileup, since more uncorrelated energy is included within the jet. Similarly, the jet mass scale and resolution are
impacted, but this is challenging to compare without a calibration. Since the pileup dependence of a jet is affected
by both the jet inputs as well as the grooming algorithm, it is difficult to study these effects directly without deriv-
ing a calibration for each combination of jet input and grooming algorithm. Instead, it is possible to compare the
pileup stability of uncalibrated jets using metrics which are largely unaffected by the calibration. One such possibil-
ity is to use the reconstructed W boson peak central value and width. These values are much less affected by the
calibration, and may also be used to gauge the relative dependence of the mass scale and resolution as a function
of pileup.

To quantify these effects, the W boson peak reconstructed mass spectrum is iteratively fit with a Gaussian in
exclusive bins of Npv to extract the central value, and the size of the full 68% window is used as a measure of the
width of the peak. These values are plotted as a function of Npy and fit with a line, as shown in Figure 6.5, and
the slope of this line is a measure of the pileup stability of the jet definition, which can be used to compare a large
number of jet definitions. This figure also demonstrates how constituent-level pileup mitigation algorithms are able
to be used to improve the pileup stability of the mass distribution.

The values of the slopes for both the central value and the width may be seen for all constituent and groom-
ing configurations in Figure 6.6. The constituent-level pileup mitigation techniques significantly outperform uncor-
rected LCTopo and PFlow inputs, while it worsens the performance for TCCs, as seen in Figure 6.6. The behavior
of TCCs is also notable in that the position of the W mass peak decreases as a function of pileup. As pileup in-
creases, more tracks are associated to each cluster, and those tracks are removed from the event. As such, the TCC
algorithm essentially overcorrects the effects of pileup, and this performance is further degraded by adding pileup
mitigation algorithms.

While the variations in grooming algorithms are less drastic, a few trends may be observed. For Soft Drop groom-

ing, smaller values of 8 are more stable under pileup, since they remove soft radiation more aggressively. Com-
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pared to the other grooming algorithms, trimming without pileup mitigation is more robust against pileup effects

at low pr, though pileup mitigation techniques further stabilize the performance of the algorithm.
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Figure 6.4: A representative comparison of reconstructed W boson jet mass in exclusive bins of the number of primary vertices

(Npv ), illustrating the shift to higher masses for increased pileup.
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Figure 6.5: (a) A representative comparison of reconstructed W boson jet mass in exclusive bins of the number of primary vertices
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boson mass peak as a function of the number of reconstructed primary vertices (Npy ), presented here for the LCTopo, CS, and
CS+SK for the Soft Drop grooming algorithm.
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Figure 6.6: Pileup dependence of the (a) value and (b) width of the fitted W boson mass peak
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6.3.2 PILEUP STABILITY OF Do

In addition to the jet mass, other jet substructure observables are frequently used to tag W jets. In particular, the

D> observable characterizes the radiation within a jet by using correlations between all pairs and triplets of jet

constituents ®*%%6  This observable is defined in terms of the n-point energy correlation functions ez and ez
1
es=—— > pripr;RY,
P, 1<i<j<n;
(6.8)
1
ef=—— > prprpraRLRLERY,,
ToJ 1<i<j<k<n;
with Dy = e3/e3. There are several characteristics of the n-point correlation function which make it theoreti-

cally useful for discriminating between different radiation patterns within jets. The observable € is infrared and
collinear safe, which is sensitive to the n-prong structure in a jet. For any value of n, € is insensitive to recoil,
meaning that it does not depend on the angular distance between the hard jet core and the jet momentum axis,
which can occur with soft, wide-angle radiation. Additionally, in the soft or collinear limit, e2 — 0 for all configu-
rations and for any number of particles within the jet. Unlike the n-subjettiness'®® observable, this Ds observable
does not rely on hard subjet axes to derive its discrimination power. For this reason, it can achieve a higher level of
discrimination power.

However, since D3 is dependent on the fine structure of the jet, this also leads to an increased pileup depen-
dence. The D distribution for a few choices of jet inputs and grooming algorithms may be seen in Figure 6.7. To
quantify the effects of pileup on D2, the 50% signal efficiency cut is determined for W jets with mje; > 50 GeV in
a low pileup region (0 < Npy < 15). This cut is then applied for a range of Npy bins, and the efficiency of this
cut is calculated in each bin, as shown in Figure 6.8. The efficiencies are parametrized with a linear fit as a func-
tion of Npy, where the slope of this line characterizes the pileup dependence. Figure 6.9 shows a summary of the
slope of the D2 tagging efficiency as a function of pileup, for all different input and grooming combinations. The
conclusions from the Dj efficiency metric are consistent with those drawn from the W boson mass peak. Figure

6.9 shows the dependence of the background efficiency using the same Dy threshold as for the signal.
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Figure 6.7: The D5 distribution of W boson jets in events with low and high pileup for jets formed from LCTopo clusters (a) and
LCTopo+CS+SK corrected clusters (b) and groomed with the Soft Drop algorithm with zc,t = 0.1 and 8 = 0.

6.4 SUMMARY

As the instantaneous luminosity increases, constituent-level pileup mitigation techniques are becoming critical for
jet reconstruction, both to improve low-pr small-R jet reconstruction, as well as for analyses relying on jet sub-
structure observables. While these results look promising, they are only the first set of steps towards using this for
jet reconstruction on ATLAS. An alternative method of studying the impact of pileup on object reconstruction is
shown in Appendix C, which outlines the basics of the DigiTruth method. Since it represents a large change from
the current area-subtraction technique, a more complete set of studies is necessary before migrating to these in-
puts, particularly for small-R jets, which only studied the effects in a narrow pr and 7 region. A more complete set

of studies is ongoing, with the aim of preparing for Run 3. For large-R jets, these techniques are beginning to be
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Figure 6.8: The dependence of the signal W jet identification efficiency for a Ds selection, chosen at low Npy to provide 50%
signal efficiency for W boson jets, as a function of the number of reconstructed primary vertices for a low-pp kinematic selection
of jets, as determined by the ungroomed truth jet pp. Presented here for the LCTopo, CS, and CS+SK jet constituent inputs are a
Soft Drop (a) configuration.

studied for use as the recommended jet definition. While they are currently not used by default, constituent-level
pileup mitigation techniques show a promising route of study for improving jet reconstruction in high pileup condi-

tions.
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Figure 6.9: Pileup dependence of a Dy cut on the (a) W boson jet selection efficiency and (b) QCD jet selection.
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Part 1

Measurements of Jet Substructure

Observables

7



The field of jet substructure exists to utilize and study the internal structure of jets. Historically, the focus has
been on improving the ability to classify jets originating from light quarks or gluons from those originating from
hadronic decays of boosted heavy objects, such as W bosons and top quarks. These taggers typically rely on jet
substructure observables, such as the jet mass, which depend on the distribution of energy within the jet. Recently,
efforts have been made to create a solid theoretical understanding of the behavior of jets. This work has resulted in
some of the first predictions of the differential cross-sections of jet substructure observables. A comparison of these
predictions of the jet mass to an unfolded measurement is the focus of the first part of this thesis, and is covered
by Sections 7- 11.

This thesis documents a measurement of the Soft Drop jet mass using 32.9 fb~! of \/s = 13 TeV pp data col-
lected in 2016 by the ATLAS detector, The studies shown here document the first direct comparison between colli-
sion data and calculations beyond the LL accuracy of Parton Shower (PS) MC programs®®. The jet mass measure-
ment demonstrates both a strong level of control over our theoretical understanding of QCD as well as our ability
to perform precise measurements of JSS observables. This measurement paves the way for a wide program of preci-
sion jet substructure, with which we may be able to extract fundamental parameters of the SM such as the strong
coupling constant'® or the top quark mass’".

The next few chapters document the details of this analysis. It starts in Section 7 by providing motivation for
this measurement and describing the relevant details of the corresponding predictions. Section 8 summarizes the
event and jet selection for the analysis along with the motivations for the particular cuts that were applied. Sec-
tion 9 describes the basics of unfolding and how it applies to this analysis, followed by Section 10, which describes
the various systematic and statistical uncertainties relevant for this analysis. Section 11 shows the results of the
analysis, and Section 12 summarizes the results and describes various paths for future work related to this measure-

ment.
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Theoretical Background and Analytical Predictions

A full calculation of the jet mass distribution is beyond the scope of this thesis, and has been covered in depth in
other papers. Even so, there are several features of the jet mass and its calculation that are relevant to understand-
ing the results and their significance. This chapter describes some of these features, and provides the relevant infor-
mation about the analytical predictions used for this measurement.

One of the most powerful jet substructure observables is the jet mass, which is defined as the norm of the four-
momentum sum of all jet constituents. For hadronically-decaying, Lorentz-boosted massive particles, such as top
quarks or W bosons, the mass of a jet is approximately the same as the mass of the originating particle, and typ-

ically receives small corrections from fragmentation and hadronization. However, for jets originating from light
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quarks and gluons, the picture is more complicated. The mass of these particles is negligible, and they instead gain
their mass from the fragmentation of highly virtual partons'®', where a quark emits a gluon, or a gluon splits into
two quarks.

While the fragmentation of partons is calculable, the difficulty arises because of the boundaries of the jet, which
make the calculation of its mass sensitive to non-global logarithms (NGLs)"?. These NGLs are resummation terms
arising from particles radiating out of, and then back into a jet. These terms are present at next-to-leading-logarithm
accuracy, and are challenging to include in calculations. This has prevented a meaningful prediction of the jet mass
distribution, until the creation of the modified Mass Drop, and later the Soft Drop grooming algorithms. These
algorithms formally remove non-global logarithms from jets, enabling a prediction of the jet mass.

This measurement is compared to two analytical predictions. The first of these is a LO+NNLL calculation % 7,
and the second is a calculation at next-to-leading order (NLO) with NLL% %%, For both of these, the mass distribu-

tion has been derived using the same pr and p binning used in this measurement.
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Event Selection and Samples

This analysis is focused on di-jet events, which enable comparisons to the analytical predictions of the jet mass.
The LHC produces copious amounts of di-jet events, so only a simple event selection is required to produce a pure
sample of di-jet events across a wide range of jet pr. The Monte Carlo samples, data samples, and event selection

are all described below.

8.1 DATA SAMPLES

The entire 2016 dataset is used for this analysis. Since this analysis is not limited by statistics, this was simpler

than combining with other years, where the trigger thresholds change.
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8.2 MONTE CARLO SAMPLES

Several Monte Carlo simulations are used for this analysis. The unfolding matrices described in Section 9 are deter-
mined from di-jet events generated at leading order using PYTHIA '°® 8.186, with the 2 — 2 matrix element (ME)
convolved with the NNPDF2.3LO parton distribution function (PDF) set®', and using the A14%* set of tuned PS
and underlying-event model parameters. Additional radiation beyond the ME was simulated in PYTHIA 8 using
the LL approximation for the pr-ordered PS®®.

In order to provide an uncertainty based on the modeling of the data, as well as to provide several comparisons
for the unfolded data, two additional dijet samples were simulated. SHERPA 2.1.17° generates events using multi-
leg 2 — 3 matrix elements, which are matched to the PS following the CKKW prescription®?. These SHERPA
events were simulated using the CT10 PDF set®' and the default SHERPA event tune. HERWIG++ 2.7.136:57
events were generated with the 2 — 2 matrix element, convolved with the CTEQ6L1 PDF set'°® and configured
with the UE-EE-5 tune™. Both of these samples differ from the PYTHIA samples, in that they use an angular or-
dering for the parton shower, and a cluster model for the hadronization'°?, providing an interesting comparison of
these effects.

For all of these samples, pileup is added to the events, by overlaying minimum bias events in order to match
the pileup conditions in 2016 data taking. The minimum bias events are generated using PYTHIA 8, with the
MSTW2008LO PDF set®! and A2 tune'®. All samples are processed using the full ATLAS detector simulation”

based on GEANT 47", in order to have good modeling of the inner structure of the jets.

8.3 EVENT SELECTION

Jets are clustered from LCW topoclusters whose four-momentum has been corrected to point towards the PV in or-
der to improve the rapidity resolution. These topoclusters are then formed into jets using the anti-k; jet algorithm
with radius parameter R = 0.8 with FastJet*®. Jets are then calibrated using a jet energy calibration derived for

R = 0.8 jets derived in Monte Carlo, which includes corrections of the scale as well as a residual correction to cor-
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rect for pileup effects. Events are triggered on the lowest unprescaled small-R jet trigger, whose threshold is 400
GeV. Since the jets used in this analysis use a larger radius parameter (0.8 instead of 0.4), events are required to
have at least one jet with pr > 600 GeV, in order to have nearly 100% trigger efficiency. Jets are required to have
[n| < 1.5, in order to be able to apply uncertainties to the topoclusters. In order to select dijet events, the jets are
required to be fairly balanced in pr by imposing that the leading two pr-ordered jets satisfy pr,1/pr,2 < 1.5. This
produces a fairly pure sample of dijet events, and so no other event selection criterion are applied.

After the event selection has been applied, the Soft Drop algorithm is run on both jets in the event, using three
different values of 8: 0, 1, and 2, which enable comparisons of the different angular effects of radiation. The zcut
parameter is fixed at 0.1, which is small enough that log(zeut) resummation is negligible®. Since the Soft Drop
jet mass is highly correlated with pr for light quark and gluon jets, we instead measure the observable log;, (%),

where

p= msoft drop/p;ngroomed. (81)

This allows us to measure a dimensionless quantity p, which makes the measurement much less dependent on
the pr distribution of the jets *. This measurement is focused on understanding the region where resummation
effects are dominant over the non-perturbative effects in the low-mass region, or the fixed-order calculation which
dominates the high-mass region. The resummation region approximately covers —3.7 < log,,(p®) < —1.7, which

motivates the measurement of log,,(p?) instead of p.

*The ungroomed jet pr is used because the groomed version is collinear unsafe when g = 093
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Unfolding

In experimental physics, reconstructed observables differ from the theoretical ones in a number of ways, including
the reconstruction efficiency, the fake rate, the scale of the observable, and the resolution of an observable. In or-
der to compare a theoretical prediction to a measured quantity, the measured observable can be “unfolded”, which
corrects for all of these effects, bringing the unfolded measured result close to the theoretical result. Since this ac-
counts for detector effects, this also allows for comparisons of measurements across different experiments.

For this measurement, the particle-level selection is chosen to be as close as possible to the detector-level selec-
tion, minimizing the unfolding corrections. Particle-level jets are reconstructed with the same process as detector-

level jets, using simulated particles with mean lifetime 7 > 30 ps, and excluding muons and neutrinos, which do
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not interact significantly with the detector. These jets must pass the same event selection and dijet requirement
as the detector-level jets. The detector-level and truth distributions for the p observables are shown in Figure 9.1,
where some large differences may be seen between the two distributions, demonstrating the necessity of correcting
for detector-level effects.

Unfolding uses Monte Carlo simulations of both the truth and reconstructed observable. If ¢ is the truth value
of a particular observable O, the distribution of ¢ can the be described as some function or histogram f(¢), Simi-
larly, if m is the reconstructed value of the same observable, its distribution may be described by some different
function or histogram g(m) Finally, the probability of reconstructing a particular value m, given a truth value ¢
can be described using the function p(m|t).

For any measurement, since there are not infinite Monte Carlo statistics, the result will be measured discretely,
with Ny (Ny,) truth (reconstructed) bins, each with a bin width of At; (Am;), and bin center ¢; (m;). We can
the construct the response matrix R;;, which describes the probability of reconstructing a value that falls in bin g,

given a truth value in bin j, or written more precisely,

R;j = p(m € bin}*°[t € bin{™"). (9.1)

This matrix can then be used to determine the reconstruction efficiency and the fake rate. The reconstruction
efficiency is the probability of a truth value being reconstructed at all within the fiducial cuts of the measurement,

and is given by

Nm
i=1

Similarly, we can define the fake factor, or the probability that a reconstructed value corresponds to any truth

value within the space of the measurement, as
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Figure 9.1: Distributions of log;o(p?) in data compared to reconstructed detector-level (Reco.) PyTHIA, SHERPA, and HERWIG++,
and particle-level (Truth) PyYTHIA simulations for 3 = 0 (left), 8 = 1 (right), and 8 = 2 (bottom). The ratio of the three detector-
level MC predictions to the data is shown in the middle panel, and the size of the detector— particle-level corrections for PyTHIA

is shown as the ratio in the bottom panel. The error bars on the data points and in the first ratio include the experimental sys-
tematic uncertainties in the cluster energy, angular resolution, and efficiency. The distributions are normalized to the integrated
cross-section, Oresum, measured in the resummation region, —3.7 < loglo(pQ) < —1.7.

The fake and efficiency factors can be seen in Figure 9.2, where these values are close to one for most of the

measurement, meaning that the efficiency is very high, and that very few fakes are present. In the lowest pr bin,

86



the efficiency is lower, since a measured value of p may not pass the pr requirements for the measurement, and will

be counted as an inefficiency, and the fake factor is lower for similar reasons. In addition, the fake and efficiency

factors are low for the lowest bin in p, since the mass value may fall outside the fiducial cuts.
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9.1 ITERATIVE BAYESIAN REGULARIZED UNFOLDING

The goal of unfolding is to find the unfolding matrix ©;;, which gives the joint probability of finding an truth value

in bin j, given a measured value in bin 4, such that

ty = > iP(LIM;)m: =Y ©ym. (9-4)

Assuming that the response matrix given by Monte Carlo is not affected by statistical fluctuations and is a com-

plete representation of the detector effects, the inverse of the response matrix could be used to provide this, since

ty = Ry'mi. (9.5)

However, while this will be true for the Monte Carlo samples used to create these matrices, this will bias the
results when this is applied to data. The studies shown here use iterative Bayesian unfolding in order to reduce the
effects of statistical fluctuations on the unfolded result. Instead of inverting the response matrix, several steps are
taken. First, the unfolding matrix is rewritten as

P(M;|Ty) - P(T;) Rij - P(T5)

Ou = PILIM = b Ty P(Ty) ~ S, Ry - P(T5)" (6.6)

where R;; are the elements of the response matrix, and P(7}) is the probability of finding an event in bin j of
the truth distribution. P(T}) is referred to as the prior. Note that this equation does not yet use the Monte Carlo
distributions for these matrices, and is simply a mathematical expression of the idealized unfolding matrix. The
prior can then be estimated by the particle-level (truth) distribution ¢; taken from a large Monte Carlo sample.
In order to avoid the bias from using the Monte Carlo truth distribution, the unfolding is applied iteratively, each
time using the output of the unfolding as the input to the prior for the next iteration. This means, for the n-th

iteration of the unfolding,
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Rij - P(tjn—1)
> Rij - Ptjn-1)’

oy, = (9.7)

where t; 0 = t;, determined directly from Monte Carlo. As the number of iterations increases, the Monte Carlo
bias decreases, but the statistical fluctuations become more important. The number of iterations should be chosen
to balance these effects, and is typically small. For these results, the number of iterations is 4, and is implemented
in the RooUnfold framework .

Figure 9.3 shows the unfolding matrices for each choice of 3, inclusive in pr. Because of the large migrations
between detector- and particle-level distributions, as seen in Figure 9.1, there are large off-diagonal terms in the
unfolding matrix. This happens particularly for very negative values of log;, (p2), where the mass is smallest, and
so the granularity of the detector is not always sufficient to resolve the mass. This effect becomes more obvious for
larger values of 3, which grooms the jet less aggressively, and therefore is affected by softer collinear splittings that

may be difficult for the detector to resolve.

9.2 (CONSIDERATIONS IN UNFOLDING

In order to determine the efficacy of the unfolding, several tests are performed to verify that it has worked as in-
tended. Typically, the more diagonal the unfolding matrix, the more accurate the unfolding is, since the neces-
sary corrections are smaller. This means that the binning used for the measurement should have the on-diagonal
elements with values larger than around 0.5. For the smallest values of log;,(p?), the diagonality degrades signif-
icantly below this, as seen in Figure 9.3, but since the region of interest is the resummation region, which is a bit
higher than this, the binning is considered sufficient for these studies.

Once the binning has been chosen, the technical closure of the unfolding is tested, which checks that the unfold-
ing matrix determined in Monte Carlo is able to unfold the same Monte Carlo detector-level measurement to its
truth-level measurement. This is checked to avoid pathologies in the unfolding, such as a low correlation between
the truth and detector-level distributions that is insufficient for making an unfolding matrix. The results of this are

shown for f = 0 in Figure 9.4, and as expected, the unfolded distribution matches the particle-level distribution.
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Figure 9.3: The unfolding matrices for each 8 parameter

An additional test is also run to determine the sensitivity of the unfolding to the shape of the underlying distri-
bution, which is done using the data-driven closure test. In this test, the shape of the particle-level Monte Carlo
distribution is reweighted smoothly, and the detector-level distribution is altered based on folding the truth distri-
bution with the response matrix. The reweighting is chosen such that the detector-level distributions for data and

MC match more closely after the reweighting. Then, both the data and the reweighted MC distribution are un-
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folded with the original unfolding matrix. These distributions should then match, since the underlying shape of the
detector-level distribution is the same.

Once it is determined that the unfolding procedure is able to correct for detector effects, this can be used to de-
termine the statistical and systematic uncertainties, and produce the final measurements. These steps are described

in the following chapters.
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Systematic Uncertainties

Both statistical and systematic uncertainties must be accounted for in the measurement. The goal of these is to
determine the sensitivity of the measurement to various effects, including the amount of data and Monte Carlo that
is available, the modeling of the detector simulation, and the modeling of the underlying physics processes. All of
the different uncertainties included in this measurement are described below, with a summary of the impact of each

uncertainty on the measurement at the end of this chapter.
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10.1 STATISTICAL UNCERTAINTIES

The statistical uncertainties must be estimated for both the data as well as the MC. This can be done by creating
a number of pseudo-experiments based on the MC prediction, where each bin in the measured distribution is fluc-
tuated based on a Poisson distribution. These fluctuations are propagated to the response matrix, and the result
is unfolded. The statistical uncertainty for each bin is then determined based on the inter-quartile range of the un-
folded results for that bin.

Additionally, there is a data-driven nonclosure uncertainty in order to estimate the potential bias from a given
choice of prior and the number of iterations in the iterative Bayesian method®’. In this method, the inverse of
the response matrix is applied to the particle-level spectrum, which has been reweighted until the folded spectrum
agrees with data. This modified detector-level distribution is then unfolded with the nominal response matrix, and
the difference between this unfolded result and the reweighted particle-level spectrum is taken as the nonclosure

uncertainty.

10.2 SYSTEMATIC UNCERTAINTIES

Various systematic uncertainties contribute to the overall uncertainty of this measurement. This come from effects
such as the ability of the Monte Carlo to model the jet fragmentation and the detector response to these effects.

The different systematics that are considered for this measurement are described below.

10.2.1 THEORETICAL MODELING UNCERTAINTIES

The theoretical modeling uncertainty arises from the jet fragmentation (QCD Modeling), and is one of the dom-
inant uncertainties. To estimate the size of this uncertainty, the PYTHIA generator is used for the nominal sam-
ple, and comparisons are made with SHERPA and HERWIG++4-. To be specific, the SHERPA and HERWIG++ re-
constructed distributions are unfolded using the PYTHIA unfolding matrix, and the results are compared to the

particle-level distributions for SHERPA and HERWIG++ respectively. The full difference between the unfolded re-
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sult and the original particle-level distribution is taken to be the uncertainty. The results from both SHERPA and

HERWIG++ are compatible, so only the variation with SHERPA is used to compute the systematic uncertainty.

10.2.2 CLUSTER UNCERTAINTIES

The experimental uncertainties on the shape of the mass distribution are given by propagating uncertainties on
the topoclusters through to the jet mass distribution. This includes uncertainties on the cluster energy scale and

resolution, position, and their reconstruction efficiency.

CLUSTER ENERGY SCALE AND RESOLUTION UNCERTAINTIES

The uncertainty is determined as follow: isolated clusters are matched to tracks, giving a distribution of the cluster
energy to track momentum ratio (E/p). This is done in bins of 7 and p, in order to account for effects of how the
detector responds to different particles at different momenta as well as the geometry of the detector. An attempt is
made to fit this E/p distribution with a Gaussian distribution. For low momentum bins, this fit may fail, in which
case the mean and standard deviation of the overall distribution are used instead. This distribution will naturally
have a peak at zero, due to effects from the cluster reconstruction efficiency. Since this is accounted for elsewhere,
the value of this bin is set to the average of the bin above and below. It is noted that in some cases, E/p may fall
below one, due to the shaping of the LAr calorimeter response, as described in Setion 4.2.1.

An example of this fit in one bin of n and p is shown in Figure 10.1. The mean and standard deviation of these
distributions are calculated in data and Monte Carlo, and the results are smoothed across momentum, where it is
expected to change smoothly. The data and Monte Carlo values for the smoothed mean value of E/p are shown in
Figure 10.2.

For any clusters that have |n| > 0.6 and p > 30 GeV, and all clusters with p > 350 GeV, a flat 10% uncertainty
is used for both the energy scale and resolution, motivated by earlier studies®2. Then, the systematic uncertainty
at a given n and p bin is taken by the ratio of the data and MC distributions, as shown in Figure 10.3. It is diffi-

cult to obtain a pure sample of isolated cluster-track pairs at high momentum. In order to augment this informa-
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tion, results from the combined test beam are used for particles with 30 < p < 350 GeV. Above this, a flat 10%
uncertainty is applied for both the scale and resolution of the clusters.

These uncertainties are then propagated to the jet level as follows. For the cluster energy scale, all clusters in an
event are shifted up or down based on the data-MC ratio shown in Figure 10.3, while for the cluster energy resolu-

tion, the energy of all clusters is smeared based on the ratio of the width of the distributions in data and MC.
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Figure 10.1: The E/p distribution for central |n| and at high p in log (right) and linear (left) scale.

CLUSTER ANGULAR RESOLUTION UNCERTAINTY

The systematic uncertainty on the cluster angular resolution is derived using Z — pu events, where pZ > 30
GeV, and where a large fraction of clusters are isolated. Then, non-muon tracks are selected that have at most one
cluster within a AR < 0.15 cone around their position, extrapolated to the second layer of the calorimeter. The

A Rcluster,track 1S plotted in data and MC, as shown in Figure 10.4. This distribution has two peaks, particularly
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Figure 10.2: The smoothed mean E/p for data (left) and MC (right).

for low-momentum particles, but only the first peak is relevant to the single particle uncertainty, while the second
peak arises from the cluster isolatuion requirement. In order to quantify the effects on the single particle angular
resolution, only the region with ARciuster,track < 0.075 is used for the data/MC comparisons. An example of the ex-
tracted values of the resolution in the barrel region for data and Monte Carlo are shown in Figure 10.5, where the
differences are typically less than 1 mrad. This uncertainty was measured at /s = 7 TeV instead of /s = 13 TeV,
but the effect of this is expected to be small, based on a comparison of results at /s = 7 TeV and /s = 8 TeV. In

order to be conservative, a 5 mrad smearing is used for the measurements at /s = 13 TeV.

CLUSTER RECONSTRUCTION EFFICIENCY UNCERTAINTY

For low-pr particles, the amount of detector material in front of the calorimeter may be sufficient prevent the par-

ticle from having enough energy to seed a cluster in the calorimeter. In order to account for this, an uncertainty
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Figure 10.3: The ratio of the E/p (a) means, and (b) widths with smoothing.

is included that compares the cluster reconstruction efficiencies in data and MC. The efficiency is determined in
single hadrons by measuring the percentage of tracks with an associated cluster. An example of the efficiency as a
function of particle momentum is shown in Figure 10.6.

Then, the difference between data and MC are fit with the function ae®*? 4 be=¢*P 2, with the requirement that
this goes to zero at 30 GeV, since all particles above this momentum should have sufficient energy to seed a clus-
ter. Examples of these fits are shown in Figure 10.7. Based on these fits, the uncertainty is estimated by randomly

dropping clusters based on the value of these functions for a given bin of n and p.

10.2.3 PiLEUP UNCERTAINTY

Since the Soft Drop algorithm is designed to remove soft and wide-angle radiation from a jet, it is not expected

for pileup to have a large effect on the measurement. Additionally, since this measurement is done using the 2016
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dataset, it is not as sensitive to pileup as one that uses the full Run 2 dataset, where the pileup is higher on aver-
age. Nevertheless, it is still important to measure the uncertainty from pileup, since it could have some effect on
the measurement. The sensitivity of the unfolding procedure to pileup is determined by reweighting events to vary
the distribution of the number of interactions in the MC simulation by 10%. The difference between the these re-

sults and the nominal is taken to be the uncertainty, which is very small.

10.3 SUMMARY OF UNCERTAINTIES

The uncertainties for the inclusive pr measurement are shown for all values of 8 in Figure 10.8. They are dom-
inated by QCD modeling and the cluster energy scale. The modeling uncertainties are largest (< 20%) at low
masses where the non-perturbative effects are largest. In the resummation region and fixed-order region, the model-

ing uncertainties are less than 10%. In the low mass region, the cluster energy scale uncertainty is relatively large,
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since these jets typically only have a few clusters, making them sensitive to the scale of each cluster. In the high
mass region, the cluster energy scale uncertainties dominate. In this region, the mass of the jet is driven by the en-
ergy of the hard prongs, instead of their opening angle. As expected, this measurement is not sensitive to either

pileup effects, or the statistical uncertainties on either data or Monte Carlo.
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11

Measurements of Jet Substructure Observables for Soft

Dropped Jets

With the event selection and unfolding method finalized, and with the determination of the relevant uncertainties,
it is possible to unfold the detector-level distribution for log,,(p?). As described in Section 8, the log,,(p*) and pr
distributions are simultaneously unfolded for three different values of the Soft Drop 8 parameter. In each case, the
unfolded distribution in the resummation region, between —3.7 < log,(p?) < —1.7. The unfolded distribution
for each pr bin is shown in Figure 11.1, where the different pr bins have been normalized by a different factor indi-

cated in the legend, in order to compare them all on the same plot. The shape of the loglo(p2) distribution changes
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very slowly with pr, since this observable was chosen over measuring the jet mass directly for this behavior. Be-
cause of this, it is meaningful to consider the inclusive distribution instead of individual pr bins. This is done by
unfolding the data simultaneously in log;, (p2) and pr, summing the results, and then normalizing the inclusive

distribution. The unfolding is still done differentially in order to obtain the most accurate results.
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Figure 11.1: The unfolded log;,(p?) distribution in data for each of the pr bins in the analysis, overlaid with a multiplicative fac-
tor indicated in the legend.

Before looking at the results, it is worth reminding of the different regions of the distribution, where each re-
gion is dominated by different physics. Generally, non-perturbative effects are large for more negative values of

log,,(p?) (lower mass), which is where the small-angle and soft-gluon emissions dominate. This region is approx-
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imately covered by loglo(pQ) < —3.7, though this value depends somewhat on both the value of 8 and the jet
pr. Above this is the resummation region, which is the focus of this measurement, which lies approximately in the
range —3.7 < log,o(p?) < —1.7. Above this, for log,,(p*) > —1.7, fived-order effects dominate, based on large-angle

gluon emissions.

11.1 COMPARISON OF UNFOLDED DATA TO MONTE CARLO PREDICTIONS

The unfolded data, inclusive in pr, and normalized in the resummation region are shown in Fig. 11.2, where they
are compared to MC predictions from PYTHIA, SHERPA, and HERWIG++ generators, as described in Section 8.
Generally, the Monte Carlo generators agree well with the unfolded data, which is expected since the Soft Drop
algorithm removes a large amount of the non-perturbative effects that are hard to model. As f increases, the frac-
tion of radiation removed by soft-drop grooming decreases and the impact of non-perturbative effects grows larger "° %%,
resulting in worsened agreement between data and MC for higher values of 5 in the low-mass region. For § = 1,2,

the data fall below the MC predictions in the more negative values of log;,(p?). PYTHIA models the data well

throughout the entire region, but agreement between the data and all the MC generators generally remains within

uncertainties for all values of 5.

11.2 COMPARISON OF UNFOLDED DATA TO ANALYTICAL PREDICTIONS

Finally, the unfolded data may be compared to the analytical predictions, and these results are shown in Figure 11.3.
Two of the lines are from the NLO+NLL prediction from Ref. %>, where NLO+NLL shows the pure calculation,
while NLO+NLL+NP includes non-perturbative corrections. These corrections are determined using an average

of change in the distribution in various MC models from turning non-perturbative effects off and on, and the un-

6970 ig shown with two

certainty is given by the envelope of these effects®®. The LO+NNLL prediction from Refs.
sets of markers. The closed markers are drawn in the regions where the calculation is expected to accurate, while

the open markers are drawn where the non-perturbative effects are expected to be large. Both the NLL and NLL

calculations use NLOJet4+ "7 (MG5_aMC?) with with the CT14nlo%® (MSTW2008LO) PDF set for matrix ele-
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Figure 11.2: The unfolded log;o(p?) distribution for anti-k¢ R = 0.8 jets with p'—Fad > 600 GeV, after the soft drop algorithm

is applied for 3 € {0, 1,2}, in data compared to PyTHIA, SHERPA, and HERWIG++ particle-level, and NLO-+NLL+NP 3 and
LO-+NNLL 7959 theory predictions. The LO+NNLL calculation does not have non-perturbative (NP) corrections; the region
where these are expected to be large is shown in a open marker, while regions where they are expected to be small are shown
with a filled marker. All uncertainties described in the text are shown on the data; the uncertainties from the calculations are
shown on each one. The distributions are normalized to the integrated cross section, gresum, measured in the resummation region,

-3.7< logw(pQ) < —1.7. The NLO+NLL+NP cross-section in this resummation regime is 0.14, 0.19, and 0.21 nb for 8 =0, 1, 2,
respectively 9.

ment calculations. The uncertainties due to the analytical calculation come from independently varying each of the
renormalization, factorization, and resummation scales by factors of 2 and 1/2.
The analytical calculations are expected to be accurate in different regions of loglo(pQ) 937069 For all values

of B, the measured and predicted shapes agree well in the resummation region, demonstrating the accuracy of the
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predictions. The resummation region, should have the most reliable prediction for the LO+NNLL analytical cal-
culation, while the NLO+NLL calculation should also be accurate for the fixed-order region. This effect is seen
slightly in the high-mass region of these distributions, particularly for 8 = 0. At more negative values of loglo(p2),
non-perturbative effects lead to distinctly different predictions between the calculations without NP corrections;
the data fall below the predictions for all 8 values. Interestingly, the NNLL calculation is not exclusively a better
model of the data than the NLL calculation in the resummation regime and NP effects can also be comparable to
the higher order resummation corrections in this regime. Therefore, improved precision for the future will require a

deeper understanding of different perturbative choices in the calculations as well as NP effects beyond PS MC.
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Figure 11.3: The unfolded log;,(p?) distribution for anti-k; R = 0.8 jets with p'—Fad > 600 GeV, after the soft drop algorithm

is applied for 3 € {0, 1,2}, in data compared to PyTHIA, SHERPA, and HERWIG++ particle-level, and NLO-+NLL-+NP 3 and
LO+NNLL79%% theory predictions. The LO+NNLL calculation does not have non-perturbative (NP) corrections; the region
where these are expected to be large is shown in a open marker, while regions where they are expected to be small are shown
with a filled marker. All uncertainties described in the text are shown on the data; the uncertainties from the calculations are
shown on each one. The distributions are normalized to the integrated cross section, gresum, measured in the resummation region,

—3.7 < logyy(p?) < —1.7. The NLO+NLL+NP cross-section in this resummation regime is 0.14, 0.19, and 0.21 nb for 3 = 0, 1,2,

respectively 9.
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12

Summary of the Jet Mass Measurement

This measurement of the jet mass enabled the first comparisons of unfolded data to analytical predictions for jet
substructure observables beyond leading logarithmic accuracy. The analytical calculations are able to model the
behavior observed in data for the region of the measurement where they are expected to be accurate, giving confi-
dence in this type of prediction. This type of prediction was not expected to be possible when the field of jet sub-
structure was just beginning, 10 years ago, and indicates both a deep understanding of quantum chromodynamics
as well as an experimental understanding of the ATLAS detector.

These reasons make a measurement of the jet mass interesting, but the implications for this extend far beyond

measuring single jet substructure observables. Confidence in the analytical methods for these calculations enables
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other calculations of more fundamental parameters, and the experimental precision means that these can be mea-
sured rigorously. There are two measurements that are particularly interesting. First, there has been significant
work towards a robust calculation of the top mass distribution in the boosted regime, where the top decays hadron-
ically”". In this prediction, large-R jets are groomed using the Soft Drop algorithm, which allows this measurement
to be factorized. Current measurements of the top mass extract the mass using Monte Carlo-based kinematics, and
are able to acheive precision of less than 1 GeV. However, this method requires an additional uncertainty based

on the top mass scheme uncertainty, making the interpretation of these measurements challenging. The Soft Drop
measurement would avoid this uncertainty, and if the top mass could be measured with precision of 2-3 GeV, it
could provide an alternative measurement of the top mass which is theoretically robust and simpler to interpret.
The other fundamental parameter of the Standard Model which may be possible to measure using jet substructure
is the strong coupling constant a, ', where differences in the mass distribution for quarks and gluons may make it
possible to measure this quantity, possibly to 5-10% precision. Progress still needs to be made both towards a suf-
ficiently accurate prediction as well as improving experimental uncertainties, but it is an interesting possibility for

the future.
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Part 11

Searching for Long-Lived Particles

using Displaced Vertices
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The second part of this thesis documents the steps towards searching for supersymmetry in events with jets and
a displaced vertex. While this search is not yet completed, this section documents the progress made towards the
search, including theoretical motivation, sensitivity studies, and preliminary background estimates. A search for
displaced vertices plus jets has not been done on ATLAS since Run 1 of data-taking, and there are many com-
pelling reasons to revisit this search. Most obviously, the LHC is running at higher energies, meaning that a new
search would be able to constrain a wider array of models. Similarly, Run 2 of the LHC has taken significantly
more data than in Run 1, increasing the power of the search. On the theoretical side, there have also been devel-
opments in the modeling of long-lived R-hadrons, which has now been included in the ATLAS simulation, making
the interpretation of the results more robust.

Long-lived particles typically require special object reconstruction, and recently, there has been significant ef-
fort towards improving the reconstruction of displaced vertices. These developments improve both the acceptance
of signal vertices as well as the rejection of fake vertices, increasing the sensitivity of the search. However, these
changes also have a significant effect on the background estimation strategy, since the current strategy is highly de-
pendent on object reconstruction. This means that the background estimation techniques need to be rethought and
validated, which is particularly challenging given the unusual nature of these backgrounds. This, in addition to the
simulation of R-hadrons, is the focus of this chapter. While this search is not complete, these studies are important

steps towards creating a robust analysis.
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13

Supersymmetry

As discussed in Chapter 1, the Standard model provides a robust framework for describing the known particles and
their interactions, with the exception of gravity, which has a negligible effect at collider energy-scales. However, it
is not a complete theory of everything. At the Planck scale, quantum gravity will need to be included within the
model, though there is still no known way of doing this. Since the Planck scale is on the order of 10'® GeV, while
current colliders are able to probe energies on the order of 10* GeV, on its own, this is not immediately concerning.
However, there are still a number of other reasons to believe that the Standard Model is incomplete, and that there
is more physics yet to be discovered at scales below the Planck scale.

One of the motivations for physics beyond the Standard Model comes from the structure of the Standard Model
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itself in the form of the hierarchy problem. In a quantum field theory, particle masses and couplings run with en-
ergy, meaning that their strengths change as a function of the energy scales. This running can be calculated for
each mass or coupling separately, but the running of the Higgs boson mass are particularly noteworthy. Given
some UV cutoff Auv, the Higgs mass receives corrections in the form of

A

f@/\%v + .., (13.1)

2
AmH =

where the other corrections grow at most logarithmically with Ayy. If there are no other corrections up to the
Planck scale (meaning that Ayv = Mpianck), then the corrections to the Higgs mass are 30 orders of magnitude
larger than the Higgs mass itself, implying that the Higgs mass has been fine-tuned.

In addition to the theoretical motivations for physics beyond the Standard Model, there are is also cosmological
evidence of physics that is not included in the Standard Model. The evidence for this ranges from things such as
galactic rotations to the anisotropies of the cosmic microwave background, which are most easily explained by the
presence of some sort of particle referred to as dark matter. However, while these observations do indicate a new
type of matter, they do not provide a straightforward theory for what the physics of it is.

All of this evidence indicates that the Standard Model is incomplete, and a number of theories have been devel-
oped in order to explain various combinations of these open questions. One theory that has gained a lot of traction
is that of supersymmetry, based in part on its ability to explain all of these features. Supersymmetry encompasses
a broad array of models, and a full review of its theory is not covered here, and the rest of this chapter will focus
on its basic principles as well as a few specific supersymmetric models that are particularly relevant to searches for

long-lived particles.

13.1 THE BASICS OF SUPERSYMMETRY

The basic principle of supersymmetry is that there is a symmetry that links fermionic and bosonic states. This re-
sults in an operator @) that transforms a bosonic state into a fermionic state, and vice versa, which changes only

the spin state of the particle. Under this assumption, its theory may be described more simply using supermulti-
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plets, which are sets of bosons and fermions linked by this symmetry. Since @ only changes the spin-state of the
particle, each supermultiplet must contain the same number of degrees of freedom for the bosonic and fermionic
states. In order to satisfy this, a Weyl fermion must be in a supermultiplet with two real scalars, which will be
referred to here as a matter supermultiplet. while a spin-1 boson will be in a supermultiplet with a single Weyl
fermion, and is referred to as a gauge supermultiplet. Additionally, if a spin-2 graviton is included, it will be in a
supermultiplet with a spin-3/2 particle. Finally, the complex doublet scalar fields corresponding to the Higgs boson
must be included in a matter supermultiplet. A direct inclusion of a single Higgs supermultiplet results in a gauge
anomaly, and so any supersymmetric extension of the Standard Model must include at least two Higgs supermulti-
plets.

Any supersymmetric extension of the Standard Model requires adding a significant number of particles to the
theory. In order to ease interpretation, a simple naming scheme is used by relating the Standard Model parti-
cles to their superpartners. The superpartners of Standard Model fermions are typically referred to by adding an
s for scalar to the beginning of the particle name, such as the stop, which is the supersymmetric partner of the
top quark, and will sometimes be written with a tilde, such as ¢. Similarly, the supersymmetric partners of gauge
bosons will sometimes be referred to as gauginos, and the individual particles will be referred to by adding ino as a
suffix to the end, such as gluino or wino.

Supersymmetry is a broad theory, and there are many models that can be written following its basic princi-
ples. The Minimal Supersymmetric Standard Model (MSSM) aims to simplify this by writing a theory in which
the fewest interactions and particles can be consistently added to the Standard Model. The interactions allowed by

the MSSM may be summarized by its superpotential,

Wussm =ty QHu — JdeHd —eyeLHq + pHyHyg, (13.2)

where @, Hy, d, Q, Hq, &, L, and Hy are all matter superfields, while y.., ¥4, and 3. are the Yukawa coupling pa-
rameters, and g provides a mass term for the Higgs fields. It is noted that superpotential assumes the conservation

of R-parity, which is discussed more in Section 13.2.1.

115



One interesting consequence of supersymmetry is the solution to the problem of the Higgs mass corrections.
Fermionic and bosonic corrections to the Higgs mass enter with an opposite sign, the corrections from the super-
partners will exactly cancel the quadratic terms from the Standard Model particles, leaving only terms which are
logarithmic in Ayv. In addition, if the number of supersymmetric particles is conserved using R-parity, a concept
discussed more in Section 13.2.1, the lightest supersymmetric particle will not be able to decay, and is a possible
candidate for dark matter. Even so, there are significant problems with the theory. Most obvious is the fact that
it does not exist as an unbroken theory, since the superpartners of Standard Model particles would have the same
masses as the Standard Model particles, which is not been observed. On its own, this does not exclude the possibil-
ity of supersymmetry, but it does mean that if it is an exact symmetry, it must be broken spontaneously such that
the vacuum state of the model is not supersymmetric. Many such models exist that preserve some of the appealing
features of unbroken supersymmetry, and supersymmetry breaking can also enable a mechanism for electroweak

symmetry breaking.

13.2 LONG-LIVED PARTICLES

Many searches on ATLAS focus on detecting final states with objects which originate from the interaction point,
including objects such as jets, leptons, photons, or missing transverse momentum. While these searches are impor-
tant, they are also broadly insensitive to a broad range of models which include long-lived particles. Frequently,
the object definitions include cuts which have reduced efficiency for long-lived particles or their decay products,
such as cuts on tracks which require that they point roughly towards the interaction point. These cuts help reduce
noise from fakes and pileup, but also result in losing sensitivity to a large number of models which include particles
with a noticeable lifetime. In order to regain sensitivity to these models, it is important to have dedicated searches
and reconstruction techniques.

The next few chapters focus on a search for long-lived particles decaying within the inner detector of the AT-
LAS experiment. In this context, the term long-lived particles generically refers to particles with a lifetime that

is observable with the ATLAS detector. This may mean anything from particles decaying shortly after the hard-
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scatter interaction, whose decay products can be used to point to an origin that is not the interaction point, to
particles that have a long enough lifetime to pass through the ATLAS detector without decaying, or particles that
are stopped within the detector and decay after the window for detection. A number of searches exist at the AT-
LAS experiment that are focused on long-lived particles. Some of these look for the particles directly by looking for
unusual signatures within the detector, such as highly ionizing particles'®, or disappearing tracks that start at the
interaction, but disappear partway through the tracker due to a decay?'. Other searches look for the decay prod-
ucts of long-lived particles, which include searches for non-pointing photons??, jets with unusual energy deposits?’,
searches like this for secondary vertices*?®, and other similar signatures.

There are a number of ways in which long-lived particles can occur in a model, and in fact, several examples
exist within the Standard Model itself. Typically, in order to have a significant lifetime, a particle must have either
small couplings to other particles, small mass splittings with other particles, or be connected to a softly broken
symmetry. These features can exist generically, but there are a few particular SUSY models that commonly result
in long-lived particles due to constraints of the theory. These models include R-parity violating SUSY, split SUSY,

and gauge-mediated supersymmetry breaking, each of which is discussed briefly below.

13.2.1 R-PARITY VIOLATING SUSY

The most generic versions of a supersymmetric theory include terms in the form of
1 1] c (% c [ 1 (%] c e e
War=1 = ;) MLiLiEf + N%L,Q;Df + ' LiHy, Wap=1 = iAN *Us DS Dy, (13.3)

where L; and @Q; are respectively the lepton and quark superfields, E;, Uy, and D§ are respectively the charged
lepton, up quark, and down quark superfields, and H, is the higgs superfield. The couplings Asj, )\Qj &, and u,; are
responsible for L-violating couplings, while )\;'J & is responsible for the B-violating couplings®?. These terms respec-
tively allow for the lepton and baryon number to be changed by one, which are both quantities conserved by the
Standard Model.

However, in many models, these couplings are required to be zero, which was motivated by both experimental
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observation and theoretical assumptions. Experimentally, non-zero values of these terms can lead to various phe-
nomena that are already tightly constrained. For instance, if both A and A\ or A’ and A" are non-zero, this can
result in the proton decay, where a squark could mediate the decay of a proton into a lepton and 7°°2. Additional
constraints exist on other cominations of couplings based on similar reasoning*?. This leads to the assumption in

SUSY models of R-parity, which is the conservation of

RP = (—1)BP+E+29), (13.4)

where B is the baryon number, L is the lepton number, and S is the spin. Under this symmetry, all SM particles
have even values of R-parity, while all sparticles have odd values, meaning that sparticles must be produced in
pairs, and sparticles cannot decay entirely to SM particles. Theoretically, if sparticles are able to decay to exclu-
sively SM particles, this would eliminate the possibility of a stable sparticle that could be a dark matter candidate,
with the exception of a super-light gravitino which has not yet been excluded. For these reasons, these terms are
required to be zero in many SUSY models.

While there are some constraints on the choices of R-parity violating (RPV) couplings that may exist, the cou-
plings may be non-zero within the existing constraints, and it is possible to build R-parity violating models that
are able to answer some of the open questions about the Standard Model. A couple of observations are possible.
First, many SUSY searches rely on searching for large values of missing transverse momentum based on the as-
sumptions about the existence of a lightest supersymmetric particle (LSP). However, for RPV SUSY, this signa-
ture is not as ubiquitous, and so existing RPC SUSY searches do not set strong limits on RPV SUSY models. For
instance, many RPV SUSY models include signatures with many jets, from the hadronic decay of the lightest su-
persymmetric particle. In addition, since the R-parity violating couplings are required to be small, this may also

result in sparticles with a measurable lifetime.
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13.2.2 SPLIT SUPERSYMMETRY

Split supersymmetry relaxes the requirement of naturalness, and assumes that the SUSY scalars are significantly
heavier than the SUSY fermions, with the exception of one Higgs, which is finely-tuned to be light. While these
heavy scalars will be inaccessible to collider searches, the gaugino masses are still allowed to be light due to a chi-
ral symmetry, and are taken to have masses near the weak scale”®. This results in very different phenomenological
models, since more standard theories result in cascading decays of sparticles mediated by the scalar sparticles. In-
stead, decays to electroweak gauginos are suppressed based on thevirtuality of the squark. With the reduced phase
space for decay, this model frequently results in a long-lived gluino, and is approximately given by

ms )4(1TeV

5
—_— 13.
109GeV mg )’ (13.5)

Tgluino = 8(

where mg is the scalar mass. Depending on this value, the lifetime can range from barely measurable to the life-

time of the universe, meaning that there are a broad range of relevant signatures .

13.2.3 GAUGE-MEDIATED SUPERSYMMETRY BREAKING

Finally, in gauge-mediated supersymmetry breaking (GMSB), where the supersymmetry breaking terms arise from
gauge interactions’® instead of gravity. This is accomplished by adding chiral supermultiplets that couple to the
(s)fermions and higgs(inos). In this model, the next-to-lightest supersymmetric particle (NLSP) is the lightest
neutralino x9, the lightest stau, or very rarely, the lightest sneutrino. Then, the average distance traveled by the

NLSP before decaying is given by

1 ,100GeV 5, V F/k 4 E? —2
L=— — —1x10 13.6
& m ) Goorey) Vo T X0 Temy (13.6)
where
K’y,neutralinos = |N11603(0W) + N12Sin(0W)|K'\/,staus = ]-7 (137)
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where m and E is the mass and energy of the NLSP, Oy is the Weinberg angle, and F' is the scale of supersymme-
try breaking inside supermultiplets, and k = F/Fy, where Fy is the fundamental scale of supersymmetry break-
ing. Depending on the value of y/F/k, the NLSP may have a measurable lifetime relevant for long-lived particle

95
searches ™4 9%,

13.3 R-HADRONS

Much like their Standard Model counterparts, squarks and gluinos are not color singlets. In the case where they
decay promptly, this does not result in any modifications to their behavior, but when their lifetime is sufficiently
long, they will form color-singlet objects that are referred to as R-hadrons. This adds several complications to mod-
eling their behavior, which needs to be accounted for properly in order to obtain meaningful limits on a particular
SUSY model. These complications are described below, with a focus on the considerations that are able to impact

this analysis.

13.3.1 R-HADRON MASS SPECTRUM

One interesting aspect of the R-hadron simulation is the mass-spectrum of the R-hadrons being produced. Unlike
for Standard Model hadrons, there is no sample of R-hadrons that can be used to determine the spectrum of R-
hadrons. The mass spectrum currently being used in Pythia8 is based on the approximation that the mass of a
(generic) hadron may be estimated by

Madron = 3 mi — kS (F - F5)(Si - S5) (13.8)

m;m
i#j R

where m; are the masses of the constituent partons, F; represents the SU(3) color matrix, S; is the SU(2) spin ma-
trix, and % is chosen to be 0.043 GeV? for mesons, and 0.026 GeV? for baryons, based on measurements of Stan-
dard Model hadron masses®®. There are newer calculations for the R-hadron mass spectrum, based on lattice calcu-
lations®”, but these are currently not included in the simulation. However, the search presented here is not heavily

dependent on the mass spectrum, so the Pythia8 version is considered sufficient for these studies.
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13.3.2 INTERACTION OF R-HADRONS WITH THE DETECTOR

Since R-hadrons have a non-zero lifetime, it is important to consider the simulation of how they will interact with
the detector as they travel. Unlike for the standard particles observed at the LHC, there is no dataset that can
be used to measure their interactions. Although this means that there will be some uncertainty on the specifics of
their interactions, it is possible to produce a rough picture of how they will interact, based on our understanding
from Standard Model hadrons. Two general models are considered for this: the generic and triple Regge models,
which are described below. In the generic model, the scattering cross-section is assumed to be constant per light
quark, meaning that the cross-section of interactions does not depend on the Lorentz-boost of the R-hadron.

The triple Regge model was originally formulated to describe the dynamics of generic heavy hadrons °°, and has

since been included in GEANT4 as a possible interaction for R-hadrons. Since the cross-section of a heavy parton

1
m2)

and a target nucleon is proportional to the dynamics of the R-hadron will be dominated by the light quark
system, which also implies that R-baryons are almost twice as likely to interact as R-mesons, since there are twice
as many light quarks®®. In this model, it is also possible for an R-meson to become an R-baryon, with a proba-
bility of around 10%. The opposite transformation is not allowed in interactions with ordinary detector material
due to conservation of baryon number®®. This is because the transformation of an R-meson into an R-baryon hap-
pens through quark exchange with a proton, but the opposite process cannot occur without mesons, which are not
ordinarily present. Additionally, this may result in the oscillation of R-hadrons to their antiparticle. The model im-
plemented in GEANT4 uses measurements of low-energy hadron-hadron to predict this behavior for R-hadrons®®.

Figure 13.1 shows the cross-sections for interactions for gluino baryons and mesons in both the generic and triple

Regge models as a function of their Lorentz factor ~.

13.3.3 R-HADRON DECAY

The final complication of R-hadrons is their decay. There are two main components of this decay. First, the spar-
ticle itself will decay, which is determined by the SUSY model being considered. Once this is done, the remaining

partons need to be treated properly, including their showering and fragmentation. Several Monte Carlo genera-
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Figure 13.1: The cross-section for interactions for gluino R-hadrons in the generic (dashed lines) and triple Regge (solid lines) mod-
els®.

tors exist that can account for showering and hadronization, but Pythia8 is used for these studies, since it already
includes the necessary information to account for the treatment of R-hadrons, and so the same generator may be

used for R-hadron production and decay.

13.3.4 SUMMARY OF R-HADRON SIMULATION

With these considerations in mind, the process of producing Monte Carlo samples for this analysis proceeds as
follows. Events are produced with Madgraph plus Pythia8, which contain detector-stable particles, including R-
hadrons. These particles are then propagated through the detector using GEANT4, until the decay of the R-hadron.
At this point, the R-hadron is decayed with Pythia8, using the same parameters as in the generation step. The de-
cay products are hadronized with Pythia8, and the stable particles are passed back to GEANTA4, where they are

propagated through the detector.
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13.4 SIGNAL MODEL FOR THE SEARCH

As discussed towards the beginning of the chapter, there are a wealth of models that are able to produce long-lived
particles in association with jets. For the purposes of this analysis, the search will be done in the context of only
one of these models: R-parity violating SUSY, where the neutralino is long-lived, which is shown in Figure 13.2. In
this model, there are three relevant parameters that are varied: the mass of the long-lived gluino, the mass of the
neutralino, and the lifetime of the neutralino. Monte Carlo samples are produced with four different neutralino life-
times of 0.01 ns, 0.1 ns, 1 ns, and 10 ns. The gluino mass ranges from 1600 to 2600 GeV, while the neutralino mass
ranges from 10 to 2000 GeV, and Figure 13.3 shows the grid of signal samples produced for different gluino and
neutralino masses. The mass splitting between the gluino and the neutralino is related to the prompt jets produced

in association to the gluino decay, and the mass of the neutralino affects the energy of the quarks that it decays to.

Figure 13.2: A diagram showing the signal model for this search. The model is an RPV SUSY model, where each gluino decays
promptly to two quarks plus a neutrlino, and the neutralino has a long lifetime based on the small A\’ coupling.

There are currently plans to include include additional models, as well as provide material for reinterpretation
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of the results of this search. With this in mind, the analysis cuts are made as general as possible within the con-

straints of the ATLAS data and background estimation techniques.

ggN1 -> LF decay, LLN1, EVGEN points DV+JETS
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Figure 13.3: The different grid points produced for the signal samples. The gluino masses range from 1600 to 2600 GeV, while the
neutralino masses range from 10 to 2500 GeV. Since the gluino decays to two quarks plus a neutralino, the mass of the neutralino
is required to be smaller than the gluion mass.
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14

Event and Vertex Selection

This analysis uses the full Run-2 dataset, which has a combined luminosity of around 139 fb~!, meaning that it
will be able to set stronger constraints on models than the Run 1 analysis?® both because of the higher energy of
collisions as well as the increased amount of data. There are a number of complications in processing the data for
this analysis. As mentioned in Section 5.1.1, large-radius tracking requires too much computing power to be run
on every event. Instead, for data, the algorithm is run on a set of events that pass a pre-selection in order to filter
fully reconstructed offline events, similar to applying another trigger selection, but with access to the fully recon-
structed event. This selection is designed to apply to several analyses, including the one described in this thesis,

and so it includes several filters on a variety of reconstructed objects, including jets, muons and missing transverse
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Table 14.1: The lowest unprescaled trigger thresholds by data-taking year

’ Year H 3-jet threshold \ 4-jet threshold \ 5-jet threshold \ 6-jet threshold \ 7-jet threshold ‘

2015 175 GeV 85 GeV 55 GeV 45 GeV 45 GeV
2016 200 GeV 100 GeV 70 GeV 60 GeV 45 GeV
2017 200 GeV 120 GeV 85 GeV 70 GeV 45 GeV
2018 200 GeV 120 GeV 85 GeV 70 GeV 45 GeV

momentum. The jet-related filters are described here in more detail for clarity.

14.1 TRIGGER AND DRAW REQUIREMENTS

While displaced vertices may occur in a number of different event topologies, this search is focused on displaced
vertices that are produced in association to jets. This motivates triggering on events that pass a multi-jet trigger.
In all cases, events are required to pass the lowest unprescaled trigger. The thresholds for these triggers change
each year based on the different beam conditions, and the different thresholds may be seen in Table 14.1. In order
to understand the impact of the trigger selection on the relevant signals, we test the efficiency of signal events pass-
ing the lowest unprescaled triggers from 2017. This result is shown in Figure 14.1, which shows the efficiency of
passing any trigger as a function of several different parameters of the model. As can be seen from these plots, the
trigger efficiency is very high for all parameter choices, though some efficiency begins to be lost for very large neu-
tralino lifetimes. In these cases, the lifetime may be large enough that the LLP does not decay in time to produce
a large energy deposit in the calorimeter, lowering the trigger efficiency.

As mentioned in Section 5.1.1, large-radius tracking requires a significant amount of computing resources such
that running it on all events is unfeasible. In order to deal with this, events are filtered prior to reconstruction.
This filter is called the derived RAW filter, or DRAW filter, based on the stage in event reconstruction where this
filter is applied. The goal of the filter is to remove as many background events while still retaining a high signal
efficiency. However, this is challenging for a search for a multi-jet signature at a hadron collider. A two-step ap-
proach is taken in order to reduce rates but also retain a high signal efficiency.

Events may pass the DRAW filter either by passing an offline jet requirement in addition to a trackless jet re-
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Figure 14.1: The efficiency of passing any unprescaled multi-jet trigger for several different neutralino lifetimes, gluino masses, and
neutralino masses

quirement, or by passing a stricter jet requirement. The offline jet requirement combined with the trackless jet

requirement is referred to as the DV multi-jet trackless filter, and is based on the idea that jets originating from

long-lived particles have fewer tracks associated to the primary vertex. A trackless jet is defined as a jet where
track

> iracks PT is less than 5 GeV, and |n| < 2.5, and events must have either one trackless jet with pr above 70

GeV, or two trackless jets with pr above 50 GeV. In addition, these events are required to pass a multijet filter,
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Table 14.2: The jet thresholds for the trackless multi-jet requirement and high-pr multi-jet requirement

’ Jet multiplicity H Trackless multi-jet \ High-ppr multi-jet ‘

2-jet 220 GeV 500 GeV
3-jet 120 GeV 180 GeV
4-jet 100 GeV 220 GeV
5-jet 75 GeV 170 GeV
6-jet 45 GeV 50 GeV
7-jet 45 GeV 45 GeV

which requires at least IV jets each with pr above some threshold X.

DVmulti — jet trackless filter = ((1jtrackless||2jtrackless )& & ((27&&37)|145 /57116777 )&& (multi — jet trigger)). (14.1)

The multi-jet trackless jet filter is not fully efficient for all signal samples. In particular, it loses some sensitivity
for small mass splittings between the gluino and neutralino, as well as for long lifetimes. To counteract this, events
may also pass the DRAW filter by passing a pure multi-jet filter. In order to keep the event rate low enough, the
multi-jet pr thresholds are higher than for the trackless jet filter, but are still low enough to significantly increase

the signal efficiency of events passing the DRAW filter.

DV multi — jet filter = ((27,&&37n)||471]|57r 1671 ||T1r), (14.2)

where jj, refers to the higher jet pr thresholds. Putting this together, events must pass either the DV multi-jet
trackless filter or the DV multi-jet filter.

The exact multi-jet thresholds depend on the data-taking year, but a sample of these may be seen in Table 14.2.
In addition, the filter efficiency for signal events may be seen in Figure 14.2, which shows a high efficiency across

all different parameters for the RPV SUSY model of interest.
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Figure 14.2: The efficiency of passing the DRAW filter for several different neutralino lifetimes, gluino masses, and neutralino
masses

14.2 EVENT AND VERTEX SELECTION

14.2.1 THE MATERIAL MAP

In order to remove most hadronic interactions, a map of dense material regions is created. This map is then used
to veto vertices that are located within these dense material regions, and are therefore likely to be an interaction
with the material instead of the decay of a long-lived particle. In order to create this map, secondary vertices are

reconstructed in data. To remove contributions from Kgs, vertices in the mass range of 0.45 GeV < mpy < 0.55
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GeV are removed. In addition, vertices are required to have a mass less than 2.5 GeV in order to reduce the effects
of random track crossings as well as to avoid sensitivity to the signal region.

In the region of R,, < 150 mm, the number of reconstructed vertices is sufficient to construct the map purely
from data. The fact the material in the detector is roughly periodic in ¢ can be used to improve the precision
of the map by folding in ¢. This is done for each tracking layer individually, and the layers are first corrected
for small distortions of the detector that cause small translations in R.y,. The IBL is folded 7 times, while the
pixel layers are folded 11, 19, and 13 times respectively. After folding, the results of the map are smoothed, and
a threshold of number of reconstructed vertices is applied to determine which regions are considered dense mate-
rial. In the outer region of the detector (Rqy > 150 mm), the material map is constructed from Monte Carlo and
validated in data.

The distributions of displaced vertices in (x, y) is shown in Figure 14.3 before and after the material veto, and
in (z, Rey) in Figure 14.4.
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Figure 14.3: Distributions of displaced vertices in data in the x and y plane. Data are required to have at least one baseline muon
with |d0| > 1.0 mm. (a) Before applying a material veto. (b) after applying a material veto
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Figure 14.4: Distributions of displaced vertices in data in the x and y plane. Data are required to have at least one baseline muon
with |dO| > 1.0 mm. (a) Before applying a material veto. (b) after applying a material veto

14.2.2 EVENT AND VERTEX SELECTION

The complete event and vertex selection for this search has not yet been finalized, the studies shown here use a ver-
tex selection based on the Run 2 search for displaced vertices plus missing transverse momentum® in combination
with basic trigger efficiency studies. The standard quality cuts will not be changed, though the precise offline jet
thresholds, in addition to the selection of displaced vertices may be slightly affected. The offline jet threshold cuts
are based the requirement of the jet trigger being fully efficient at those cuts, and should not be significantly af-
fected. The displaced vertex requirements are a result of the current background estimation techniques, and cannot
be loosened significantly using the current strategy.

All data used in these studies must pass a good runs list, which is designed to filter out data-taking periods
with problematic detector conditions. Events must pass the lowest un-prescaled trigger for that year. Events must
also pass jet cleaning requirements, which are designed to filter out events with beam induced backgrounds. These
cleaning requirements are designed specifically for long-lived particles, since the standard cuts apply timing require-

ments that cut away the signal. Events must pass the offline jet selection described in the previous section.
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For the vertices, two different selections that are applied. The first is the pre-selection, which is used to study
the overall behavior of displaced vertices, while the full selection is called the post-selection, which is the selection
applied for the signal region. Since the expected backgrounds are very small, both selections are necessary in order
to estimate the background contributions. The vertex pre-selection is designed to be a loose selection, and includes

the following requirements:

1. The vertex must satisfy Ry, < 300 mm and |zpy| < 300 mm.

2. The vertex fit must be of good quality, such that x?/Npor < 5

3. The vertex must be at least 4 mm away from any reconstructed primary vertex in the transverse plane

4. The vertex must pass the cuts designed to eliminate wrongly associated tracks, as described in Section 5.1.1
5

. No value of the covariance matrix may be larger than 1000, which indicates a poor knowledge of the vertex

position

6. The vertex must not be within a material-dense region, as determined by the material map

If the vertex passes these requirements, then it is considered for studies of pre-selected events. In a few cases,
vertices that pass all of these requirements except for the material map veto will be used, but this is explicitly
stated when this is done. For the final selection of the signal region, each vertex must pass the pre-seleciotn, and

additionally have at least five associated tracks, and a reconstructed invariant mass of at least 10 GeV.

14.3 PROSPECTS FOR THE SEARCH

Before discussing the details of the background estimation, it is useful to do a short prospective study on the sensi-
tivity of this search. Typically, searches for DV+X are done in signal regions with approximately zero background,
so we make the assumption that it is possible to exclude regions of phase space where at least 3 events are ex-
pected. The sensitivity may be studied using production cross sections, which have been calculated at NNLO,pprox
+ NNLL accuracy in the context of the MSSM>®. These cross sections can then be used, in combination with the
amount of data, and the expected efficiencies of the signal region in order to estimate the sensitivity of the search.
During Run 2, the LHC has delivered 156 fb~' of data, of which 139 f6~! is usable for ATLAS physics results,

and this is the number that will be used for these studies.
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A few basic selections are required in order to study the sensitivity. First, the signal efficiencies are calculated
for events that pass the pre-selection requirements, which require the event to pass the jet trigger, the DRAW fil-
ter, and the basic DV selections. Then, the efficiency of passing the post-selection is also studied, which requires
the event to pass both the pre-selection, as well as additional requirements on the displaced vertex. These efficien-
cies are studied for a few different values of lifetime of the neutralino. By studying the sensitivity of both of these
requirements separately, it is possible to see how much could be gained in these models by loosening the require-
ments on the mass and number of tracks associated to the DV.

Figures 14.5 and 14.5 shows the expected number of events after various selections for a sample of different par-
ticle lifetimes. As can be seen in these figures, the DV post-selection has by far the greatest effect on the expected
sensitivity of this search. This is particularly true for models with a small neutralino mass, but is true as well for
higher neutralino masses.

Loosening the post-selection requirements could significantly improve the limits for certain signal models. In
particular for smaller neutralino masses, loosening both the N-track and vertex mass requirement could increase
the limits on the gluino mass by hundreds of GeV as seen in Figure 14.7, while this effect decreases for larger neu-
tralino masses (Figure 14.8 where the displaced vertices will be both more massive and have more associated tracks.

In both cases, loosening the N-track requirement tends to have a larger effect than loosening the mass requirement.

14.4 BACKGROUNDS

There are three main backgrounds that must be accounted for in this search. The first of these, hadronic interac-
tions, is a result of interactions of hadrons produced in the event with the detector material. This background is
dramatically reduced by vetoing regions of the detector with dense material, though the efficiency of this is not
100%. The other two backgrounds, merged vertices and accidental crossings, are the result of the algorithms used
to reconstruct displaced vertices. Figure 14.9 shows a cartoon of each of these types of backgrounds for clarity. In
the current plans for this analysis, each of these backgrounds is estimated separately. The following chapters will

document the technique used to estimate the background for hadronic interactions as well as preliminary inves-
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Figure 14.5: The expected number of events after various selections for several different gluino lifetimes, and a small neutralino
mass, with a red line at 3 events.

tigations towards estimating the merged vertex background, while the accidental crossings background will not

be covered. It is noted that both of these are significant alterations of the background estimations for the Run-1
DV+jets search, due to considerations in the underlying physics for the hadronic interactions, and changes in the
vertex merging for the merged vertex background. In addition, a few preliminary studies of alternative background
estimation techniques are shown in order to test the possibility of moving away from the strategy of creating three

separate background estimations.
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(a) Accidental Crossings (b) Hadronic Interactions
W

Figure 14.9: A cartoon demonstrating the three types of expected backgrounds, where (a) shows an accidental crossing, (b) shows
a hadronic interaction, and (c) shows a merged vertex.

(c) Merged Vertices
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Background Estimation for Hadronic Interactions

One of the major sources of background for long-lived particles is interactions of hadrons with detector material,
which can produce particles whose origin is displaced from the hard-scatter interaction. While these are typically
low energy, with 96% of hadrons having momentum less than 10 GeV and an average of 4 GeV, the sheer number
of hadrons produced at the ATLAS experiment means that these will still populate the signal region. Since these
are the result of interactions with the detector material, the bulk of these may be removed by discarding vertices
that occur in dense regions of the detector, which is the purpose of the material map described in Section 14.2.1.
Even with this veto, there can still be interactions in the less dense regions of the detector, inefficiencies in the ma-

terial map, or vertices not vetoed due to the resolution of the vertex position. The number of vertices that are not
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vetoed by the map are estimated using a template fit derived from Monte Carlo events.

In previous results, this background had been estimated using an exponential fit of the vertex mass distribution,
and taking the integral of the exponential above the signal region mass. However, there was not a solid reason to
believe that the hadronic interaction mass distribution should fit an exponential, and large uncertainties were asso-
ciated to this method. For some of the results shown in this chapter, the results of the template are compared to

that of the exponential fit in order to demonstrate the improvement over the previous technique.

15.1 CONSTRUCTION OF A MONTE CARLO TEMPLATE

To estimate the contributions of the remaining vertices, Monte Carlo simulations may be used to construct a tem-
plate of the shape of the mass distribution for hadronic interactions. For this template, it is important to have a
pure sample of displaced vertices that originate from a hadronic interaction, and that do not include accidental
crossings. This can be done using the truth associations of tracks to determine whether the tracks are correctly as-
sociated. Since truth particles from pileup interactions are not stored in Monte Carlo simulations, three classes of
displaced vertices are defined: pure hadronic interactions, hadronic interactions with one or more accidental cross-

ings, and unknown. To classify a vertex, each of its associated tracks is looped over as follows:

1. A track is matched to its truth particle. If there is no truth particle link, then this is a fake track, and is an
accidental crossing.

2. If this track is matched to a truth particle, its truth particle link is followed. If the link is unavailable, the

track is matched to a pileup truth particle, and the track is classified as pileup.

3. If the truth particle is available, then the production point of the truth particle is compared to the origin of
the displaced vertex. If these are more than X mm away from each other, the track is considered an acciden-

tal crossing, where X is a parameter of the method.

Any vertices with no pileup tracks and no accidental crossings is considered a pure hadronic interaction. Any
vertices without pileup tracks but with any number of hadronic interactions are considered hadronic interactions
with accidental crossings. All vertices with any number of pileup tracks are considered to be of unknown origin,
and are not used for either template. Two templates are reconstructed: one for hadronic interactions, and one for
all vertices that do not contain pileup. Only the first is used for the background estimation, but both are used to

validate the method. For clarity, a few examples of this classification are shown in a cartoon in Figure 15.1.
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The definition of X can be tuned to give a conservative estimate of which tracks are accidental crossings, in or-
der to provide a pure template of hadronic interactions. Since this technique is not being used to construct an ac-
cidental crossing template, a conservative definition is suitable for these studies. In order to determine the value of
X to use, several different choices are compared, and the resulting vertex mass distribution for pure hadronic inter-
actions is compared in Figure 15.2. Based on these distributions, it is clear that values of X less than around 2 mm
do not significantly change the shape of the template, while very large values of X such as 10 mm, more vertices
begin to be included in the tails, indicating the inclusions of high-mass vertices from accidental crossings. Based on

these results, a value of 0.5 is chosen as a conservative definition of an accidental crossing.

15.2 VALIDATION IN DATA

Once the hadronic interaction template has been created, it is necessary to validate its performance in data. The
templates are created in bins of R, in order to avoid correlations between the radius of production and the mass
distribution, with bins approximately corresponding to regions of the detector. In particular, there are 13 total
layers at [4, 22, 25, 29, 38, 46, 73, 84, 111, 120, 145, 180, 300], where the first layer is the region before any dense
material, the second corresponds to the beampipe, and the next layers alternate between material-sparse regions
and layers of the tracking detector. Validating the templates requires a fairly pure sample of hadronic interactions,
which is difficult to acquire since the tails of the vertex mass distribution tend to be populated by vertices with
accidental crossings. This becomes even more problematic in high pileup conditions, where the greater number of
reconstructed tracks makes it more likely that an accidental crossing is included in a given vertex. This effect may
be seen in Figure 15.3, where the shape of the vertex mass distribution changes dramatically with the number of
reconstructed primary vertices. Even in zero pileup conditions, some accidental crossings will be present, but the
effect is much smaller.

Requiring Npy < 10 minimizes the pileup effects while still leaving sufficient statistics for comparing to Monte
Carlo. There will still be some residual pileup effects, but it is enough to determine whether the templates are rea-

sonable. In addition, since there are still accidental crossings when no pileup is present, the hadronic interaction
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template will still not match the vertex mass distribution in data. Instead, we can use the template with all ver-
tices without pileup tracks in order to determine whether the Monte Carlo template models the data correctly, and
then use the hadronic interaction template to obtain the background estimate.

Before estimating the background, it is important to determine the region in which to scale the templates to the
data. Ideally, this should be done in a regime where accidental crossings do not have a significant impact on the
shape of the results. Based on the shape of the mass distributions in different bins of pileup, it is clear that this
value depends in part on how many tracks are in the vertex; vertices with fewer tracks tend to be affected at lower
masses than those with more tracks. However, normalizing in the region 0.5 GeV < mpy < N GeV, where N is the
number of tracks, should avoid significant biases for all vertices.

Several checks are performed in order to verify that the template derived in Monte Carlo is valid for the data. It
is important to avoid unblinding the results, and so a multi-step procedure is used. First, the template is compared
to data in events that fail the material veto. This regions will be dominated by the effects of material interactions,
and so they are not sensitive to small fluctuations from a signal. The results of the background estimate in this
region are compared to the observed number of events in the signal region to test the overall performance of the
method. In addition, to test that the templates are also valid outside of dense material regions, the results are also
compared to data from a single period, which is a small enough sample to avoid problems with unblinding. The

results for these studies are described in the following sections.
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Figure 15.1: Cartoons demonstrating the definition of accidental crossings. (a) is defined as a pure hadronic interaction from the
hard-scatter event, and is used in the template. (b) One truth particle has an origin that is displaced from the vertex position, and
is classified as an accidental crossing. (c) A hadronic interaction, but from pileup tracks, which is not able to be used in the tem-
plate. (d) A hadronic interaction with an accidental crossing, where one track is associated to a truth pileup particle, and is there-
fore unable to be used in the accidental crossing template.
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Figure 15.2: The hadronic interaction template for several different distances X.
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Figure 15.3: The NPV dependence of the vertex mass in data
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Figure 15.4: The cumulative distribution function of the vertex mass distribution in different bins of Npy in data
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15.2.1 VALIDATION IN MATERIAL REGIONS

In order to obtain a large sample of hadronic interactions without unblinding the results, we can use the vertex
mass distribution in material-dense regions. In these regions, the effects of a signal would not be visible, since
hadronic interactions are numerous. The results of this can be seen in Figure 15.5, where the pure mass distribu-
tion is shown, and Figure 15.8, where the cumulative distribution of the mass distribution is shown. In order to
test the method, it is first useful to create the background estimate for the low-pileup region of Npy less than 10.
As discussed before, this distribution should correspond fairly well to the template that includes accidental cross-
ings from the hard-scatter event. These distributions may be seen in Figure 15.5 for a material-dense region, using
a subset of the 2016 dataset. As shown in this figure, the templates model the data fairly accurately, and tables
comparing the estimated number of vertices to the observed number of vertices are shown in Tables 15.1- 15.4. The
templates predict a number of vertices that is on the same order of magnitude as what is actually observed. Espe-
cially since the data still contains some pileup, which will increase the number of observed vertices, this indicates
the basic functionality of the templates. Since the additional vertices in in the tails of the mass distribution are
from accidental crossings or merged vertices, the fact that the template that includes all hard-scatter DVs is consis-

tently lower than the number of observed vertices is expected when pileup is present.
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Figure 15.5: The vertex mass distribution fit with the two templates. The red lines show the region of normalization.
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Figure 15.6: The vertex mass distribution fit with the two templates. The red lines show the region of normalization.
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Table 15.1: Background estimate for material-dense regions using low-pileup data for nTrack = 3

Data

Had Int Template

Accidental Template

22 < Rgy <25 1.000+/-1.000 0.403+/-0.152 1.921+/-0.325
29 < Rpy <38 11.000+/-3.317 0.956+/-0.276 3.090+/-0.483
46 < R,, <73 15.000+/-3.873 0.500+/-0.204 4.076+/-0.565

84 < R,, < 111

9.000+/-3.000

0.203+/-0.143

2.389+/-0.469

120 < R,, < 145

20.000+/-4.472

0.000+/-0.000

2.134+/-1.067

180 < R,, < 300

47.000+/-6.856

0.000+-/-0.000

1576+ /-1.115

Table 15.2: Background estimate for material-dense regions using low-pileup data for nTrack = 4

Data Had Int Template | Accidental Template
22 < Ryy <25 4.000+/-2.000 0.4884/-0.147 1.414+/-0.239
29 < Ryy <38 2.000+/-1.414 0.738+/-0.213 3.335+/-0.431

46 < R,, < 73

8.000+/-2.828

0.466+/-0.165

3.044+/-0.400

84 < R,, < 111

4.000+/-2.000

0.371+/-0.166

1.171+/-0.269

120 < R,, < 145

5.000+/-2.236

0.000+/-0.000

1.966+/-0.879

180 < R,,, < 300

3.000+/-1.732

0.000+/-0.000

1.238+4-/-0.875

Table 15.3: Background estimate for material-dense regions using low-pileup data for nTrack = 5

Data Had Int Template | Accidental Template
22 < Ryy <25 2.000+/-1.414 0.405+/-0.122 1.456+/-0.215
29 < Rpy <38 5.0004/-2.236 1.057+/-0.225 2.096+/-0.293
46 < Ry <73 6.000+/-2.449 0.615+/-0.159 1.558+/-0.235

84 < R,, < 111

5.000+/-2.236

0.247+/-0.123

0.841+/-0.198

120 < R, < 145

3.000+/-1.732

0.000+/-0.000

1.015+4/-0.508

Table 15.4: Background estimate for material-dense regions using low-pileup data for nTrack > 6

Data Had Int Template | Accidental Template
22 <R, <25 6.0004/-2.449 4.979+/-0.339 9.615+/-0.421
29 < R,, <38 7.000+/-2.646 4.680+/-0.383 8.101+4/-0.442
46 < R,, <73 | 6.000+/-2.449 | 2.472+/-0.256 4.986+/-0.323

84 < R,, < 111

0.000+4/-0.000

0.2324/-0.095

0.957+/-0.162

120 < R,, < 145

2.000+/-1.414

0.355-+/-0.355

1.197+4/-0.489

This excercise may be repeated without the restriction on Npvy, which is shown in Figure 15.7. The template
with all non-pileup vertices models the data well, though some residual nonclosure is observed in the high mass

region. The template works better for vertices with more tracks, likely due to the fact that pileup has a smaller
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effect in this region. Tables 15.5- 15.8 show the estimated number of events from each template, compared to the
observed number of events. Since more pileup exists in these samples, the observed number of events is consistently
larger than the predicted number of events, which is expected since these high-mass vertices originate from one of

the other backgrounds, and should not be included in this estimate. However, the shape of the distributions match

fairly well in the normalization region, indicating that this method is still reasonable.
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Figure 15.7: The vertex mass distribution fit with the two templates. The red lines show the region of normalization.
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Table 15.5: Background estimate for material-dense regions for nTrack = 3

Data

Had Int Template

Accidental Template

22 < R,, < 25

140.000+/-11.832

5.430+/-2.052

25.881+/-4.375

29 < R,, < 38

470.000+/-21.679

12.0424-/-3.476

38.9034/-6.076

46 < R,, < 73

783.000+/-27.982

5.707+4/-2.330

46.507+/-6.449

84 < Ry, < 111

1014.0004/-31.843

2.086+4/-1.475

24.592+ /-4.823

120 < R,, < 145

2559.000+/-50.587

0.000+-/-0.000

24.531+/-12.266

180 < R,, < 300

17811.000+/-133.458

0.000+/-0.000

42.545+/-30.084
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Table 15.6: Background estimate for material-dense regions for nTrack = 4

Data Had Int Template | Accidental Template
22 < Ryy <25 54.000+/-7.348 5.905+/-1.780 17.1134/-2.893
29 < Rpy <38 157.000+/-12.530 8.1854/-2.363 37.002+/-4.777
46 < Ry <73 289.000+/-17.000 4.958+/-1.753 32.357+/-4.249

84 < R,, < 111

216.000+/-14.697

3.875+/-1.733

12.239+/-2.808

120 < R,, < 145

463.000+/-21.517

0.000+/-0.000

22.844+4/-10.216

180 < R,, < 300

3306.000+/-57.498

0.000+/-0.000

37.8974/-26.797

Table 15.7: Background estimate for material-dense regions for nTrack = 5

Data

Had Int Template

Accidental Template

22 < Ryy <25 31.000+/-5.568 4.778+/-1.441 17.191+/-2.535
29 < R, < 38 66.000+/-8.124 10.896+/-2.323 21.606+/-3.025
46 < R, <73 84.000+/-9.165 6.617+/-1.708 16.755+/-2.526

84 < R,, < 111

63.000+/-7.937

2.486+ /-1.243

8.462+/-1.994

120 < R,y <145

93.000+/-9.644

0.000+4/-0.000

11.731+/-5.865

Table 15.8: Background estimate for material-dense regions for nTrack > 6

Data Had Int Template | Accidental Template
22 < Ry <25 73.000+/-8.544 61.412+/-4.179 118.5904/-5.196
29 < Rpy <38 76.000+/-8.718 50.809+/-4.162 87.946+/-4.798
46 < R,y <73 85.000+/-9.220 26.666+/-2.765 53.788+/-3.479

84 < R,, < 111

31.000+/-5.568

2.3724/-0.968

9.777+/-1.653

120 < R,, < 145

41.0004/-6.403

3.169+/-3.169

10.686+/-4.363

15.2.2 VALIDATION WITH SINGLE PERIOD

The first set of plots were done for material-dense regions, where there are no significant concerns of the results be-
ing sensitive to new signals. Similarly, it is possible to look outside of these regions, as long as only a small portion
of the data is considered. With this in mind, one way of validating these results is to use data from a single run pe-
riod to test if the results from the background estimate are consistently smaller than the number observed in data.
For these studies, data is taken from Period D of 2015. Two examples of the template fits are seen in Figure 15.9
and 15.10, where it can be seen that the templates do a good job of matching the data in the low mass region,
even after the material veto has been applied. As seen in Tables 15.9- 15.12, the number of hadronic interactions

predicted by the templates is consistently lower than the number of observed vertices. However, since contribution
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from hadronic interactions is expected to be subdominant to both the accidental crossing and merged vertex back-

grounds in the high mass region, this is the expected behavior.
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Figure 15.9: The vertex mass distribution in data, and the template fit, using Period D of 2015. The red lines show the region of
normalization.
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Table 15.9: Background estimate for 2015 Period D for nTrack = 3

Data

Had Int Template

Accidental Template

1< R,, < 22

209.000+/-14.457

0.000+-/-0.000

4.697+/-2.348

22 < R,, < 25

1.000+/-1.000

0.015+/-0.006

0.076+/-0.013

25 < Ry, < 29

7.000+/-2.646

0.000+-/-0.000

0.640+/-0.320

29 < R,, < 38

2.000+/-1.414

0.025-+/-0.007

0.083+/-0.013

38 < R,, < 46

8.000+/-2.828

0.038+/-0.022

0.184+/-0.047

46 < R,, < 73

24.000+ /-4.899

0.050+/-0.020

0.422+/-0.057

73 < R,, < 84

19.000+/-4.359

0.0004-/-0.000

5.435+/-2.431

84 < R,, < 111

19.000+/-4.359

0.054+/-0.038

0.591+/-0.121

111 < R,, < 120

14.000+/-3.742

0.000+-/-0.000

11744 /-1.174

120 < Ry, < 145

33.000+ /-5.745

0.000+-/-0.000

1.065+/-0.532

145 < R,, < 180

93.000+/-9.644

0.000+-/-0.000

0.000+-/-0.000

180 < R,, < 300

216.000+/-14.697

0.0004-/-0.000

1.874+ /-1.325

Table 15.10: Background estimate for 2015 Period D for nTrack = 4

Data Had Int Template | Accidental Template
4 < Ryy <22 60.000+/-7.746 0.000+/-0.000 2.651+/-1.875
22 < Ryy <25 0.0004-/-0.000 0.0164/-0.005 0.050+/-0.008
26 < Ryy <29 0.000+/-0.000 0.000+-/-0.000 0.241+4/-0.241
29 < Ryy <38 0.0004/-0.000 0.007+/-0.002 0.036+/-0.004
38 < R,y < 46 0.0004-/-0.000 0.0134/-0.013 0.036+/-0.021
46 < R,, <73 3.0004/-1.732 0.039+/-0.014 0.263+/-0.034
73 < Ryy < 84 4.0004/-2.000 0.0004-/-0.000 1.1764/-1.176

84 < R,, < 111

4,000+ /-2.000

0.081+/-0.036

0.255+/-0.059

111 < R,y <120

1.000+/-1.000

0.000+4/-0.000

0.000+4/-0.000

120 < R,, < 145

2.000+/-1.414

0.000+/-0.000

0.840+/-0.376

145 < R,, < 180

5.000+/-2.236

0.000+4/-0.000

0.000+4/-0.000

<
180 < R, < 300

12.000+/-3.464

0.000+/-0.000

0.8234/-0.582

Table 15.11: Background estimate for

2015 Period D for nTrack = 5

Data

Had Int Template

Accidental Template

1< Ry, <22

27.0004/-5.196

0.000+/-0.000

3.541+4/-2.504

22 < Ry, < 25

0.000+/-0.000

0.034+/-0.010

0.144+/-0.019

25 < Ry < 29

0.000+/-0.000

0.000+/-0.000

0.000+/-0.000

29 < R,, < 38

0.000+/-0.000

0.010+/-0.002

0.021+/-0.003

38 < R,, < 46

2.000+/-1.414

0.000+/-0.000

0.011+4/-0.006

46 < R,, < 73

0.000+/-0.000

0.031+/-0.008

0.088+/-0.013

73 < Ry, < 84

0.000+/-0.000

0.000+/-0.000

0.000+/-0.000

84 < R,, < 111

1.000+/-1.000

0.078+-/-0.039

0.266+/-0.063

111 < Ry, < 120

3.000+/-1.732

0.000+/-0.000

0.348+4-/-0.348

120 < R,, < 145

1.000+/-1.000

0.000+-/-0.000

0.427+/-0.213

<
145 < Ry, < 180

1.000+/-1.000

0.000+/-0.000

0.000+/-0.000
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Table 15.12: Background estimate for 2015 Period D for nTrack > 6

Data Had Int Template | Accidental Template

4 < Ry, <22 19.000+/-4.359 0.000+/-0.000 1.523+/-1.523
22 < Ry <25 0.0004/-0.000 0.102+/-0.007 0.200+/-0.009
25 < Ry <29 1.000+/-1.000 1.000+/-0.577 1.421+/-0.580
29 < R,y < 38 0.0004/-0.000 0.092+/-0.008 0.163+/-0.009
38 < R, <46 0.000+/-0.000 0.036+/-0.010 0.070+/-0.013
46 < Ryy <73 2.0004/-1.414 0.1384/-0.015 0.297+/-0.019
73 < R,y < 84 0.000+/-0.000 0.000+/-0.000 0.000+/-0.000
84 < Ryy <111 1.000+/-1.000 0.0484/-0.020 0.214+/-0.035
111 < Ry, < 120 || 0.000+/-0.000 0.000+/-0.000 0.000+/-0.000
120 < Ry < 145 || 2.000+/-1.414 0.1424/-0.142 0.473+/-0.193
145 < Ry, < 180 || 1.000+/-1.000 0.000+/-0.000 1.000+/-1.000
180 < Ry < 300 || 1.000+/-1.000 0.000+/-0.000 0.000+/-0.000
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16

Merged Vertex Background Estimation

One of the backgrounds for long-lived particles is merged vertices, or distinct sets of vertices that have been merged
together based on the vertexing algorithm. As described in Section 5.2.2, there are several ways that vertices may
be merged together, which is done to improve the signal efficiency of the algorithm. However, this also results in
the merging of some unrelated vertices. These studies represent a preliminary investigation into a background esti-
mation technique, and are not intended to provide a complete background estimate. However, since the technique
used in Run 1 is not viable due to changes in the vertex merging algorithm, these are important steps towards hav-
ing a method to estimate this background.

Given a random distribution of displaced vertices in an event, then the distribution of distances between vertices
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in the same event should match the distribution for different vertices taken from different events as well. However,
if uncorrelated vertices are merged together, then this will result in a deficit of nearby vertices in the same event.
While these assumptions are imperfect, it is possible to test the basic premise by comparing these distributions.
This hypothesis may be easily tested in data. As usual, the standard event selection is applied, and vertices are
required to pass the standard pre-selection. The distribution of distance significance is plotted for pairs of vertices
both with 2 tracks (2+2), pairs where one has 2 tracks and the other has 3 (2+3), and pairs where both vertices
have 3 tracks (3+3). The result of this is shown in Figure 16.1 for same-event and mixed-event pairs of vertices. As
shown, the two distributions match fairly well above distance significance of 100, where they should match if the
assumptions are correct, since vertex merging only occurs below distance significance of 100, as described in Sec-
tion 5.2.2. However, at significance below 100, the two distributions begin to disagree, indicating that vertices are
being merged within the same event. This demonstrates that it may be possible to use the ratio of these two distri-
butions to estimate the number of vertices that have been merged, and this ratio will be referred to as a template.
In addition, it is noted that the templates for (2+2), (2+3), and (3+3) track pairs are all remarkably similar,
as seen in Figure 16.2. While it is still important to study the dependence of these distributions on various vertex
properties, these distributions motivate further study of both the distributions and the background estimation tech-

nique.

16.1 TEMPLATE CREATION

In order to obtain a more realistic estimate of the merging, the templates should take into account the factors that
make a vertex more or less likely to be merged with another. One natural consideration is the proximity of a DV
to a jet. There are likely to be more displaced vertices where there is more jet activity, meaning that vertices close
to jets should be more likely to be merged. The ratio of (normalized) same-event to merged-event pairs is shown
as a function of min(ARpv,je:) for (2, 2)-track and (2, 3)-track events in Figure 16.3, where each horizontal row
is normalized separately Based on this, it is clear that this dependence changes slowly as a function of AR, with

a cutoff around 0.7. This motivates creating the templates in a few bins of AR in order to account for this depen-

159



—— Mixed Events

—— Mixed Events

au
au

T T
Work in Progress
0.3 2+3-track

T T
Work in Progress
2+2-track

—— Sam

—— Same Event

o
N
o

9 - . . . . . . . . 9 2F T . . . . . . .

£ E £ E

g E g E

a 15 w 15

3 E 3

= — 4 —

E L [ — E 1@ —

E - H E *

s o 055+~

g £ 3 s = 3

4 E 3 4 E E|

0 20 40 60 80 100 120 140 160 180 9 20 40 60 80 100 120 140 160 180
Significance Significance

(a (b)

T T T T T T T T
Work in Progress
3+3-track

au.
o
w
&

—— Mixed Events
—— Same Event ..

0.!

5}

Ratio to Mixed Events
Iy
TR T
|
|

o

T00 120 140 160 180

S
N
o
IN
S|
ol
S|
ol
S|

Significance

(c)

Figure 16.1: The distance significance between same-event and mixed-event vertices.

dence.

Another parameter that can impact frequency of merging is the radial displacement of the vertex (Rzy). More
vertices tend to be produced towards the center of the detector, making it more likely for vertices to be merged.
We can study this dependence by plotting the same ratio as a function of R, using the same bins as for the hadronic
interaction templates, where two points are plotted for each pair of vertices (one for each vertex). These results
may be seen in Figure 16.4. As seen in these figures, aside from very large values of R, where merging is highly

unlikely, no strong dependence is visible.
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Based on these results, the templates are created as a function of several variables. In order to avoid problems
with statistics, results are currently binned inclusively in Rz, and in two bins of AR, based on whether either ver-
tex is within AR < 0.6 of a jet or not. This is likely to be further optimized for the full background estimate, but

is sufficient for basic tests of the method.

16.2 TOWARDS A BACKGROUND ESTIMATION

Once the templates are created, it is possible to test the closure of this method. The basic idea is as follows.

1. Obtain a tempate of the ratio of (2, 2)-track vertices in same-event vs. mixed events.

2. Scale the number of pairs of vertices in mixed events with (n, m)-tracks to be the same as for same-event
pairs in the region S > 100.

3. Multiply the distribution for (n, m)-tracks by the template obtained in step 1. to obtain the predicted num-

ber of same-event pairs.

4. Subtract this distribution from the number of (scaled) mixed-event pairs to obtain the predicted number of

merged events.

The predicted number of same-event (n, m)-track pairs can be compared to the actual number of same-event
pairs to test the closure of the method. For these studies, in order to retain high statistics, only the DRAW filter is
applied to events, but no selection specific to DV+jets is made.

An example of this may be seen in Figure 16.5, which shows the number of 242 pairs observed in one Ry,

min(AR) bin, the number of mixed-event pairs, scaled to the same-event in the high distance significance region,
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Figure 16.3: The ratio of distance significance for same-event to mixed-event vertices as a function of the minimum angular dis-
tance to a jet.

and the difference between them, which is the expected number of merged vertices. For the full background es-
timation, the 2+2 template of the ratios of same-event to mixed-event pairs will be applied to the 243 and 3+3
pairs. For these, a simple closure test may be performed in order to confirm that the number of events predicted
by the template is the same as the difference between mixed-event and same-event pairs. This may be seen for 2+3
pairs in Figure 16.6, which demonstrates that that using the 242 template provides fairly consistent results to the
observed difference for 243 pairs. While these results demonstrate that it is possible to predict shape differences

between same-event and mixed-event pairs of vertices, this does not show whether this difference can be fully ex-
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Figure 16.4: The ratio of distance significance for same-event to mixed-event vertices as a function of R.y pv.

plained by vertices that are merged. This question remains to be studied in the future but will not be covered here.
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Figure 16.5: An example of the number of predicted vertices for 2+2-track events
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Figure 16.6: An example of the number of predicted vertices for 2+43-track events
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17

Additional Studies on a Background Estimation

While historically, each of the three backgrounds have been estimated separately, there is reason to believe that
this is not the optimal approach. If instead, all of the backgrounds could be estimated simultaneously, this would
significantly ease the background estimation strategy. In order to do this, it is first relevant to consider why dis-
placed vertices are reconstructed, and which features they are correlated to. This chapter documents some of the
first studies towards creating such a background estimation, though as seen here, there are still a number of unre-
solved issues that will need to be understood before an full application of this strategy.

One potentially interesting way of estimating the background is by parameterizing the likelihood of finding a

displaced vertex, given various event- or jet-level quantities. In particular, since displaced vertex production is cor-
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related with jet production, this section will study the possibility of parameterizing the probability of producing

a DV as a function of various jet properties, such as the pr, n, and other relevant features. The studies shown in
this chapter are done with dijet Monte Carlo events, which allow some correlation between truth and reconstructed
vertices and tracks.

To test the assumption that DV production is correlated to jet production, we can plot the minimum radial dis-
tance AR from each DV to any jet with pr above 15 GeV in the event, as shown in Figure 17.1, which shows this
for jets constructed from EM-scale topoclusters (EMTopo), and jets constructed from tracks. For these prelimi-
nary studies, no calibration is applied to the jets, as this is simply attempting to understand the basic correlation
between displaced vertices and jets. As seen, most vertices fall within a 0.4 cone of the jet, but there is a long tail
of DVs that appear to be uncorrelated to any jet, which is particularly seen when the matching is done with EM-
Topo jets. To understand if this is simply a factor of the jet pr threshold, this same distribution is plotted as a
function of the jet pr threshold, as seen in Figure 17.2. As shown, this distribution is fairly stable for thresholds
above 10 GeV. While lowering the EMTopo jet threshold is potentially interesting, current jet calibrations do not
include recommendations for jets below 20 GeV due to difficulties in calibration, and track jets are a more likely
route. However, for completeness, the studies shown in this chapter will be shown with both cluster and track jets,
with an uncalibrated pr threshold of 15 GeV for both.

In order to understand the dependence on the features of DV, this same distribution is shown as a function of
the mass of the DV, the number of tracks in the DV, and the R, of the vertex in Figures 17.3, 17.4, and 17.5.
The shape of the distribution does not appear to be strongly dependent on the vertex mass or Nirack, and overall,
there is not a strongly dependence on R,,. However, at small values of Ry, the AR distribution is more uniform,
which is likely due to the presence of a large number of fakes.

These figures demonstrate that displaced vertex production does seem to be correlated with jet activity. For us-
ing this information to estimate the background, it is important to use the properties of jets to predict the number
of expected displaced vertices. This means that it is necessary to study the probability of producing a DV given a

jet with certain properties. The most basic parameterization is to look at the average number of DVs produced in
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Figure 17.1: The minimum radial distance to a jet in PYTHIA di-jet events for vertices passing the pre-selection (without a mate-
rial veto). This is shown for anti-k; R=0.4 jets created from (a) EM-scale topoclusters, and (b) tracks.
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Figure 17.2: The minimum radial distance to a jet in PYTHIA di-jet events for vertices passing the pre-selection (without a ma-
terial veto) as a function of the jet pp threshold that is applied. This is shown for anti-k; R=0.4 jets created from (a) EM-scale
topoclusters, and (b) tracks.

an AR = 0.4 cone of a jet as a function of the jet pr and 7, which is shown in Figure 17.6. In all cases, it seems
that the likelihood of finding a DV within a jet is very low. However, there does seem to be a slight correlation
with the pr of the jet and the probability of it containing a displaced vertex, where higher pr jets are more likely

to contain a DV.
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Figure 17.3: The minimum radial distance to a jet in PYTHIA di-jet events for vertices passing the pre-selection (without a mate-
rial veto) as a function of the mass of the DV. This is shown for anti-k; R=0.4 jets created from (a) EM-scale topoclusters, and
(b) tracks.
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Figure 17.4: The minimum radial distance to a jet in PYTHIA di-jet events for vertices passing the pre-selection (without a ma-
terial veto) as a function of the number of tracks in the DV. This is shown for anti-k: R=0.4 jets created from (a) EM-scale
topoclusters, and (b) tracks.

While this is by no means a complete set of studies sufficient for a background estimate, this does demonstrate
that parameterizing the probability of creating a displaced vertex in terms of various track jet features could be
a viable way to rethink the current background estimation techniques used for this type of analysis. Additional

studies still need to be done to understand features such as the vertices that appear to be outside of the jet cone,
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Figure 17.6: The average number of DVs per jet as a function of the jet pr and 7.

how to correctly treat the probabilities for jets that are closeby to each other, and the full set of parameters that
are necessary to characterize the track jets. However, given the possible gains in expanding the signal region, this

is a promising direction that should be followed.
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18

Summary of the Search for Displaced Vertices Plus Jets

The search for displaced vertices in association with jets is important to constrain models with long-lived parti-
cles that would not be constrained otherwise in searches for prompt jets. This search has not been done since

Run 1, and so there is significant room for constraining parameters and models that are important to explore.

Such a search is not without its challenges, including specialized object reconstruction, non-standard backgrounds,
and even data processing considerations. The studies documented here demonstrate the potential reach of such a
search, and additionally form the basis for much of the background estimation that will be critical to this search,
and will hopefully provide a basis for this search to proceed smoothly in order to be able to explore a wide array of

models.
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Full Plots for Single Period Background Estimate

The first set of plots were done for material-dense regions, where there are no significant concerns of the results be-
ing sensitive to new signals. Similarly, it is possible to look outside of these regions, as long as only a small portion
of the data is considered. With this in mind, one way of validating these results is to use data from a single run

period to test if the results. For these studies, data is taken from Period D of 2015.
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Figure A.1: The vertex mass distribution in data, and the template fit, using the full dataset
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Figure A.7: The vertex mass distribution in data, and the template fit, using the full dataset

20 30 40 50 60 70 80 90 100

mass [GeV]
T T T T

| Work in Progress —
E Nfs=13Tev I 3
F 11 [mm] <R, <120 [mm] Hadronic Interactions Template 4
& rack = s Full Template *
s 3
[ 4 i
) i N

10 20 30 40 50 60 70 8 90 100
mass [GeV]



10°

T

T T T
Work in Progress
Vs =13 Tev
120 [mm] < R, < 145 [mm]
Nirack = 3

nnnOm

—Data
Hadronic Interactions Template

s Full Template

nQn

30 40

50 60 70 80

90

100

mass [GeV]

T T T
Work in Progress
Vs =13 TeVv
120 [mm] < R, < 145 [mm]
Nirack = 5

—Data
Hadronic Interactions Template

s Full Template

50 60 70 80

90

100

mass [GeV]

10°

10°

10

T T T
Work in Progress
Vs =13 TeV
120 [mm] < R,y < 145 [mm]
Niack = 4

Toram

—Data
Hadronic Interactions Template

s Full Template

1 =
S 3
11 Eol
2
15
2 B
0.5 dbs | ¢ ]
10 20 30 40 50 60 70 80 90 100
mass [GeV]
T T T T —
10 F ork in Progress 3
F o fs=13Tev I B
| 20 Jmm] < R,, < 145 [mm] Hadronic Interactions Template |
i 6 s Full Template 7
1 E
%10 20 30 40 50 60 70 80 90 100
mass [GeV]

Figure A.8: The vertex mass distribution in data, and the template fit, using the full dataset
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Corrections for Truth Jets associated to long-lived

particles

In Monte Carlo simulations, truth particles are stored with a 4-momentum which describes their momentum in a
local coordinate system. This means that a truth particle whose origin is translated in space will have the same 4-
momentum as before translation, even though this is not what would be observed globally. For most Monte Carlo
simulations, this is a reasonable way of modeling the behavior of particles. However, for decay products of long-
lived particles, this can result in difficulties when trying to match truth particles to reconstructed objects, which

is often important for studies of detector response, resolution, and efficiency. Typically, matching between truth
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particles and reconstructed objects is done using a AR matching, but as seen in Figure B.1, this may not work
when the decay product is not produced collinearly to the long-lived particle. Instead, a correction is necessary in

order to be able to study the behavior of such jets.

Actual position Calorimeter Surface

Figure B.1: A diagram demonstrating the difference between a local and global coordinate system for a decay product of a long-
lived particle.

It is possible to calculate a simple correction which may be applied to truth jets which are matched to the decay
products of long-lived particles. The simplest correction ignores the effects of a magnetic field, and simply extrap-
olates particles linearly. First, the distance traveled by the decay product between its creation and the calorimeter

can be calculated as

_ 2 _
b+ Vb 4><a><c7 (B.1)

dtraveled = 2% a

where

a= sin(@decw)2

b =2 X Tdecay X Sin(0LLP) X $in(Odecay) X (cOS(PLLP) X €OS(Pdecay) + Sin(PLLP) X Sin(Pdecay)) (B.2)

¢ = (Tdecay X QLLP)2 — Rlatorimetors
where 0r1.p and ¢rrp are the 6 and ¢ direction of the long-lived particle respectively, and @gecay and @decay are the
0 and ¢ direction of the decay product, rqecay is the distance traveled by the long-lived particle before its decay,
and Rcalorimeter 1S the longitudinal distance between the beampipe and the calorimeter

Then, the distance and direction of the decay product, as well as the position of the calorimeter, this can be
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used to determine the 3-dimensional position where the decay product hits the calorimeter.

Tcal = Tdecay X Sin(eLLP) X COS(¢LLP) + dtraveled X Sin(edecay) X Cos(¢decay):
Ycal = Tdecay X Sin(eLLP) X 3in(¢LLP) ~+ diraveled X Sin(gdecay) X Sin((;bdecay): (B3)

Zcal = T'decay X COS(GLLP) + dtraveled X Cos(edecay)v
Finally, all of this can be put together to obtain the corrected direction for the decay product,

Zcal

);
VTl + Yoa T Zeal (B.4)

¢new = atan2(yca17 mcal)~

Onew = acos(

Ideally, an extrapolation could be performed for all truth particles, additionally including effects such as their
bending from the magnetic field. However, the implementation of this is unnecessary for the most basic studies. In-
stead, the decay products of a long-lived particles are matched to truth jets, and the correction is applied to these
truth jets. This means that these jets may have particles clustered in from prompt decays, but the effects of this
are typically small. The effect of this correction may be seen in Figure B.2, which shows the minimum AR between
a truth jet and reconstructed jet, where the truth jet has been matched to one of the decay products of the neu-
tralino using a AR matching. For small lifetimes, the effect of the correction is observable, but most truth jets are
still matched to a reconstructed jet. As the lifetime increases, the truth and reconstructed jet direction become less
correlated, as seen by the flattened AR distribution, and the correction becomes essential for studying the perfor-
mance of jets produced from decay products of long-lived particles.

An example of this transformation may be seen in Figures B.3- B.4, which shows the reconstructed jets, prompt
truth jets, and the correction applied to the truth jets matched to decay products of long-lived particles. As can
be seen, the corrections can be insignificant, while in other cases, it enables the truth jet to be matched to a recon-

structed jet.
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Figure B.2: The AR between truth and reconstructed jets before and after the long-lived particle correction is applied.
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Figure B.3: An event display showing the correction applied to truth jets matched to decay products of long-lived particles.
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Figure B.4: An event display showing the correction applied to truth jets matched to decay products of long-lived particles.
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DigiTruth

As ATLAS goes to higher instantaneous luminosity, pileup is playing an increasingly signifcant role in jet recon-

struction. In recent years, many algorithms have been designed to mitigate these effects *° 404!

. These algorithms
have been studied in-depth at the particle level, where information exists about which particles are hard-scatter
and which are from pileup. For studies on ATLAS, these particles must be run through the GEANT4 simulation of
the detector, in order to simulate the full reconstruction process. Since multiple particles may deposit energy in the
same cell, the information is no longer as simple as at particle-level, making it harder to test and understand the

effects of pileup.

Currently, we have few and inefficient methods to try to understand these effects. While we can produce zero-
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pileup events, these only allow us to understand the effects on average, and not for individual events. Calibra-
tion hits are another option, but these require a lot of memory space due to the large numer of hits, and also only
give the true energy depositions, not what would have been reconstructed after running through the full simula-
tion. i Finally, the general method of looking at NPV and p dependence only tells how things scale with NPV, not
whether we are actually correcting the right effects.

Having a handle on the per-cluster or per-cell contributions from pileup would greatly improve our understand-
ing of the effects of pileup. Not only could we better understand why certain algorithms perform better, but we
could also design new algorithms. With this in mind, we have designed the DigiTruth method. This tool gives in-
formation on the per-cell level about how much of the reconstructed energy was contributed by HS. This informa-

tion may be propagated to the cluster-level to give a more concise picture, or studied in-depth at the cell-level.

C.1 SIGNAL MODELING

C.1.1 SIGNAL MODELING IN THE LIQUID ARGON CALORIMETER

The LAr calorimeter signal processing is modeled in the GEANT4-based ATLAS detector simulation [8] following
the actual online and offline reconstruction procedures as closely as possible. The output of the LAr simulation are
hits which collect the energy deposits of particles in the active liquid argon (visible energy) of calorimeter readout
cells, together with timing information. This is necessary to correctly convert these simulated deposits into the
shaped LAr signal °%. Like in the readout of the experiment, the simulated signal is converted into a digital signal
in four 25 ns wide time bins (digitization). The contributions from the actual electronics, like electronic noise and
cross talk, as well as in-time and out-of-time pile-up are included in this step. Following this, and mimicking the
digital filtering applied in the readout drivers (RODs) used in the experiment, energy and time are reconstructed

from the digital signal and the quality of this reconstruction is measured and stored for each calorimeter cell.
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CONVERTING HITS TO DIGITAL SIGNALS

During the detector simulation, the hits in each calorimeter cell are summed in bins of the time thit. To determine
thit, the time-of-flight taign = ¢|&| of the particle travelling the distance |E| from the nominal collision vertex to
the location of the energy deposit at speed of light ¢, is subtracted from the time t4ep of the energy deposit pro-
vided by GEANT4, thit = tdep — taight. With this approach, the timing between the readout clock in the experi-
ment and the actual time for the shower development is represented appropriately by tnit. Variable binning is used
for this energy collection, with narrow bins of order of 1 ns for small ¢y, and wider bins of order 10 ns for larger
tnit- For each hit its deposited energy is added to the summed energy in the appropriate bin of ¢hit. At the end of
the simulation of one event, this procedure results in a list of energies Fhit,; summed up in discrete time intervals j
of variable widths in each calorimeter cell.

The digital signal in the experiment consist of four digital readings S; = S(tdigi,:) defined in equidistant bins ¢ of
time. These bins are centered at tdigi,; and their width is Atgigi = 25ns. The collected hit energy is projected into
these time slots and converted into the S; in units of ADC counts, according to the following calculation performed
in each time sample i:

1 1

Si - Spcd + Snoise + X X (C]-)
fsample CADC—MeV

C.1.2 DIGITIZATION OF THE TILE CALORIMETER

As with the LAr simulation, the inputs to the Tile simulation?® are hits from the GEANT4 simulation. For each
cell, all hits within 1ns are merged, giving the time and energy of the merged deposits. Then, within a time win-
dow of £62.5 ns, the total energy is converted into the number of photoelectrons which are produced. This is calcu-
lated by inverting the sampling fraction to give a scaling factor from energy to number of photoelectrons.

This number is then used to convert to the number of photoelectrons actually measured, which is done with a

random number from a Poisson distribution. All energies are rescaled by the ratio of measured photo-electrons to
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produced photo-electrons, using the formula

Ehit,orig ~ Npe,meas (C 2)
fracsampl Npe,p'rod

Ehit,rescaled -

To convert these energies into an actual signal, first they are multiplied by the sampling fraction, which converts an
energy into an ADC. Then, 7 samples are determined from the pulse shape and the gain. If the high gain samples
saturate the output, then the samples are determined again from the low gain.

Each of the (rescaled, merged within 1 ns) hits is converted into a pulse, which peaks at the time of the hit, and
have a height of the rescaled energy times the MeV—ADC conversion factor. These pulses are summed together to
create the actual signal seen. From this, 7 samples are taken, from -75ns to 75 ns. Noise is added to each sample
using two Gaussians. The pedestal is added to each sample based on the channel number and the gain. Once these
have been added, they are saved as a TileDigit.

Once we have these samples, reconstruction is run in the same way as for data. The optimal filtering coefficients
are applied to obtain the measured amplitude, time, and pedestal. The two channels belonging to the same cell are

merged to give the output of the tile cell.

C.1.3 DiGITrRUTH IN THE TILE CALORIMETER

For the DigiTruth method, instead of merging all hits, only hits from the HS event are merged. Since the ratio

Npe,7neas

N.

s generated using a random number generator, extra care is taken to ensure that the same ratio is used
pe,pro

for DigiTruth reconstruction as for standard reconstrcution. Similarly, the noise is kept the same for both recon-

struction processes.

C.2 DIGITRUTH

DigiTruth is a method to estimate the per-cell, and therefore the per-cluster contributions to the reconstructed en-
ergy from the hard-scatter event. Hits from the HS event are run through the digitization process without pileup

hits, alongside with the standard reconstruction. This is slightly different than a zero-pileup simulation, since care
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is taken to ensure that the same conditions for reconstruction are used. The gain in each cell for DigiTruth recon-
struction is the same as for the standard reconstruction, and the optimal filtering coefficients are chosen based on
pileup conditions. After finding the HS digits for each channel, DigiTruth digits are put through the same recon-
struction process as the standard cells, resulting in a second cell collection with DigiTruth information.

While extensive studies using the DigiTruth method will not be shown here, we will show a few plots demon-
strating its purpose and validating the method. One of the most basic applications of DigiTruth is to create a
cluster-level ratio of HS energy to total reconstructed energy. This can be done by simply adding together the ener-
gies from each cell which is part of the cluster for both the DigiTruth cells and the standard cells.

From Figure C.1, we can see that there are two main populations of clusters, one with a ratio near 0 correspond-
ing to pileup clusters, and one with a ratio near 1, corresponding to hard scatter. This shows that even at =40,
most clusters are either PU or HS, and not usually a noticeable combination. Second, it is also apparent that most
pileup clusters have very low energies, as would be expected from soft radiation.

Clusters within AR < 0.2 from a truth jet of pr > 20 GeV, the cluster energy ratio tends to be closer to 1,
while clusters which are not within a AR > 0.6 cone of any truth jets tend to have an energy ratio of around 0, as
seen in Figure C.2. This demonstrates the capabilities of this method in discriminating between hard-scatter and
pileup clusters, and that this ratio is a meaningful measure of whether or not a cluster originates from hard-scatter.

Finally, this ratio is shown as a function of 7 in Figure C.3, which shows how this ratio changes with the detec-
tor. More statistics are needed in the forward region in order to draw any conclusions, but some detector features

are evident. A full study of this is left for future work.
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Figure C.1: Ratio of DigiTruth HS energy to total reconstructed energy in clusters (a) for all clusters, and (b) normalized in each
slice of energy
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Figure C.2: Ratio of DigiTruth HS energy to total reconstructed energy in clusters normalized in each slice of energy (a) for clus-
ters associated to truth jets, (b) for clusters not associated to truth jets.
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