TARGETING NATURAL SUPERSYMMETRY
WITH TOP QUARKS

T. Christian Herwig

A DISSERTATION
in
Physics and Astronomy
Presented to the Faculties of The University of Pennsylvania

in Partial Fulfillment of the Requirements for the Degree of Doctor of Philosophy
2019

Elliot Lipeles, Associate Professor, Physics

Supervisor of Dissertation

Joshua Klein, Edmund J. and Louise W. Kahn Professor, Physics
Graduate Group Chairperson

Dissertation Committee

Justin Khoury, Professor, Physics
Joseph Kroll, Professor, Physics
Evelyn Thomson, Associate Professor, Physics
Burt Ovrut, Professor, Physics
Elliot Lipeles, Associate Professor, Physics



TARGETING NATURAL SUPERSYMMETRY WITH TOP QUARKS

COPYRIGHT
2019
T. Christian Herwig

ii



iii

To my parents.



Acknowledgements

First, I'd like to thank Brig Williams, Joe Kroll, Evelyn Thomson, and Elliot Lipeles for cultivating
the environment of the Penn ATLAS group. It has been a tremendously enjoyable place to work,
and full of broad and exciting research opportunities. This does not come “for free” and it is thanks
to the hard work and attention from them, along with past generations of students and postdocs,
that there exists such a unique setting where students can thrive.

I am extremely grateful to Elliot for his advising and mentorship to me throughout graduate
school. His meticulous thoughtfulness, passion for digging into the details of an idea, and fervor
for experimentation (not to mention his appreciation of coffee and practical jokes!) were beyond
anything I could have hoped to have in a mentor. I thank him for guiding me through one interesting
project after another, for always being eager to teach and discuss new ideas, and for preparing me
to become an independent researcher. He is an excellent person and a model physicist from whom
I feel incredibly lucky to have learned over the past five years.

I am also very grateful to Joe for his guidance throughout my PhD, and am especially happy
to have had the opportunity to work together through the stop one-lepton analysis. Thank you for
encouraging me to be precise and thoughtful, and for your generous advice and perspective.

I had the pleasure of working with many excellent physicists on various trigger topics (Steven
Schramm, Andy Pilkington, Peter Sherwood, Mark Sutton, Anna Sfyrla, John Alison, Joana Machado
Miguens), stop searches (Keisuke Yoshihara, Javier Montejo Berlingen, Sophie Pataraia, Jan Kiichler,
Daniela Boerner, Johanna Gramling, Kouta Onogi, Tomohiro Yamazaki), top measurements (Ben
Nachman, Till Eifert, Dominic Hirschbiihl), and B — L SUSY (Burt Ovrut, Sebastian Dumitru), all
of whom I owe much credit for the work described in this dissertation.

In particular, I'd like to thank three of these people who go above and beyond, and who were

instrumental in shaping my graduate education. John, you challenge me to ask 'why’ more often

iv



and to focus on answering the most important questions. Keisuke, you taught me every technical
aspect of performing a careful analysis and the fruits that true dedication can produce. Ben, every
conversation with you leaves me more inspired and excited than before to be a physicist. My ideal
day at work would finish with at least two of us going for a beer together!

I’ve been very lucky to have an excellent group of other physicists as friends from my first days
at Penn. Saul and Ashley, thank you for all of the dinners, games, jokes and everything else that
made the Sansom house such a magical place. Thanks to all the older ATLAS students (and in
particular the “second-years” Bijan, Bill, Joey, Khilesh, Leigh, and Will) for inviting Alpgen Jimmy
out for Dim Sum and doughnuts, and pulling me into the group head-first from Day 1. Elodie, I'm
so glad that we went through this whole experience together from the very beginning, and thank you
for always wanting to know how I was doing. ("Sup Elodie!) Ben, thank you for greeting all of my
inanities with a smile, for your patience, and for embracing Team Elliot. Thanks to all of the Penn
group for the many memorable lunchtime conversations. Khilesh, thanks for running a top-notch
coffee club, for having such a cheap yet high-quality brew, and for your liberal credit policy. Thanks
for being a true friend.

Thanks to my family for encouraging me to be creative and scientific from the beginning, and
for their encouragement in all that I've done. Rachel, thank you for all of your love, through this

PhD and beyond.



ABSTRACT

TARGETING NATURAL SUPERSYMMETRY WITH TOP QUARKS

T. Christian Herwig

E. Lipeles

This thesis describes a search for natural supersymmetry via the production of light top squarks
(stops) with the ATLAS experiment, using 13 TeV proton-proton collision data delivered by the
Large Hadron Collider. A range of models is considered where the stop may decay to top quarks, b
jets, and a variety of other supersymmetric particles. Stop masses as large as 950 GeV are excluded
at 95% confidence level when decaying to a top quark and massless lightest supersymmetric particle
(LSP). In scenarios where the LSP is a Higgsino, exclusions vary from 600 to 900 GeV depending on
the relative stop branching fractions and Higgsino mass splitting. The impact of precision top-quark
measurements on future searches is also discussed, including a measurement of quantum interference
in top-quark production and measurement of the top-quark width. A differential mass distribution is
measured in events with two charged leptons and two b-tagged jets that is sensitive to the interference
property. The measurement is unfolded to particle level and the data are compared to state-of-the-art
Monte Carlo predictions, which are found to describe the data well. A new technique is proposed to
utilize this dataset to extract a value of the top-quark width, inspired by recent efforts to measure
the Higgs boson width using off-shell decays. A value of 1.28 + 0.27(exp.)+0.15(theory) GeV is
extracted from the ATLAS data, in good agreement with the standard model prediction. Finally, a
new hardware tracking system is described for use in the upgraded ATLAS Trigger system for the
high-luminosity run of the LHC.
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Preface

In fall 2014 T began my PhD by joining the ATLAS group at the University of Pennsylvania.
Previously, I was an undergraduate at the University of Chicago, where Argonne Scientist Sasha
Paramonov, and Professors Jim Pilcher and Carlos Wagner first introduced me to the Higgs boson,
Supersymmetry (SUSY), and how we might discover them at the Large Hadron Collider (LHC).

My first project at Penn was to join Professor Elliot Lipeles’ effort to design a hardware-based
track-finding system for the trigger during the High-Luminosity run of the Large Hadron Collider
(HL-LHC). Initially, I designed algorithms utilizing the new tracking information to more efficiently
identify multi-jet signatures, leading towards the Phase-II Upgrade Scoping Document [5]. These
triggers would improve our ability to probe the Higgs self-coupling through di-Higgs production in
both the bbbb and bbr 7~ final states.

In 2015 I began qualifying as an ATLAS author, improving the current (Run2) software jet
trigger. Here I used charged particle track information to improve the jet energy calibrations.
Reduced energy resolution leads to a sharper “turn-on” of the trigger so that a larger fraction of
events are recorded where the trigger is fully efficient. This was made possible by reorganizing the jet
and b tagging software trigger to take advantage of common track inputs. The new energy corrections
improved trigger performance and became standard for Run 2 data collection after commissioning
in 2016. I traveled to Chicago for the ICHEP 2016 conference to present these results for the first
time, along with my measurements of the trigger performance in early 2016 [6].

Around this time I joined Professor Joe Kroll and Postdoctoral Associate Keisuke Yoshihara
at Penn in a search for supersymmetric top-quark partners (stops), using events with one charged
lepton and a large transverse momentum (pr) imbalance. This was an exciting time to search for
stops as the 2016 data would improve the experiment’s sensitivity by several hundreds of GeV in

stop mass. I began by optimizing searches for stop decays to charginos and working to estimate

XXVi
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theoretical uncertainties for top-quark processes. That spring I moved to CERN to work closely
with my collaborators, as well as to more effectively serve the jet trigger group. Later, I focused
on developing the analysis’ sensitivity to stop signals with low-pr leptons — a signature of “natural
SUSY” with light Higgsinos. With K. Yoshihara, I surveyed the space of various SUSY parameters
and developed the set of benchmark models to be used by all third-generation SUSY searches on
ATLAS. Though we observed an exciting (3.30) excess in the early 2016 data it did not persist in
the full data-set, and the analysis instead set strong limits on the possibility of light top squarks [7].

My studies of top-quark theory systematics lead to a new project, motivated to better understand
the interference between top-quark pair production and single top production, which led to a dom-
inant uncertainty for the stop analysis. With LBNL Chamberlain Fellow Ben Nachman and CERN
Scientist Till Eifert I developed a new measurement to constrain this effect with data [8]. Working
in a small, experienced team allowed me to conduct nearly all aspects of the analysis. I learned
much, from the nuances of unfolding techniques to the details of Monte Carlo (MC) calculations of
top-quark processes. Following this publication, B. Nachman and I realized that the measurement
should also have sensitivity to the top-quark width. With Universitat Ziirich Postdoctoral Associate
Toma4s Jezo, we published the technique alongside a reinterpretation of the ATLAS measurement [9].

After returning to Penn in the winter of 2017 I rejoined the hardware track trigger effort with
Prof. Lipeles in wide-ranging work that involved writing software to simulate the system, designing
and implementing new algorithms, and estimating performance and data-flow metrics to inform the
overall system design. This led towards the Phase-II Trigger upgrade Technical Design Report [10],
and continued with studies towards the initial hardware prototype.

Finally, T joined Penn theorists Professor Burt Ovrut and PhD student Sebastian Dumitru in
phenomenological studies of the B — L Minimal Supersymmetric extension of the Standard Model
(B — L MSSM) [11]. We investigated scenarios where the Bino of SUSY (partner of the photon/Z
admixture) is the lightest supersymmetric particle (LSP), favored by the renormalization group
(RG) flow of the soft SUSY masses from high scales. In particular I contributed calculations for
low-mass Binos, where R-parity violating decays via virtual gauge bosons lead to long-lived particle
decays. This collaboration with members of the physics deparment at Penn outside of the ATLAS
group expanded my views of SUSY at the LHC and how one should go about finding it!

T. Christian Herwig
Philadelphia, July 2019



CHAPTER 1

Introduction

The top quark is the most massive fundamental particle known to exist. Despite being discovered
nearly 25 years ago, it continues to provide one of the most fertile testing grounds for the Standard
Model (SM) of particle physics and a promising means to access new physics, beyond the SM.
In some aspects, the top quark is not a novelty; it is apparently the final element of the intensely-
scrutinized quark sector and interacts in a similar manner to its less-massive counterparts. However,
the simple feature that is is forty times more massive than any other quark leads to an associated
phenomenology that is completely unique.

The observation of the Higgs boson in 2012 at the LHC gave the first strong indication of the
mechanism by which masses are generated for the particles of the SM. The particle is now an object
of intense study, with theoretical considerations strongly suggesting that further new physics should
be associated with this newly-observed scalar. However, the Higgs discovery affirms the special
role of the top quark —the SM particle with the strongest coupling to the new state— and suggests
that new physics associated with the Higgs may be intimately connected with the top quark. The
Naturalness paradigm is one manifestation of this argument, intimately connecting the scalar nature
of the new boson with the presence of new beyond the Standard Model (BSM) partners of the top
quark.

This dissertation is structured as follows. Chapter 2 introduces the necessary theoretical frame-
work for the remainder of the document, focusing on the foundational properties of the SM. Cal-
culational tools used to obtain predictions for collider experiments are also discussed. The chapter
concludes with a discussion of the SM’s shortcomings and hints of how the theory may be extended.
Chapter 3 presents SUSY as a possible extension of the SM and introduces the most common frame-

works used by collider searches to search for and interpret results of searches for supersymmetric



1. INTRODUCTION 2

phenomena. The experimental tools used to conduct analyses of proton-proton collisions are de-
scribed in Chapter 4. This includes discussion of the LHC, the ATLAS detector, and the techniques
used to reconstruct signatures of particle interactions with the measurement apparatus. Following
the description of the current experiment, Chapter 5 digresses to discuss a hardware-based tracking
system, designed as an upgrade to the trigger system needed for future high-luminosity data-taking
campaigns. Chapter 6 describes a search for supersymmetric partners of the top quark, using
proton-proton collision data collected in 2015 and 2016. A follow-up measurement of SM top-quark
production, sensitive to interference between singly- and doubly-resonant diagrams is described in
Chapter 7. In Chapter 8, a new technique is presented to measure the top-quark width using off-
shell production. The data presented in Chapter 7 are recast using this method, providing a new
constraint on the width. Further avenues to probe BSM physics with similar techniques are also

discussed.



CHAPTER 2

Theoretical Background: The Standard
Model

The domain of particle physics is to describe nature at the smallest observable scales, governed by the
principles of quantum mechanics and special relativity. Experimental observations are interpreted
in the context of the Standard Model (SM), a quantum field theory with specific gauge structure
and matter content. The theory describes the electromagnetic, weak, and strong forces, and the
quantum matter fields that interact according to them. Particles are localized quantizations of
these fields with definite energy-momentum, spin, and charges under each of the SM symmetries.
The structure and parameters of the theory are encoded in a Lagrangian density Lgy, from which
experimentally-measurable predictions may be calculated. This chapter will describe the structure

of the SM, how collider observables are calculated using it, and some known limitations of the model.

2.1 The Framework

Particle physics experiments are conducted by observing particle interactions. In fixed-target or
colliding-beam experiments, 2 — n interactions are generally studied, where incoming particles may
simply scatter or undergo more complicated processes where (potentially many) new particles are
produced. Other experiments study the decays of unstable particles, proceeding via 1 — n reactions.
A useful theory of particle physics must thus describe both the “matter content” of scattering and
decaying particles in the theory, as well as the allowed interactions that dictate how these processes

occur.
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Particles

The basic element of a Quantum Field Theory (QFT) is the quantum field: a wave-function ¥ (z),
taking some complex value for every point x in four-dimensional spacetime. The dynamics of
these fields are governed by a Lagrangian density £ with contributions from kinetic and potential
energy terms. By demanding that the Lagrangian respect a set of general symmetry principles,
a highly constrained, but rich structure must be accepted. To be consistent with relativity, the
theory must obey the symmetries of the Poincare group: Lagrangian terms must be invariant under
translation, rotation, and boost symmetries. Conservation of momentum follows from translation
invariance, so physical states may be labeled by their momentum. This is true because the generator
of translations is the momentum operator P, which commutes with the Hamiltonian. The conserved
quantities emerging from Lorentz invariance are obtained by finding the representations of the little
group of Wigner [12]: transformations which leave the momentum of a state invariant. For massive
particles, this is the three-dimensional rotation group SO(3), whose irreducible representations have
dimensions 2j + 1 corresponding to spin j = 0, %7 1,... and so on. For massless particles, the little
group is given by the isometries of the 2-dimensional Euclidean plane ISO(2), which factorizes into
rotational and translational components. Rotations give rise to two helicity states, regardless of
spin and similar to the massive case. The translational invariance leads to electromagnetic gauge

freedom.

Gauge symmetry

The simplest Lagrangian density, for a free scalar 1) with mass m, may be written
['free = 32¢ + m2¢27 (21)

where 1 may collect multiple degrees of freedom. In gauge theories, the observables derived from
the Lagrangian are demanded to remain invariant under the action of a gauge symmetry group.
Writing % in the k-dimensional representation of the n-dimensional group G, this corresponds to
the set of unitary transformations ¢ — U(z)y with U = exp(ia®(z)t*). Here t* are the n generators
of G acting on the k-plet ¢ with magnitudes parameterized by the local (gauge) family of functions
a. Because 0,1 does not respect this symmetry, connection fields A}, are introduced to compensate
for the change in local symmetry transformations. The covariant derivative D), = 0, — igAjt®
is the gauge-invariant form of the original kinetic energy term for the matter field i, where g is

an arbitrary constant. However, kinetic terms for the new gauge fields Aj, are now also required,
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obtained from the commutator of the covariant derivative [D,, D,] = —igF

. . o
1> which gives Ff, =

Opay, — Oyay, +gf “bCAZA,ﬁ. Here fe¢ are the structure constants of G in the chosen representation
defined by [t*,°] = i f“t°. The field strength tensor may be used to construct a kinetic term (F,)?
for the fields Af,, completing the gauge-symmetric Lagrangian.

The electromagnetic force realizes the simplest case, where the symmetry is given by the Abelian
group U(1). In this theory, the two spin-one degrees of freedom naively cannot be represented as a
vector field, without accounting for the additional degrees of freedom afforded by the vector. Gauge
invariance solves this dilemma, dictating the necessary additional constraints on the photon field
A,. On the other hand, the first construction of a non-Abelian gauge theory is that of the special
unitary group SU(n) of n-dimensional linear transformations, due to Yang and Mills [13]. These

account for the gauge groups of the SM associated with the strong and weak forces.

Renormalization

The presence of ultraviolet (UV) divergences in QFTs describing the SM are inescapable features
of the theory that can be addressed through a renormalization scheme. Computations involving
virtual particles lead to integrals over arbitrarily high-momentum degrees of freedom that must be
regulated. A modern viewpoint takes the parameters of the theory measured at some reference scale
(the renormalization scale ur) to be fundamental, as opposed to the “bare” terms present in the
Lagrangian. This method was formalized by Kenneth Wilson [14] through the development of the
RG. In this approach, the integration over high-momentum degrees of freedom corresponds to an
RG ‘flow’ of the parameters of an effective Lagrangian, with the free field representing a fixed-point.
Lagrangian terms may be classified as relevant or irrelevant operators depending on whether they
become larger in magnitude during this procedure or smaller, converging to the original free theory.
These correspond to terms with couplings of positive and negative mass dimension, respectively.
Interactions with mass dimension of exactly four have dimensionless coupling constants that “run”
or flow in a non-trivial way. The evolution of couplings and field strengths in this manner is described
by the 8 and 7 functions of the Callan-Symanzik Equation [15,16].

For non-Abelian theories, the 8 function describing the evolution of the gauge coupling is negative
so that at large momenta the coupling tends toward zero. This is the phenomenon of asymptotic
freedom, realized in the SM by the strong force. Conversely, the coupling grows large in the infrared
(IR), with Aqcp defined as the scale at which the coupling, properly normalized becomes unity.

Near this scale the theory becomes non-perturbative, necessitating an different suite of techniques
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Figure 2.1: The running of the strong coupling constant is shown across several decades of momenta.
The scaling predicted by QCD theory is shown compared to experimental measurements in a variety
of energy regimes and physical processes. Figure is reproduced from Ref. [1].

to understand Quantum Chromodynamics (QCD) in this regime. The scaling behavior of ag across
a several decades of momenta predicted by QCD is shown in Figure 2.1 alongside a number of

experimental measurements at varying scales.

Interactions

The most basic quantity needed to calculate interaction rates is the two-point correlation function
(0] (y)1(2)|0), giving the probability for a particle to travel from x to y. The state |0) denotes
the vacuum of the theory. Correlation functions are efficiently obtained from the Lagrangian in

Feynman’s path integral formalism from the generating functional:

ZlJ) = /Dw exp [i/d%([l—i—J(m)w(m))] : (2.2)

This may be differentiated n times to obtain the n-point function, with n = 2 given by

060 = 5 | (<570 ) (i) 291 2.3

The probability for a scattering process where “in” states A and B are prepared, interact, and

lead to “out” states 1,2,...,n at a much later time is given by

|0ut<w17 s 7¢7L|¢Aaw8>in‘2 = |<'¢)17 s 7wn|S|¢A7¢B>|2a (24)
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where S (the “S-matrix”) is the unitary operator relating the corresponding equal-time states. This
can be composed into interacting and non-interacting parts S = 1+ ¢T for physical states, with the

interesting physics encoded in the matrix element M defined by

(1, YaliTIpa, ) = (2m)* 6@ (ka+ ks — Y pr)M(ka,ka,ps), (2.5)
F=1

where momentum conservation terms have been factored out. Matrix elements immediately allow

one to calculate decays rates for 1 — n processes

1 dgpf 1 2
dF(A—>1,...)_m—A f:[l[ @n)? 95, M| (2.6)

and cross sections for 2 — n processes

1 d3pf 1
2

= M|?. 2.7
4E_AE3|’U_A — 1)5| Fo1, | ‘ ( )

While exact expressions for matrix elements (MEs) are generally not easily calculable, weakly-
coupled theories admit the use of perturbative techniques. Here the full process may be organized
through the use of Feynman diagrams, each representing a contribution proportional to some fixed
power of the relevant coupling constant. For calculations of LHC interactions stemming from the
SM gauge groups, perturbation theory is a powerful tool with a wide range of applicability to be

discussed further in the following sections.

2.2 The Standard Model

The gauge structure of the SM is given by the product of symmetry groups U(1) x SU(2) x SU(3).
This leads to gauge fields associated with each symmetry: B denotes the U(1) field quanta, W*
the triplet associated with SU(2), and G the eight gluons in correspondence with the generators of
SU(3). However, the Lagrangian described in the previous section did not include particle masses,
which do not respect gauge-invariance.

Particle masses are incorporated via the Higgs mechanism [17-20], which augments the elec-

troweak sector with an additional complex scalar SU(2) doublet ¢ with Lagrangian

2 gt (2.8)

L= (Du¢)2 - m2¢)2 T

In the case where the m? parameter is negative, ¢ acquires a vacuum expectation value (VEV)

and the field may be written ¢ = ( )7 re-expressed about the new perturbative minimum v as h.

0
v+h
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Obscuring the rotational symmetry of the initial Lagrangian, it may be expressed in terms of the

physical Higgs state as
2 1 99 A 3,114
Ebroken = (Duqb) + imhh =+ §mhh + Z)\h s (29)

where the Higgs boson mass has been substituted. The remaining three degrees of freedom of the
SU(2) doublet give rise to Goldstone bosons, which are observed in the physical theory as SU(2)
gauge boson masses. After electroweak symmetry breaking, the neutral components of the B and
WY mix to produce the massless photon v as well as the massive Z° boson. The masses of the Z°
and W bosons are proportional to the Higgs VEV, with constants of proportionality given by the
SU(2) gauge coupling and electroweak mixing angle.

The fermionic content of the SM consists of quarks, which are charged under the SU(3) color force,
and the leptons, which are not. The left-handed quarks are arranged into SU(2) doublets consisting
of an up- and down-type component with electromagnetic charges +2/3 and -1/3, respectively. The
right-handed quarks are SU(2) singlets, but are otherwise identical. There is also a left-handed
SU(2) lepton doublet, with charged (“electron”-type) and neutral (“neutrino”-type) components.
The charged leptons have right-handed, SU(2) singlet partners, while the neutral leptons do not. If
present in the theory, right-handed neutrinos would be singlets under all SM gauge groups.

The Higgs mechanism also provides fermion masses through Yukawa interactions of the form

ACYukawa = 7)\11) ('IZ)L(waR + ¢L¢7J1R) (210)

- _¥(1ZJL¢R +YrYR) (2.11)

that mixes left- and right-handed states and leads to a mass term Ay v/2 proportional to the Yukawa
coupling and Higgs VEV. Thus, the only dimensionful parameter in the SM is the Higgs boson VEV,
with fermion masses all originating from their distinct Yukawa couplings and vector boson masses

set by the gauge couplings.

2.3 Calculations for Colliders

The elegant gauge structure of the SM may seem deceptively simple, given the diverse landscape of
phenomena that arises from its structure. This complexity is realized in SM calculations of collider
phenomena, which may require descriptions of all forces across a variety of scales. While the LHC
accelerates beams of protons, the particles which take place in the high-energy interactions are

instead their quark and gluon constituents. The master equation describing cross sections of pp
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collision processes is
1 1
o(pp — X) :/ da:l/ dry Y )" falz1) fo(z2)o(ab — X). (2.12)
0 0 = 3

Here, f,(z) is the parton distribution function (PDF), which gives the probability to find a parton
a = g,u,U,d... with a fraction x of the original proton’s momentum. Tis effectively decouples
the non-perturbative physics within the proton from the large-Q? calculation of parton interactions
using the perturbative machinery of Feynman diagrams discussed in Sec. 2.1. However, the picture
becomes further complicated when considering the possible outcomes of the ab — X reaction, which
will necessarily include final states with (color-charged) partons. The evolution of high-energy
partons to showers of low energy hadrons must also be accurately described to produce precise

calculations of LHC processes.

Parton distribution functions

The PDFs f, introduced above parameterize the probability to extract a parton of species a from
the proton. This depends on the fraction = of the momentum of the initial proton carried off by the
outgoing parton, and also weakly on the scale Q2 of the hard process. The logarithmic dependence
of f, on the scale choice is parameterized by the DGLAP equations [21-23]. These describe the
evolution of the parton splitting functions P,;(z, ag), which give the probabilities to find a parton of
species a within one of species b, with a fraction z of the initial parton momentum. This dependence
can thus be calculated perturbatively as a power series in ag(Q?), leading to leading order (LO) and
next-to-leading order (NLO) PDFs, to match the accuracy of the calculation of the partonic matrix
element o(ab — X). In practice, the effect of higher-order corrections to Equation 2.12 due to the
PDF dependence is larger than the ME, so that it is generally recommended to take advantage of
higher-order determinations of the PDF even if the corresponding ME calculation is not available.
On the other hand, the variation of each PDF with x cannot be calculated with perturbative
techniques and must be obtained directly from experimental data. The low-x region is covered
by electron-proton collision measurements at HERA, with fixed-target experiments measuring deep
inelastic scattering (DIS) and Drell-Yan production contribute at larger z. Collider measurements
from the Tevatron and LHC also provide constraints, giving the largest impact on the gluon PDF at
high 2. The coverage of the x — Q? plane by measurements included in a modern fit by the NNPDF
Collaboration [24] is shown in Figure 2.2. Similar fits are provided by other collaborations, such as
CTEQ [25] and MSTW [26], with varying fit techniques and assumptions. The reader is referred to

the specific combination papers for references to the particular data sets used in each of the fits.
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Figure 2.2: At left, the coverage of the x — Q2 plane by the experimental data sets used in the
NNPDF3.1.nnlo PDF set is shown. At right, the resulting values of the PDF zf,(z) are shown for
Q? = 10* GeV?. Figures are reproduced from Ref. [24].

The vast experimental data sets available call for a complex fitting mechanism that may be used
to derive a unified model of the PDFs across a wide range of phase space. The basic model is a fit of
the form f(x) = coz® (1—2x)°2-F(cg, ...) with separate power-law coefficients ¢; and ¢a capturing the
asymptotic behavior at low- and high-x and an empirically-determined smooth function F' chosen
to enhance the quality of the fit. Uncertainties on each of the fitted parameters are obtained and
reduced to a set of eigenvectors encapsulating the most significant variations. In this manner, LHC
analyses making use of PDF inputs may be repeated with eigen-varied sets to capture the effect of
the fit uncertainty on the analysis. Finally, each PDF set is generally defined with a reference value
of ag set at the Z boson mass. Extractions of the fit parameters under varied values of the strong

coupling constant may also be propagated into an uncertainty on the resulting PDF' set.
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Figure 2.3: A collection of Feynman diagrams for the Z 4+ jets process, initiated by quark-anti-
quark fusion. At top left, the leading order diagram is shown, which is independent of the strong
coupling constant. At top right, the leading virtual correction is shown, modifying the ¢qgZ vertex,
proportional to a3. At bottom left example (right) diagrams corresponding to (next-to-)leading real
emissions are shown, proportional to as (o).

Perturbative expansions

At energy scales much larger than Aqcp, the strong coupling constant is sufficiently small to enable
precise perturbative calculations of LHC processes. This enables the machinery of Feynman diagrams
to be used, with several example representations shown in Figure 2.3 for the Z+jets process. At zero-
th order, the Z is produced without any jets and thus had no momentum in the direction transverse
to the collision axis. Higher-order calculations include additional real emissions (Figures 2.3¢ and
2.3d) as well as virtual corrections, canceling infrared and colinear divergences at each order in
ag. While higher order terms in ag generally yield the most important corrections, higher-order
electroweak corrections can also become necessary for very precise measurements.

The value of ag included in these perturbative calculations must be defined at a fixed scale up.
In an all-orders calculation the dependence of the final result on pgr would vanish, but including

only the first k£ terms in the expansion leaves a dependence of order O/§+1. While one often can
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choose ug equal to the natural scale of the hard process (e.g. myz in Z + jets production) the choice
is subjective and can be ambiguous (one might reasonably replace myz — \/m) Variations
in the choice of this scale, often by a factor of two in each direction, are traditionally used to
parameterize the uncertainty due to missing higher-order terms in the calculation, and are indeed
reduced as additional terms in the calculation are included. However, it should be cautioned that
historically the uncertainty bands from such scale variations have often failed to cover the true
higher-order cross section once its calculation has been completed. As such, these uncertainties
should be interpreted with care and require dedicated study when important for an experimental
measurement.

For the simplest processes, the relevant MEs can be calculated analytically. However, the advent
of automated calculational tools (such as Madgraph) has improved the ability to easily perform
numeric calculation for a large range of processes. This also presents the opportunity to generate
simulated ‘events’ which, when integrated over, may be used to estimate observables based on
the kinematic configuration of the outgoing participants in the hard process. Similar automatic

calculations of NLO processes have also recently become possible [27].

Parton Evolution

The high-energy processes calculated at fixed order in ag do not generally allow for useful compar-
isons with LHC data, as the bare partons of Figure 2.3d, for example, are never observed. Due
to the confining property of the strong force, quarks and gluons iteratively fragment (according to
the splitting functions P,;(z, ag) referenced above) before hadronizing into ultimate color-neutral
observed particles. Parton shower MC programs provide a useful description of this regime, relat-
ing the high-energy partons described by the ME calculation to a collection of low-energy partons
near Aqcp. This is done by considering Sudakov suppression factors, which give the probability
for a high-energy parton to evolve to a lower scale without some fixed-energy gluon emission. For
in-going partons, this allows the relation of the hard-scale to the lower cutoff scale through products
of Sudakovs and the parton distribution functions. Splitting of the outgoing partons is considered
according to an evolution variable (with transverse momentum k- and angular-ordered showers
most commonly used, namely by the PYTHIA [28,29] and HERWIG [30] shower programs, respec-
tively) that is randomly selected along with the relative fraction of energy, angular separation of the
products, and species of the daughter partons. Once all partons have reached a scale near Aqcp

a universal hadronization model groups the particles into ultimate, color-neutral states. As these
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describe non-perturbative physics, heuristic models must be tuned with experimental data to repro-
duce observed phenomena. By design, parton shower calculations are accurate to leading logarithm
(LL), as colinear contributions are resummed to all orders, leading to n-leg corrections of the form
of 1og™(@/Aqcn).

The transition between phase space described by perturbative calculations and by the PDF's is
set by the factorization scale py. This is the scale discussed above that explicitly enters the PDF
in the factorization equation (2.12) as well as defining a cutoff for the integration of the ME. The
value of uy is typically set in the same manner as ;1r, at some scale inherent to the process under
study. Variations about the central value are used to assess an uncertainty accounting for missing

higher-order terms in the calculation.

Combined Techniques

At the LHC, the proton-proton initial state and relatively high probabilities for the emission of
additional colored particles make higher-order calculations a necessity. At present, cross sections for
physical processes of interest have generally all been calculated at full NLO, with the inclusive cross
section for some benchmark processes calculated to next-to-next-to-leading order (NNLO) or higher
(W/Z+jets [31,32] and ¢t [33]). Dedicated calculations of differential distributions at higher orders
have been accomplished, such as the pt spectrum of the recently-discovered Higgs boson [31,34,35].
Arbitrary observables may be calculated for most processes at NLO with the use of automated MC
techniques.

LO matrix element calculations may be combined with a parton shower (PS) to produce particle-
level predictions of collider events. However, achieving improved accuracy introduces a series of new
challenges, stemming from the division of the phase-space to be calculated between the PS and
ME calculations of various orders. LO+PS calculations can be improved by separately performing
LO calculations for multiple emissions, each corresponding to the hard process in association with
1,..., N jets. These calculations may then be merged together so that the most accurate calculation
is used in each region of phase space. A variety of methods exist for doing so (MLM [36], CKKW [37],
CKKW-L [38]), with the general idea being that the ME calculations are combined according to their

respective cross sections and used to populate only the non-colinear regime (omitting configurations

2

where two partons have virtuality QF, 4 < Q@2

). The parton shower may then be used to re-weight
the value of ag used in hard process (accounting for evolution), reject events failing a Sudakov

criterion, and shower the remaining configurations. The choice of cutoff scale Q2 is often set near
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20 GeV for typical LHC processes and may be reconfigured to assess the corresponding uncertainties
related to this selection in a similar manner to pr and py.

A similar problem is encountered with NLO ME calculations, where care must be taken to
properly treat the overlapping phase space between the parton shower and real emissions. The
MC@NLO subtraction scheme [39] presents one possible solution to the problem of canceling divergences
from real and virtual corrections, where MC subtraction terms are crafted to remove the diverging
phase-space from the calculation. This is done in an approximate manner, with the re-shuffled
momenta from the parton shower MC utilized everywhere in the calculation. This scheme has been
implemented in numerous MC programs (e.g. Madgraph5_aMCONLO and SHERPA [40]) along with a
variation that avoids the production of negative-weight events by never using the parton shower to
generate leading emissions (POWHEG [41]).

For calculations where decays of intermediate particles are treated in the ME calculation, this
NLO interface with the parton shower can become problematic. This is because the momentum-
shuffled kinematic configuration necessitated by the subtraction terms need not preserve the res-
onance history. This can be particularly important for unstable, colored resonances (i.e. the top
quark), and is addressed in a recent improvement to the POWHEG BOX framework for automatic cal-

culation of NLO processes (POWHEG BOX RES) [42].

2.4 Problems with the Standard Model

For all of its predictive power and successful validation against experimental data, the SM is not
without problems. The theory cannot account for a number of important findings, such as the
observation that luminous matter (made of electromagnetically interacting particles) accounts for
only about 20% of the observed matter in the universe. The remaining “dark matter” is not explained
by the SM, suggesting that some improvement to the theory is needed. Neutrino masses, proven to
be non-zero by observations of flavor oscillations are also not included in the SM. Finally, the SM
is clearly incomplete, as it does not incorporate a quantum description of the fourth fundamental

force: gravity.

Dark Matter

The earliest evidence for dark matter (DM) comes from the observation that the rotation of objects
within galaxies proceeds more quickly than expected from the luminous matter distributions at their

center. The near-constant velocities at large radii could be explained by an additional, diffuse mat-
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ter component that forms a ‘halo’ about the galaxies, affecting the trajectories of objects in orbit.
Further evidence comes from the observation of very old galaxies, whose formation is predicated on
the presence of an additional matter component that would lead to earlier structure formation in
the early universe than would otherwise occur. Observations of colliding clusters of galaxies (most
famously the “Bullet Cluster”) present further evidence of the additional matter component, as the
luminous and total matter populations may be separately inferred by a combination of x-ray and
weak gravitational lensing measurements. While the visible matter of each cluster violently inter-
acted and slowed, the total matter population of each system proceeded on a minimally-disturbed
trajectory.

The current picture of the SM plus gravity presents no satisfying dark matter candidate. At first
consideration the SM neutrinos are an attractive candidate, but their masses are much too small to
satisfy the measured DM density. Primordial black holes (with comparatively light masses due to
their formation in the very early universe) have also gained attention as a candidate that requires no
additional particle content to supplement the SM [43—45]. However, the space of allowed black hole
masses is tightly constrained by existing astrophysical measurements, with little to none remaining
if the relic density is to be satisfied [46].

The space of non-SM particle DM candidates is extraordinarily large, encompassing a wide range
of particle masses and interaction strengths. Theories range from minimal additions to the SM
(such as axions [47,48]) to entirely new sectors of particles and interactions. The weakly-interacting
massive particle (WIMP) miracle provides one of the oldest and most compelling motivations to
search for a particle DM candidate at the LHC. This is the observation that a new particle with
weak-scale mass and weak coupling constant reproduces the correct DM relic density. Under the
assumption that the DM particles are initially in thermal equilibrium with the SM particles, the
WIMP freeze-out would occur when the SM-DM interaction rate becomes smaller than the expansion
rate of the universe. This motivates searches for new weakly-interacting particles in the mass range

probed by the LHC.

The Hierarchy Problem

The term in the SM Lagrangian corresponding to a particle’s mass is computed from its two-
point correlation function. The Higgs boson has a tree-level contribution from its own bare mass

parameter my, (tree), in addition to loop corrections dm3 entering due to its interactions with the
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other SM particles

mi (physical) = mi (tree) + 6mi2L (213)

Together these contributions must reproduce the observed Higgs boson mass mi ( At one

physical)
loop, the largest corrections are due to top quark-, W boson-, and Higgs self-interactions. Choosing
a regularization scheme where the SM theory is assumed valid up to some cutoff scale A > vy, the

largest correction to the Higgs mass, due to the top quark, is

2
sm2 = _8773;23,31\2 ~ =2 (Tﬁv) (125 GeV)?. (2.14)

Neglecting sub-dominant corrections, this term must balance the bare mass in order to obtain the
physical Higgs mass of 125 GeV. If the scale where new physics must be considered is just beyond
the reach of the LHC (A =10 TeV) the bare mass must cancel the large correction to one part in

200. This can be seen by substituting into Equation 2.13, which becomes

(125 GeV)? = mj; (1re0) — 200 - (125 GeV)? (2.15)

= M, (greey = (200 +1)(125 GeV)>. (2.16)

For a Planck scale (~ 106 TeV) cutoff, the cancellation becomes one part in 1032,

This sensitivity of the Higgs mass to large quantum corrections from to new degrees of freedom
in the theory leads to the hierarchy problem. The options presented by this puzzle are that either
(a) there is new physics (NP) that modifies this picture not much heavier than the electroweak
scale, or (b) Axp/mp, > 1 but there exists some unnatural correlation between the physics at these

far-separated scales, producing a cancellation that allows for light scalar masses.

Hints of new scales?

Confronted with the deficiencies of the SM, one must consider what other clues exist as to the
nature of BSM extensions. While the SM delivers precisely-measured predictions at mass scales up
to several TeV, certainly it must break down below the gravitational scale Mpjancc ~ 102 GeV.

It is possible that the observed neutrino mass differences provide another indication, under the
supposition that they are generated from a seesaw mechanism. In such a scenario, the neutrino
sector contains large Majorana masses My,; as well as electroweak-scale Dirac masses, giving rise
to states of mass Mpaj and O(m%/Mp,j). For eV-mass neutrinos, this indicates Mpy,j ~ 10 GeV.

Finally, the running of the SM gauge couplings causes them to evolve in a common direction at

very large energies. The unification of all three couplings is not exact in the SM, with agy and go
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Figure 2.4: The value of the three gauge couplings of the SM as a function of the energy scale. The
running is shown with SM (dashed lines) and supersymmetric (solid lines) scenarios in the Minimal
Supersymmetric extension of the Standard Model (MSSM), with blue and red variations indicating
different choices of common sparticle mass scale.

meeting at ~ 1012 GeV and subsequently diverging before g becomes sufficiently feeble. Adding
additional fields to the SM at relatively low energies can alter the RG trajectories so that all three
couplings become equal at a common unification scale. Such behavior would naturally fall out of a
larger theory where the more fundamental symmetry group is broken into the observed SM factors.
The SM scenario is shown in Figure 2.4, as well as modifications induced by a BSM extension with

TeV-scale supersymmetric particles.



CHAPTER 3

Supersymmetry

3.1 Structure of the theory

Supersymmetry (SUSY) is a proposed symmetry of space-time relating fermions and bosons to one
another. It hypothesizes that each of the observed SM particles belongs to a super-multiplet, trans-
forming under the symmetry along with a (yet-unobserved) super-partner particle. Thus sparticle
partners are predicted for each of the existing SM particles, with masses set by SUSY-breaking
parameters.

Supersymmetric theories are attractive candidates to extend the SM for three main reasons.
First, they offer the possibility of a natural dark matter candidate. In models where R-parity is
conserved, the LSP is a stable particle, forbidden to decay back to any SM particle. An LSP
with mass near the electroweak scale could present an excellent WIMP candidate, compatible with
the observed dark matter relic abundance. Second, the quadratic divergence of the Higgs mass
described in Section 2.4 is canceled by opposing contributions from the new super-partner particles.
In particular, the largest SM correction, proportional to the top-quark Yukawa, is canceled by that
of the supersymmetric partner of the top quark: the top squark or ‘stop’. Finally, the additional
“light” particle content modifies the S-functions of the SM gauge couplings in such a manner that
the unification is achieved, near 106 GeV.

Formally, supersymmetric theories can be obtained by embedding the SM Lagrangian into super-
space, parameterized by the usual spacetime coordinate x* in addition to complex anti-commuting
spinors 0% and 93. One may define new differential operators D, including these Grassman coor-
dinates that are SUSY covariant, and in doing so find that SUSY transformations are equivalent

to translations in super-space. Standard fields ¢(z*) are upgraded to super-fields @(x“,t‘)a,t?g),

18
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with both chiral and vector super-fields necessary to encapsulate the particle content of the SM.
This can be seen by expanding super-fields in the Grassman coordinate, which leads to an (exactly)
finite series of terms due to the anti-commuting property of these variables. Imposing the condition
D,® = 0 leads to the constraints among the superfield components resulting in four degrees of free-
dom for ®, corresponding to a complex scalar and two-component fermion. These can be associated
with a SM fermion and a new scalar partner, for example the top quark and the stop. Imposing
instead the vector criterion V' = V* leads to a field with vector boson and fermion components,
for example the SM B* field and Bino neutralino. Finally the machinery of SM gauge symmetries
can be extended to super-fields in a natural way, with vector super-fields corresponding to each
generator of the gauge groups and field strength tensors similarly defined. From these ingredients,

one can build SUSY-invariant Lagrangians, extending the SM.

3.2 The Minimal Supersymmetric Standard Model

The Minimal Supersymmetric extension of the Standard Model (MSSM) is obtained by elevating
the SM matter and gauge fields to super-fields and extending the Higgs mechanism. As hinted at
in the previous section, the gives a pair of super-partner bosons corresponding to each of the SM
quarks and leptons (squarks and sleptons). The gauge vector fields are similarly extended to include
fermion gauginos inheriting similar gauge interactions as the SM bosons. The Higgs SU(2) doublet
of the SM must however be extended to a Higgs sector, including both “up-type” and “down-type”
complex scalar pairs. This is because the naive addition to the MSSM Lagrangian involving a single
Higgs superfield and its complex conjugate does not respect supersymmetry, so that separate fields
are required to give masses to the up- and down-type particles. Table 3.1 summarizes the resulting
super-field content of the MSSM.

The Lagrangian of the MSSM consists of a Higgs super-potential added to the chiral and vector
field kinematic terms. The super-potential consists of Yukawa couplings to the quarks and leptons

as well as the “mu term” responsible for electroweak symmetry breaking
W = ty,QH, — dyaQHy — éy. LHy + pH, Hy, (3.1)

where super-fields X*° are written X and all suppressed indices are summed over. Here Yukawa
couplings are represented as matrices in generation-space so that information on particle masses as
well as mixing matrices (i.e. CKM) are encoded. In addition to providing particle masses, these

terms are responsible for mediating the tth interaction, stop decays via the tth vertex, and stop
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self-interactions. Each process is governed by the universal top Yukawa coupling, a fact critical to
the cancellations providing the SUSY solution of the hierarchy problem.

Each Higgs doublet separately attains a vacuum expectation value, denoted v, and vg4, which
are usually re-expressed as the ratio of the two values tan f = v, /v4 constrained by the measured
value of v3; = v2 +v2. Similar to the SM case, the Goldstone degrees of freedom give rise to gauge
boson masses with those remaining leading to physical Higgs bosons. However, the two complex
SU(2) doublets correspond to eight degrees of freedom, leading to five new massive scalar bosons.
These are two charged Higgs HT, two scalars h® and H® (with h° the lighter of the two, most often
assumed to be the SM Higgs boson), and a pseudoscalar A°. The relation between the parameters
of the Lagrangian and the physical masses may be found in Ref [49].

The remaining interactions added to the theory by enforcing SUSY are each proportional to
the SM gauge couplings. For example, gluinos may be directly produced via the gggg coupling
arising from kinetic QCD terms. Color factors associated with such vertices lead to large pp — §g*!
cross sections, making these sparticles early targets of new, record-energy particle colliders. Kinetic
terms for the chiral quark multiplets lead to tj vertices (and similar) allowing gluinos to decay.

The structure of the interactions of the electroweak bosons and their superpartners is similar, with

Table 3.1: The super-field content of the MSSM. All but generational indices are suppressed.

Type \ Super-field \ Particle content \ Sparticle content
0s LH up-, down-type quarks LH up-, dowri—ty~pe squarks
¢ (e.g. tL,bL) (e.g. tL,bL)
uS RH up-type quarks RH up-type squarks
t (e.g. tr) (e.g. tr)
a5 RH down-type quarks RH down—tyge squarks
' (e.g- br) (e.g- br)
Chiral s LH charged and neutral leptons LH charged and neutral sleptons
g (e.g. T1,V]) (e.g. T1,V])
oS RH charged leptons RH charged sleptons
g (e.g. TR) (e.g. Tr)
1S Charged, neutral up-type Higgs Charged, neutrNal up-type Higgsinos
“ ) )
s Charged, neutral down-type Higgs | Charged, neutra} do~wn—type Higgsinos
i (%, ) (%, )
g° Gluons g Gluinos g
Vector WS W bosons W0, W+ Winos W0, W+
B® B boson B Bino B

n this document SUSY anti-particles will be denoted &* in place of the usual § convention to achieve more
compact notation.
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the complete set obtained from the SM gauge vertices, exchanging pairs of SM particles with their
supersymmetric partners.

However, as SUSY is apparently not perfectly realized in nature, the completely supersymmetric
Lagrangian must be augmented by SUSY-breaking terms. In order to not re-introduce similar
problems to the ones that we have previously advertised SUSY as solving, only a subset of terms are
considered, which break SUSY softly (do not introduce new quadratic divergences). The possible
soft breaking terms include gaugino and scalar mass terms as well as (dimensionful) scalar trilinear
self-couplings. Such soft-breaking parameters cannot be too close to the electroweak scale in order
to evade experimental limits from a wide array of sparticle searches. However, pushing the the soft
masses to too high a scale would produce a new hierarchy problem (the addition of soft stop mass
produces a correction 5m,2L ~ ytzmtg), motivating soft masses not far beyond the TeV-scale.

With the introduction of soft masses, the spectra of physical sparticle masses becomes more
complicated, with the dependence on various parameters of the theory encoded in the mass matrices.
In the case of top squarks, the is given by [50]:

m? +mi+ (3 — 2sin6%,) m% cos2f3 my(Ay — p/ tan )

M;=| & (3.2)

mye(Ay — p/ tan B) mz +mi + 2 sin 03, m% cos 23
in the basis of chiral states. Here m; and mj, are the soft masses and A; is the stop trilinear
coupling. Similar relations hold for the remaining fermions and can be simplified by neglecting first-
and second-generation Yukawa couplings.

The case of neutralinos and charginos (often electroweakinos) is similarly complex, with mixing

among each of the Bino, Wino, and Higgsino states. The neutralino mass matrix is

M, 0 —cosfBsinfymyz  sinfBsinfymy
0 M. cos 3 cos Byym — sin 8 cos Oyym
My = 2 B wmgz B wmz (3.3)
—cosfBsinfywmy  cosBcosOymy 0 —
sin sinfymyz  —sinfBcosOymy — 0

and the chargino matrix is more easily diagonalized to give eigenvalues [49]

1 .
mili2 =3 |Ma|? + |u® + 2m3y, F \/(|]\42|2 + |u)? + 2m3, )% — 4|uMy — m, sin 232 . (3.4)

In the decoupling limit, the neutralino mass matrix M,o describes four mass eigenstates specified
by three mass parameters. The Bino-like state and Wino-like states are controlled by M; and Ms,

respectively, while two near-degenerate Higgsino-like states have masses near u. In the case of a
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Higgsino LSP where my < u < Mj, My, the mass of these states may be approximated as

m%(sgn(u) F sin 28) (u &+ M cos? Oy + My sin? Oy )

mgo = |p|+ . 3.5
This leads to the interesting prediction of two new neutral states with
AM = méy tan? Oy (£|p|sin 28 + M) (3.6)

(M — |ul?) ’

along with an intermediate charged state (with mass given by Equation 3.4) [51].

While the MSSM provides a rich framework to understand the signatures of SUSY that one might
expect to observe near the electroweak scale, in practice experimental results are not often inter-
preted using this model. One the one hand, the MSSM Lagrangian contains many free parameters
that have already been tightly constrained by low-energy physics. For example, off-diagonal mass
terms relating the first two generations could lead to appreciable yu — ey rates in the lepton sector
and K — K° mixing in the quark sector. Given these bounds and the relative lack of sensitivity to
the remaining phase space at high-energy colliders, it is reasonable to make simplifying assumptions
when interpreting LHC results. On the other hand there is motivation to go beyond the MSSM,
adding new Lagrangian terms that may result from explicit manifestations of SUSY-breaking, ex-
plain the neutrino mass hierarchy, and solve further theoretical problems. Both approaches will be

explored in the following sections.

3.3 Simplifying Assumptions for Experiments

The MSSM contains such a strikingly large number of free parameters (105) that it is often useful
to make simplifying assumptions which restrict the phase space to become more manageable. The
strategy allows experiments to more efficiently explore the region of interesting model space predicted
by the full theory, while retaining dependence on only the most important physical parameters which
might impact the signature of BSM physics, at a collider for example. Of course, different sets of
parameters may be relevant for different experiments and so it can still be very useful to consider
the full model space when combining results across different experiments (e.g. B physics, direct DM
detection experiments, and collider searches).

A classic example of a reduced version of the MSSM is minimal Supergravity (mSUGRA), in
which only five free parameters describe the low-energy physics of a UV-complete theory. In this
theory of gravity-mediated SUSY breaking, common mass terms are given to all scalar (mg) and

spin-1/2 (my9) sparticles, as well as a common trilinear coupling 4. The ratio of Higgs vacuum
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expectations values tan 8 and the sign of the Higgs mass parameter g makeup the remaining free
parameters. For a length of time leading to the development of the LHC as well as predecessor
colliders, points in mSUGRA model space were used to develop benchmark scenarios for how we
might discover SUSY at the next machine (see e.g. Ref. [52]). However, in current times the
simplicity of mSUGRA has become its downfall. As the LHC continues to publish analyses on the
wealth of data collected during Run 1 and Run 2 data-taking periods, a more broader set of models

is required to fully encapsulate the diverse collider phenomena predicted by SUSY.

3.3.1 The pMSSM

To reduce the dimensionality of the full space of models allowed in the MSSM, the phenomenological
MSSM (pMSSM) is defined. The pMSSM has 19 free parameters in place of 105 and is designed to
retain much of the predictive breadth of the MSSM for collider physics with as few free parameters
as possible. The assumptions of the pMSSM which allow for such a reduction are [53,54]:

e No CP wviolation: a significant number of free MSSM parameters are phases which may be set
to zero. New sources of CP violation are tightly constrained by measurements of the electron

and neutron electric moments.

e No flavor changing neutral currents: requires that fermion mass matrices be largely diagonal

in flavor-space.

e First and second generation universality: soft masses are set equal and trilinear terms are set to
zero for the first two generations. Light sfermions without flavor-blind masses are constrained

by Ko — Ko mixing.

In general, the neglected terms have no significant effect on the predicted collider phenomenology, so
that the pMSSM presents an excellent benchmark for LHC searches. The terms which are retained
are the SUSY soft masses, third generation trilinear couplings, and the u, m 4, and tan 8 parameters
of the Higgs sector.

The set of free parameters of the pMSSM are described in Table 3.2. The left-handed third
generation squark mass is sometimes also written as mq,, /mqsr, for clarity. Physical masses are
obtained by diagonalizing the mass matrices as described in Section 3.2, with the top squark matrix
given by Equation 3.2. For large stop masses, the values of the sparticle mass parameters meg and
mg,. closely approximate the physical stop masses m; and mg,, as shown in Figure 3.1. It can also

be convenient to define further combinations of the pMSSM parameters. The geometric mean of the
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Figure 3.1: At left, the correspondence is shown between the SUSY mass parameter controlling
third generation, left-handed squarks me and the mass of the lightest stop. At right, the analogous
figure is shown for the right-handed stop mass parameter m;_ . In each case, the SUSY breaking
scale Mg is set to 1.2 TeV and tan S = 20 is assumed.

stop masses is written Mg = ,/mz m;, and it can be useful to identify this as the SUSY breaking
scale if other sparticles are found at higher energies. Corrections to the SM Higgs mass depend on
the stop mixing parameter X; = A; — u/ tan 8, which appears in the off-diagonal terms of the mass
matrix. Maximal f;, — {z mixing is given when X;/Mg ~ v/6 and ensures that such corrections to

my, are small.

3.4 Beyond the MSSM

There is a notable absence of several terms from the supersymmetric Lagrangian presented in Sec-

tion 3.2, each of which are respect SUSY invariance. These are the couplings which violate R-parity

Table 3.2: The free parameters of the pMSSM and their definitions.

Parameter Description
tan g ratio of the vacuum expectation values of the Higgs field doublets
I Higgs mass parameter
my pseudoscalar Higgs mass

My, My, M3 Bino, Wino, and Gluino mass parameters
mg, Mag,mg, | First and second generation squark masses
mj, Map First and second generation slepton masses
me, My, My, Third generation squark masses
mi, Mig Third generation slepton masses
A, Ay, A Third generation trilinear couplings
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R = (=1)3B~L) which takes opposing values for the SM and SUSY particles. In the SM, all in-
teractions separately conserve baryon and lepton numbers so the symmetry follows trivially. The

possible new R-parity violation (RPV) terms are
Lrpy = A*LLie, + N 9FLiQ;dy, + p LiH, + X 7*4;ddy, (3.7)

the first of three of which which violate lepton number and the last of which violates baryon number.
Here the explicit indices denote the fermion generation i = 1,2,3, where A %* in particular is
constrained to be anti-symmetric in the last two indices. These terms are generally not included
in the MSSM, as they can lead to unsavory phenomena. Foremost, R-parity violation in general
allows the LSP to decay to lighter SM particles, spoiling its viability as a DM candidate. Second,
strict limits have been placed on the product of baryon- and lepton-number violating couplings,
most famously by measured lower limits on the lifetime of the proton. Despite this, a wide range
of RPV models remain experimentally viable, often with mechanisms proposed to explain the why

the RPV couplings should be relatively small.

3.4.1 The B-L MSSM

Following the proposal of string theories as potential UV-completions of the SM, there has been in-
terest in exploring the region of high-scale parameter space which may lead to low-energy conditions
consistent with the observed particles and gauge groups. Many such varieties of string phenomenol-
ogy have been considered, in attempts to map the UV theory involving many extra space-time
dimensions and large gauge groups to the MSSM at low energy. The B — L MSSM is such a low-
energy model arising from a compactification of Eg x Eg heterotic M-theory [55-57]. This consists
of the MSSM augmented with chiral multiplets corresponding to right-handed neutrinos, with the
B — L symmetry gauged so that another vector multiplet is also produced. The B — L symmetry
is assumed to be broken at some intermediate scale when a right-handed sneutrino develops a non-
zero VEV; this leads to a mass for the B — L gauge boson. After electroweak symmetry breaking is
invoked this also leads to VEVs for the left-handed sneutrinos. This directly leads to RPV terms,
specifically those that violate lepton number conservation.

The consequences of this model for LHC-accessible physics have been investigated in a series of
results. Scans of model space have been conducted where the parameters of the theory are randomly
scattered around an assumed SUSY breaking scale in the range of a few TeV, and RG evolution
equations used to predict the resulting physical mass spectrum. Points in model-space that lead

to the correct Higgs mass, achieve electroweak symmetry breaking, and satisfy all lower bounds
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Figure 3.2: A histogram of the relative frequency of different LSPs obtained after a random scan
of B — L MSSM SUSY parameters as described in Ref. [58]. A large fraction of simulated models
result in an LSP that is a super-partner of one of the electroweak bosons.

on sparticle and Z’ masses have been analyzed to determine the distribution of possible LSPs. A
representative histogram is reproduced from from Ref. [58] in Figure 3.2, demonstrating the wide
range of candidates. As the RPV coupling predicted in the B — L MSSM are generally small, their
most significant impact is in allowing the LSP to decay to SM particles, leading to novel collider
signatures.

Early searches were conducted for stop LSPs using 8 TeV and 13 TeV data [59,60]. While not the
most common LSP in random scans, the large cross section and novel decay signature to charged
leptons and b quarks present an attractive experimental candidate. The likelier scenario however,
according to Figure 3.2, is that the LSP is one of the neutralino or chargino states. These states
may decay to electroweak bosons and leptons, leading to a variety of novel decay signatures not
explicitly targeted by past SUSY searches. The phenomenology of such scenarios is presented in
Refs. [61] and [11], exploring the case of a Wino-like and Bino-like LSP, respectively. The latter
scenario is particularly interesting, as the Bino mass is completely unconstrained by collider searches
and may be arbitrarily light. This is fundamentally different than the Wino and Higgsino cases,
where limits on new charged particles below ~ 100 GeV have been established [62]. When the Bino
mass is lighter than the W boson, each of the decays B — W*¢F B° — Z%, and B — h%v are

suppressed, as the intermediate bosons are forced off-shell. While in other cases the LSP decays
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proceed promptly, here the Bino can have a potentially long lifetime before its decay. This could
result in a displaced vertex that may be directly reconstructed, a smoking-gun signature of new
physics that is not produced by any SM process. Appendix A presents a more detailed analysis of
the scenario with a Bino LSP. Appendix B explores how traditional searches for SUSY with stable
LSPs may be recast to constrain models with R-parity violation, investigating the case of a Wino

LSP in particular.



CHAPTER 4

Experimental Apparatus

4.1 The Large Hadron Collider

Protons which collide at the interaction point (IP) at the center of the ATLAS experiment are
delivered by the Large Hadron Collider (LHC) [63] and supporting injector complex. The LHC was
designed with an ultimate energy of 8 TeV per colliding beam, leading to a center-of-mass (CoM)
collision energy of /s = 14 TeV. Protons are grouped into discrete bunches in the injector path,
so that ATLAS records events in which multiple proton-proton collisions take place, every 25ns.
Combined with the proton density and beam optics, this leads to a design luminosity for the machine
of 103 ecm~2s7!. As of 2018, collisions up to 13 TeV have been achieved and peak instantaneous

luminosities greater than 2-103* cm 257!

, corresponding to an average of 60 interactions per bunch
crossing.

The LHC injection chain makes extensive use of proton acceleration facilities designed for pre-
vious, lower-energy experiments. The design is comprised of multiple sub-accelerator components
each with a modest dynamic range, to achieve an ultimate acceleration of 8 TeV per beam. A hy-
drogen source is first pulsed through an electric field to strip electrons from the nucleus, producing
a jet of ions. The Linear Accelerator 2 (LINAC 2) accelerates protons to 50 MeV through a series of
radio-frequency (RF) cavities over a length of 33 m. The Proton Synchrotron Booster (PSB) is the
first synchrotron in the complex, receiving injections from LINAC 2 and accelerating protons up to
1.4 GeV. Pulsed bunches are added in the plane transverse to the beam propagation direction, so
that the PSB step limits the transverse emittance of the ultimate beam. The Proton Synchrotron

has 4x the radius of the PSB at 628 m and accelerates protons to 26 GeV. A complex system of RF

cavities allows the compression, merging, and splitting of the beam to mitigate beam-spread effects.

28
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Figure 4.1: The standard filling scheme is shown with notes on the origin of the bunch structure
from upstream injector systems. Figure is reproduced from Ref. [63].

The 6.9km circumference Super Proton Synchrotron (SPS) further accelerates protons to 450 GeV
before the 26.7km LHC ring attains the final acceleration to an ultimate energy of 13 to 14 TeV.

The structure of the proton bunches delivered to the ATLAS interaction point (IP) is determined
by the parameters of the upstream injectors. The LHC was designed to carry 2800 bunches per
beam over the entire length of the LHC ring. These are nominally grouped into 72-bunch units
corresponding to a single Proton Synchrotron fill. As four such fills populate the SPS, the LHC
is predominantly filled with 288-bunch such batches. Proton Synchrotron and SPS batches are
separated by empty bunches corresponding to the time required to regenerate the ‘kicker’ magnetic
fields used to deflect and extract the beam. These effects are illustrated in Figure 4.1. More
recently alternative fill schemes have been tested and utilized to push the LHC beyond its initial
design luminosity. The majority of 2018 data was taken with the ‘8b4e’ bunch scheme, where eight
filled bunches are followed by four empty bunches, minimizing the splitting in the PSB to lead to
lower emittance and higher luminosity.

Varying machine configurations lead to a significant change in performance over the LHC data-
taking periods to date. Run1 of the LHC ran from the inception of the machine to 2012, colliding
beams up to 8 TeV and collecting a data set of nearly 25fb~!. Run 2 began in 2015 with an increased
energy of 6.5 TeV per beam. After the first year of running where a 3.2fb~! dataset was collected,

the bunch spacing was decreased from 50 to 25ns and higher-luminosity data-taking commenced.
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Figure 4.2: At left, the distribution of average number of interactions per bunch crossing is shown
across the Run2 data-taking period, with separate contributions shown for each year. At right,
the recorded luminosity is shown as a function of time, with each year of LHC running separately
overlaid.

In 2016 a sample of 36.1fb~! was collected in which the peak number of interactions per bunch
crossing reached 40. In the following two years, a luminosity of over 2 - 103* cm~2s~! was attained
and a luminosity-leveling beam-separation strategy was used to maximize the size of the collected
dataset while maintaining a peak collision rate near 60 interactions per crossing. This resulted in
data sets of 47 and 61fb~! in 2017 and 2018, respectively, leading to an ultimate Run 2 data set of
nearly 150fb~! collected. The distribution of the average number of interactions per bunch crossing
for each year of Run 2 is shown in Figure 4.2, alongside a comparison of the integrated luminosity

collected throughout each year of LHC running.

4.2 The ATLAS detector

ATLAS [64] is a multi-purpose particle detector with near-47 coverage about the proton-proton IP.
It is comprised of a set of mostly-concentric sub-detector systems, each designed for different aspects
of particle reconstruction. A schematic diagram is shown in Figure 4.3 outlining the major features
of the apparatus. The Inner Detector (ID) is the sub-system nearest to the beamline and aims to
precisely reconstruct the trajectories of charged particles inside a solenoidal magnetic field. Outside
the tracking apparatus, a system of calorimeters absorbs most particles produced in collisions and
provides measurements of their energies. The outermost sub-system of the central detector is the
Muon Spectrometer (MS), which identifies charged particles that penetrate the calorimeters and

measures their trajectories in a second, toroidal magnetic field.
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Figure 4.3: A schematic view of ATLAS, with various sub-detectors and other components indicated.

Coordinates

The ATLAS coordinate system is defined so that the z-axis is tangent to the beam-line at the IP,
the z-axis points from the IP to the center of the LHC ring, and the y-axis points upward. The
coordinate system is chosen to be right-handed so that Lake Geneva is located at large, positive
z. Angular coordinates are often used, with radial coordinate r, azimuthal angle ¢, and polar
coordinate 6. The re-scaled pseudorapidity coordinate n = —log(tan(6/2)) is often convenient, as
An is invariant under Lorentz boosts along the z coordinate. The IP is located at x =y = z = 0.
Due to the extension of the luminous region in z the pseudorapidity of a particle measured from
its production vertex and from the IP may be significantly different, and so in the case of particle
measurements a shifted coordinate system (z,y, z’) may be defined where 2’ = 0 at the production
vertex. In the present discussion the standard coordinate system is always used, and in cases where
the choice is not clear from context the coordinate may be explicitly labeled 74e;. Quantities X
which are projected into the plane transverse to the beam are denoted X, so that pr = psinf and

Er = Esinf.
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Figure 4.4: An r — z view of the ID is shown, indicating the positions of the silicon pixel and
Semiconductor Tracker (SCT) detectors and the Transition Radiation Tracker (TRT). The lower
inset shows a magnified view of the pixel system. Figure reproduced from Ref. [67].

4.2.1 The Inner Detector

The ATLAS Inner Detector (ID) is comprised of three main sub-systems, illustrated in Figure 4.4,
designed to reconstruct tracks with |n| < 2.5. The pixel detector [65,66] is nearest to the IP and
consists of four concentric cylinders of silicon sensor modules with radii ranging from 33.5mm to
122.5mm. In addition, three radially-extending endcap layers are present from z = +495 mm to
4650 mm to increase coverage of forward particles. The innermost barrel layer is the Insertable B-
Layer (IBL), which extends to |n| < 3.03 and contains sensors with individual active pixel elements
measuring 50 um X 250 um in size (r/¢ X z), arranged in two-dimensional arrays. The remaining
layers use pixels with sizes of 50 um x 400 pm in (r/¢ x z) in 250 pm-thick sensors. Tracks are
reconstructed from measured ‘hits’: charge collected from particles’ ionization energy as time over
threshold (ToT) signals. The sub-detectors includes over 92 million pixels corresponding to about
2m? of active silicon.

The SCT, a silicon micro-strip tracker, consists of four double-sided barrel layers ranging from r =

299 mm to 514 mm and nine double-sided endcap layers from 854 mm to 2720 mm in a configuration
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designed to provide measurements on four layers independent of polar angle. The strips are 80 pm x
6 cm, providing finer granularity in the /¢ bending coordinate. Sensors are assembled into double-
sided modules with a slight relative angle (20 mrad) allowing for measurements to be combined
to form three-dimensional space-points. The sub-detector corresponds to 6.3 million channels and
63 m? of silicon.

The TRT is composed of 350 thousand 4 mm diameter polyimide drift tubes interspersed with
transition radiation (TR) material that provides many hits on track (36, on average) as well as
electron identification capabilities. Drift tubes are filled with a gas mixture that is dominantly
composed of either Xenon or Argon, which are ionized when traversed by charged particles. Photons
are produced by the TR process, proportional in number to the Lorentz v factor of the particle
traversing the polypropolene/polyethylene material. Individual TRT straws are read out according
to the amount of ionized charge collected, with low-threshold hits corresponding to typical tracks
and high-threshold hits produced by TR photons. For the low-mass, high-y electron, an average of
20$ of recorded hits pass the high threshold, while this figure is less than 5% for the significantly
heavier pion. The outer radius of the TRT is 1 m from the IP, providing a large lever arm for track
pT Mmeasurements.

The entire tracking apparatus sits inside a 2 Tesla field provided by a solenoidal magnet outside
the TRT, from r = 2.46m to 2.56 m. The amount of material in the tracking volume may be
characterized by the number of radiation lengths X and nuclear interaction lengths A; traversed by
an outward-traveling particle, defined as the distance over which an electron or nuclear-interacting
particle’s energy decreased by one e-fold (Egna = %Einitial). The number of radiation lengths
(nuclear interaction lengths) traversed by a particle passing through the inner detector envelope
ranges from 0.4 to 2.4 (0.2 to 0.7), varying with 74et. The solenoid corresponds to an additional
0.66 Xy and 0.13 A; for particles normal to the cylindrical surface [68].

4.2.2 Calorimeters

The ATLAS calorimeter system consists of components designed to measure the energy of electro-
magnetically charged and neutral particles, accessible only through their nuclear interactions. An
illustration of the system is shown in Figure 4.5, with sub-systems indicated.

The electromagnetic system is comprised of sampling calorimeters with LAr as the active mate-
rial [70]. The barrel LAr calorimeter (|n| < 1.375, 1.4m < r < 2m) is comprised of accordion-shaped

layers of lead absorbers, sandwiched between stainless-steel sheets for structural support, and in-
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Figure 4.5: A schematic view of the ATLAS calorimetry system. The liquid argon (LAr) electro-
magnetic barrel and electromagnetic endcap provide coverage up to |n| < 3.2. The tile calorimeter,
LAr hadronic endcap, and forward calorimeter measure hadronic interactions up to |n| < 4.9. Figure
reproduced from Ref. [69].

terspersed with electrodes comprised of a printed circuit board (PCB) with three copper layers.
The outer layers are held at large potential difference, while the inner layer measures the current
induced by the charge drifting through the LAr via capacitive coupling. The LAr signals are fur-
ther discretized by etching structures into the electrodes in the longitudinal and polar dimensions,
leading to separate readout channels for each region [71]. The desired ¢ granularity for each region
is obtained by ganging together the readout across accordion layers. The innermost layer (~ 4.3X
depth) is very finely segmented in the non-bending direction An ~ 0.0031 to achieve /7%(— )
discrimination and precise photon pointing. The middle layer (~ 18 X) measures the majority of the
electromagnetic shower with segmentation An x A¢ = 0.025 x 0.0245. The final layer (2X) covers
twice the angular area (An = 0.05) as the middle layer, and measuring the leakage of high-energy
showers into the hadronic calorimeter. The accordion design allows for uniform coverage in ¢, as well
as convenient readout of all three layers at the inner (outer) radius for the innermost electrode (outer
two electrodes). This geometry for the inner barrel detector is shown in Figure 4.6. The precision
detection capabilities are extended by the Electromagnetic Endcap Calorimeter (EMEC) to |n| < 3.2
using the same technology. The number longitudinal segmentation is reduced to two layers in the

region 2.5 < |n| < 3.2. The region between the barrel and endcap calorimeters (1.37 < |n| < 1.52)
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Figure 4.6: The segmentation of the three longitudinal layers of the barrel LAr calorimeter is
shown. The innermost strip layers enhance 7° — v rejection, while the outermost layer estimates
the leakage of high-energy showers into the hadronic calorimeter. Energy measurements of cells
in 0.1 x 0.982 regions are summed to provide coarser measurements for the trigger logic. Figure
reproduced from Ref. [64].

contains a relatively large fraction of inactive material. A pre-sampler is also located in a common
cryostat over the region || < |1.8 to estimate losses to dead material traversed prior to the calorime-
ter [72]. Due to the peak-dip structure of the LAr signal pulse shape (see Ref [73] for example) a
degree of pile-up (PU) is inherent in the technology, with signals corresponding to out-of-time PU
subtracted from measurements in subsequent bunch-crossings.

The barrel tile calorimeter provides measurements of hadronically interacting particles up to
|n| < 1.7, using steel absorbers and plastic scintillating tiles [74]. The detector is comprised of a series
of radially-extending modules with size 0.1 in ¢ and ranges from 2.28 m < r < 4.25m, corresponding
to 7.4\;. Each module consists of stacks of sandwiched steel and plastic plates, mounted to an outer
self-supporting girder structure, containing ‘drawers’ of photomultiplier tubes (PMTs) and readout

electronics. Scintillation light produced in doped polystyrene tiles is transmitted through a network
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of wavelength-shifting optical fibers to the outer drawers, where they are shaped and digitized.

In the farther forward region, the tile calorimeter is complemented by the LAr-based Hadronic
Endcap Calorimeter (HEC) and Forward Calorimeter (FCal), sharing a cryostat with the LAr barrel
electromagnetic calorimeter [70, 75, 76]. The HEC uses copper absorbers and covers the region
1.5 < |n| < 3.2, with granularity of 0.1x 0.1 (0.2x0.2) in Anx A¢ for |n| < 2.5 (|| > 2.5). The FCal
is located approximately 4.7m from the IP and provides calorimetry in the region 3.1 < |n| < 4.9.
The innermost of three layers uses copper absorber while the outer two use tungsten, with readout

regions of various sizes, regular in = and y.

4.2.3 The Muon Spectrometer

The MS is composed of barrel and endcap regions embedded in a toroidal magnetic field, with a
variety of charged particle sensing technologies [77]. The barrel toroid magnet consists of eight air-
core, elongated coil structures encased in cryogenic vacuum vessels [78,79]. It’s cold mass operates
at 4.6 K, requiring five weeks to cool the full 360-tonne assembly. The endcap toroids use a similar
configurations of eight-coil arrays of NbTi/Cu winding in aluminum vacuum vessels [80]. Charged
particle reconstruction for |n| < 2.7 with 10% momentum resolution for TeV muons is targeted, as
well as trigger capabilities to || < 2.4. The barrel region is instrumented with three concentric
cylindrical layers of detecting chambers, from 7 = 5m to 10 m from the IP. Four endcap ‘wheels’,
transverse to the beam-line, are located from z &~ 7.4m to 21.5m from the IP. Figure 4.7 displays
the various components of the MS.

The MDT system is composed of layers of aluminum tubes filled with an Argon/CO5 gas mixture
and central tungsten-rhenium wire at 3kV potential difference. Typical assemblies include two four-
tube multi-layers separated by spacers (mostly 17 — 32 cm), with ~ 80um resolution per tube. Due
to limitations on the MDT counting rate, the use of this technology is restricted to |n| < 2.0 beyond
which Cathode-Strip Chambers (CSCs) are used to provide precision hit information. CSCs are
multi-wire proportional chambers with signals on the wire arrays measured through cathode strips
in two dimensions. The system provides two-dimensional measurements across four planes from
2.0 < |n| <2.7.

Additional systems targeting fast readout for the trigger and acceptable pr resolution are in-
terspersed with the precision chambers. The barrel includes three layers of double-sided Resistive
Plate Chambers (RPCs), allowing up to six measurements in each (7, ¢) dimension and n —1 trigger

logic for maximal acceptance. Beyond the |n| < 1.05 covered by the RPCs, the Thin Gap Chamber
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Figure 4.7: The components of the Muon Spectrometer are pictured. The precision measurement
components of the Monitored Drift Tube chamber (MDT) system are shown in green (barrel) and
cyan (endcap), as well as the Cathode-Strip Chamber in yellow. The Resistive Plate Chamber trigger
chambers are pictured in white adjacent to the barrel Monitored Drift Tube chambers (MDTs), while
the Thin Gap Chamber system is shown in purple.

(TGC) system is used (up to |n| < 2.4). TGCs operate similarly to the CSC concept, providing

measurement in the second, non-bending coordinate to forward regions covered by MDTs.

4.3 Trigger and Data Acquisition

The maximum rate of collisions at the LHC is set by the bunch crossing frequency, so that consecutive
collisions occur as frequently as 40 Mhz. However, due to the relatively small cross sections for the
rare processes of interest (for example, the ratio of W + jets production to the total cross section
is ow /oy ~ 2-1075), not all events must be recorded. The ATLAS Trigger and Data Acquisition
(TDAQ) system [81,82] is responsible for identifying interesting proton-proton collisions in real
time and recording the corresponding detector outputs to permanent storage. Electronic signals
containing the event data follow two paths off of the detector: the trigger path and the read-out
path. The trigger path reads out partial and/or simplified event information to select events, while
the read-out path transfers full-granularity readout for the subset of selected events. Figure 4.8
shows a schematic overview of the TDAQ system as configured for the 2015 data-taking period.
The identification proceeds in a series of two steps, implemented in the hardware-based Level-1

Trigger (L1 Trigger) and in the downstream, software-based High-Level Trigger (HLT). For fast
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Figure 4.8: An illustration of the detector readout and trigger systems. The readout path is shown,
in addition to the sub-components of the hardware-based L1 Trigger Trigger system and upstream
HLT central processing unit (CPU) farm. Black arrows indicate the trigger path, red arrows the
trigger decision and object outputs, while blue arrows indicate the full-event read-out path. The
Level-1 Topological Trigger (L1 Topo) and Fast Tracker (FTK) were used only for commissioning
studies over the 2015-2016 data-taking period. Figure is reproduced from Ref. [81].

identification, a limited set of detector information is used in the trigger decisions, according to
bandwidth, latency, and processing constraints. The identification task is made more challenging by
the presence of PU, simultaneous proton-proton collisions within the same bunch crossing leading
to extraneous detector noise that complicates unambiguous event reconstruction. The following

sections describe the L1 Trigger and HLT systems used to record the data analyzed by ATLAS.

4.3.1 The hardware-based Level-1 trigger

The L1 Trigger system considers all events in real-time, selecting events with an output rate up
to 100 kHz based on information from the calorimeter and muon systems. Events are buffered on
the front-end electronics while awaiting a L1 Trigger accept, after which detector-specific Read-Out

Drivers (RODs) package the event data into a common format and transmit it to the Read-Out
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System (ROS) to await an HLT decision. The L1 Trigger decision is made by the Central Trigger
Processor (CTP) after receiving inputs from the Level-1 Calorimeter Trigger (L1 Calo) and Level-1
Muon Trigger (L1 Muon) sub-systems. The CTP checks multiplicity requirements and pre-scale
factors? based on L1 Calo and L1 Muon outputs before issuing an accept, as well as enforcing

dead-time requirements and any logic dependent on the LHC bunch-crossing identifier (BCID).

The Level-1 calorimeter trigger

The L1 Calo sub-system [83] takes inputs from the electromagnetic and hadronic calorimeters with
limited granularity. Calorimeter cells are summed to form a set of 0.1 x 0.1 “trigger towers” for each
calorimeter. In the forward region |n| > 2.5, larger cells are used. A dedicated pedestal subtraction
is performed for each cell by the new Multi-Chip Module L1 Calo Pre-Processor (nMCM) auto-
correlation filter. The value varies as a function of the BCID due to the non-uniform response
stemming from out-of-time effects on the LAr signal pulse-shape. The corrected trigger towers are
sent to the Cluster Processor (CP) and the Jet/Energy-sum Processor (JEP) systems.

The CP forms trigger objects for electrons and photons as well as for hadronic tau decays.
region of interests (ROIs) are built for electromagnetic (‘EM’) objects by considering 2 x 2 regions
of trigger towers (a total of 0.2 x 0.2 in 1 X ¢) and requiring that two of the four adjacent cells
have > E7 above some configurable threshold. Aside from requiring a narrow, high-energy deposit,
isolation requirements may be enforced by requiring that either: (a) the trigger towers adjacent
to the 2 x 2 region have low Y E; or, (b) that the 2 x 2 group of hadronic calorimeter towers
behind the electromagnetic (EM) ROI has small  Ep. Typical nomenclature for such an L1
Trigger requirement is L1_EM20VHI, which requires an EM calorimeter ROI with two adjacent towers
having Y Ep > 20GeV (‘EM20’) and enforces electromagnetic (‘I') and hadronic (‘H’) isolation
requirements. Further, ‘V’ denotes that the Er threshold varies with 74e¢ to account for non-uniform
detector response. This trigger or variants thereof were used to record single-electron events without
pre-scale in 2015 and 2016.

The JEP evaluates jet signatures as well as total energy (> Er over calorimeter inputs) and

missing energy (\/ - EL)? 4+ (O Ey)?) triggers. Inputs are energy sums over 0.2 x 0.2 regions and
both EM and hadronic calorimeters. Jet ROIs are built from 2 x 2, 3 x 3, or 4 X 4 tower regions

(up to 0.8 x 0.8 in 7 x ¢). The EMsS is calculated by summing the z- and y-components of the

2Certain trigger items may only be used to collect a fraction of events (the inverse of the pre-scale factor) which
pass the trigger requirements. This is especially useful for triggers that require low-energy objects for commissioning
and background studies.
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energies of all cells, with a per-tower Er granularity of 1 GeV. Energies from multiple JEPs are
appropriately combined to form the final ERS estimate in the Common Merger Module (CMM).
The ES threshold is configurable, with 50 GeV nominally used in the L1 XE50 item that ran
un-prescaled for much of 2015 and 2016.

The Level-1 muon trigger

The complementary L1 Muon system is dedicated to processing signals from the MS. In the barrel,
coincidences are required among layers of RPCs, with coincidences in the four innermost layers used
to define a search region in the outermost two layers. Coverage is incomplete in the barrel due to
services near 11 = 0, support structures, and two elevators within the detector. In the endcap region,
similar logic to the barrel is applied to TGC outputs, using an outside-in road-following strategy. Six
momentum requirements are supported, divided equally among low- and high-pt working points,
with the higher-pr items requiring hits in sub-regions of the ‘roads’ (extrapolated hit trajectories)
defined by the low-pr triggers. The lowest un-prescaled triggers in 2015 and 2016 utilized the
L1_MU20 trigger item.

4.3.2 HLT software trigger

Following a L1 Trigger accept, events are buffered in the ROS while event data is partially recon-
structed in a farm of ~ 40000 CPU cores before ultimately forming a final trigger decision. The
final output rate is limited to an average of ~ 1khz, which is allocated across a range of signatures
(e.g., single-lepton, multi-lepton, jets, E25 and others). HLT reconstruction is limited to the ROIs
obtained from the specific L1 Trigger item accept and often corresponds to a simplified version of

the offline reconstruction.

Single lepton triggers

The largest fraction of the total trigger rate (~ 266 hz of the ~ 1.5khz “peak rate” recorded [84]) is
dedicated to single-lepton triggers, due to their broad utility across a diverse set of analyses. Both
electron and muon triggers rely on ID tracks, which are obtained in a two-step approach where
fast-track finding is followed by a more precise algorithm using the previously-found space-points as
seeds.

Electron triggers reconstruction operates in two stages to quickly reject poor candidates and

avoid unnecessary processing. In the first, clusters are built from rectangular arrays of calorime-
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ter cells within the L1 Trigger ROI and required to satisfy loose shower-shape criteria designed
to reject candidates from hadronic showers. A 1GeV matching track obtained from the fast-track
finding algorithm is also required. In the second stage, an offline-like selection is used (see Sec-
tion 4.4.2) with re-calibrated clusters and precision track inputs as well as a likelihood-based iden-
tification criterion. In 2016 data-taking, an isolation requirement > pr/Er < 0.1 using tracks
in a cone of AR < 0.2 is also enforced for the lowest un-prescaled trigger. This item is denoted
e24_1htight nod0_ivarloose, where the Et cut (24 GeV) and tight likelihood working point are
labeled, as well as the pp-dependent, loose isolation and the fact that the dy impact parameter is
not included in the likelihood.

The muon trigger adds MDT measurements to the trigger chambers used in the L1 Trigger
decision. The MS pr is obtained from a look-up table after which the MS-only track is combined
with a corresponding ID track to produce a combined measurement. The efficiency is improved by
matching MS and ID tracks with both outside-in and inside-out strategies when necessary. Isolation
requirements are also imposed in a manner similar to the electron case, with mu26_ivarmedium being

the lowest-prthreshold un-prescaled muon trigger in 2016.

Jet triggers

In the HLT, reconstruction of jets and EX proceeds after reading out the entire calorimeter at full
granularity and running the offline topo-clustering algorithm (see Section 4.4.4) to obtain inputs to
each algorithm [85]. This allows jet reconstruction and calibration to proceed nearly identically to
the manner in which it is carried out offline. The lowest un-prescaled jet trigger in 2016 required
a 380 GeV jet, reconstructed from LC-scale clusters with the anti-k; algorithm with R = 0.4. As
quarks and gluons are produced copiously at the LHC, jet trigger rates are large and so larger
Er must be required than is necessary for other reconstructed objects (e.g. a 26 GeV isolated
electron) to record a manageable data-set. The primary users of the single-jet trigger are searches
high-mass di-jet pairs (e.g. for a TeV-scale Z') and dark matter, via the “mono-jet” pp — xX + j
process. Requiring multiple jets allows lower thresholds, with items such as 4j100 and 6j60 used
for measurements of hadronic ¢ decays. Similar triggers are critical for the HL-LHC, specifically to
target the rare SM hh — bbbb process.

The most significant difference between online and offline jets is the level of possible energy
calibration. In the HLT, limited track reconstruction prevents three offline corrections based on

reconstructed vertices and the individual tracks associated to jets. The first corrects the origin
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of the jet four-vector based upon the location of the primary vertex (in z). The second applies
a correction due to in-time PU based on the number of total reconstructed vertices in the event.
The most important of the three is the Global Sequential Correction (GSC) [86], which primarily
calibrates for non-uniformity in detector response to quark- and gluon-initiated jets. The energy
calibration includes corrections based on the longitudinal structure of the jet shower and associated
tracks as well as a muon segment-based “punch-through” correction irrelevant for trigger jet energies.
The track inputs are the multiplicity associated to each jet as well as the angular moment

i P - AR(jet, tk)
Ztks p%(

As tracking is computationally expensive and is not otherwise required for jet triggers, none of these

track width =

(4.1)

corrections were not applied prior to 2016 data-taking.

A crucial observation was made that the same L1 Trigger seed trigger used for single-jet events
also seeds b jet items in the HLT, and that one might re-use these tracks for further jet energy
corrections. After requiring a jet of moderate energy (Et ~ 200 GeV), b jet triggers further reduce
the QCD rate by requiring a tight b-tag score, as computed from tracks associated to the jet. These
tracks are obtained in a two-stage procedure, illustrated in Figure 4.9. First a fast tracking algorithm
processes hits in a narrow ¢ window, but significant coverage in z. This allows the jet vertex to
be identified so that a second, more precise algorithm can be run to identify all tracks in the jet
ROIin a region narrow in z. Using these tracks, the HLT jet energy calibration can be improved
through the application of the GSC. For jet energies near the single-jet threshold (= 400 GeV), the
correction from calorimeter-only corrections is significant, as shown in Figure 4.10, while for those

near the multi-jet (= 100 GeV) the track-based correction is much more significant.

EXisstriggers

Emiss reconstruction is particularly challenging in the HLT, as true offline-like reconstruction would
require complete reconstruction, calibration, and ambiguity resolution of many species of recon-
structed objects. Calorimeter-based quantities are used in the trigger to approximate the offline

calculation with a variety of different strategies:

o (Cell EX (xe) is constructed directly from the vector sum of all calorimeter cells with 2o

noise cuts applied, and treated as massless.

o Topo-cluster EMSS (xe_tc_lcw) is built using a similar method, directly from topo-clusters

after the local hadronic calibration scheme is applied (see Section 4.4.5).
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Figure 4.9: Regions considered in the two-step tracking procedure used for jet triggers is shown.
First, a fast algorithm finds tracks in a region long in z and narrow in ¢ (pictured in blue) with the
sole purpose of reconstructing the primary vertex associated to the jet. Next a more precise tracking
algorithm is run over hits in a window narrow in z about the selected vertex, but comparable to the
jet ROL in 7 X ¢ (pictured in green).
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Figure 4.10: Efficiencies are compared for three configurations of single-jet HLT trigger accepting
400 GeV jets. In the green squares no GSC is applied, while in the red closed circles only the
calorimeter-based corrections are applied and in blue open circles the ID track corrections are also
applied. A more complete correction leads to tighter correspondence between the online and offline
jet energies and thus a lower rate of events collected with offline jet pr below the trigger threshold.
Figure reproduced from Ref. [87].
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o Topo-cluster EXS with n-dependent PU correction (xe_tc_pueta) is constructed as above, but
with average pileup densities computed from < 20 topo-clusters in ten regions of n, which are

subsequently subtracted from the topo-clusters used to build the Emiss.

o Pile-up fit EX* (xe_tc_pufit) extends the 7-dependent correction scheme by tiling the
calorimeter into 0.8 x 0.8 regions which are divided in hard-scatter and PU dominated re-
gions according to a total energy threshold criterion. The pileup densities in each hard-scatter
region are obtained in a fit (assuming no E&S from PU) with the remaining energy used to

compute the EIiss,

o Jet-based EX' (xe_tcmht) is computed using all R = 0.4 anti-k, jets reconstructed as de-

scribed above with pt > 7 GeV. Retaining low-pr jets gives an estimate of the soft-term.

The proliferation of methods is due to the significant dependence of EX* resolution on PU, when in-
formation from the ID is not used in the computation. Alternate methods have differing sensitivities
to the level of PU, and also make requirements on energies calibrated at different scales (EM scale
for cell EX Local Hadronic Calibration (LC) scale for topoclusters, and particle-scale for fully
calibrated jets). Figure 4.11 shows the efficiency for triggers of all types as well as the dependence of
trigger rates on the average number of collisions per event. The increase in luminosity from 2015 to
2016 ({u) = 13 to 25) required a more complicated trigger strategy, where combined requirements

on different HLT EX quantities were necessary.

4.4 Particle reconstruction

4.4.1 Charged particle tracks

The ID sub-detectors are used to reconstruct trajectories of charged particles from measurements of
ionization in the active material (‘hits’). The general track-finding procedure is as follows [88,89].
Hits in the pixel and micro-strip silicon trackers are first converted into three-dimensional “space-
points”. For pixel sensors, this is trivially done by combining the two-dimensional measurement
with the sensor position in a local-to-global lookup. For strip hits, measurements from opposite
sides of each SCT layer (at a slight, stereo angle) are combined with a loose vertex constraint to
produce a three dimensional measurement. Hits are reconstructed as track candidates in a series
of finding and fitting algorithms. Track seeds are formed combinatorially by considering sequences

of three hits in adjacent detector layers (pixel, strip, or a combination of both) and histogramming
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Figure 4.11: At left, the efficiency is shown for several ERsS triggers in 2015 data. The test
efficiencies are computed by running EXS trigger algorithms on W — e candidate events, collected
with lepton triggers, and shown as a function of the EIsS as computed by the offline algorithm.
Purple crosses show the efficiency for the L1 Trigger trigger requiring 50 GeV, while the remaining
points compare different HLT algorithms. The efficiency for HLT items is computed as the fraction
of events that path both the HLT item and its L1 Trigger seed (L1_XE50, also shown). The precise
value of the B requirements are different for each HLT item, as different algorithms use energies
calibrated to different scales, and are selected so that each item records events at the same rate.
At right, the dependence of each HLT algorithm is shown on the average number of proton-proton
interactions per bunch crossing ({u)) for data collected in 2016. The rates are quantified by the
corresponding trigger cross section: the number of events collected per unit luminosity. There is a
large variation visible in the dependence of each algorithm on (u). The trend is less noticeable in
the left plot, as the efficiencies are integrated over the full 2015 data set ((u) = 13).

their extrapolated intersections with the beamline. This is the basis for a fast vertexing step,
allowing additional constraints to narrow the range of acceptable seeds. Seeds are extrapolated
into neighboring layers to search for additional consistent hits. For candidates of sufficient quality
a Kalman filter-based ‘track following’ algorithm is employed, producing weighted assessments of
the comparability of hits in additional layers with the existing track parameters. Track candidates
produced in this process may share common hits, which are prioritized by a scoring metric based on
measured of track quality. Tracks are extrapolated into the TRT to find extensions, associating straw
hits to the existing track, after which a combined fit is performed. TRT extensions not associated
to found tracks seed a second step of “outside-in” tracking, whereby TRT drift circles are associated
with unassigned silicon space-points. This process is especially important to recover efficiency for
tracks produced by converted photons, many of which do not leave hits in the inner silicon layers.

Tracks are used for the reconstruction of numerous higher-level objects, often in combination with
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measurements made in other sub-detectors. Track quality criteria are enforced, making minimum
requirements on the number of silicon layers hit and maximum requirements on the number of
‘holes’ in layers where hits are anticipated. Generally only tracks with pr > 400 MeV and |n| < 2.5
are considered. Track characteristics and resolutions of the helix parameters (pr,n, ¢, do, z0) are
measured in data and compared to simulation using 13 TeV data in Ref. [90]. Effects of material in
the ID on track propagation and reconstruction are studied in Ref. [67].

Primary vertices corresponding to proton-proton interaction points are reconstructed using 500 MeV
tracks in an iterative procedure beginning with all reconstructed tracks of sufficient quality [91].
The most probable location of a vertex in z is determined by histogramming the position of closest
approach for all tracks, calculated with the Half-Sample Mode algorithm [92]. Tracks consistent
with this position are locally linearized and the vertex position is determined by an adaptive fit
with tracks weighted according to their consistency with the vertex hypothesis. Successfully recon-
structed vertices are recorded and tracks removed from subsequent iterations of the algorithm. The

reconstructed primary vertex with largest > pr,; is usually identified with the hard process

i€tracks
of interest for general physics analyses. Both the vertex reconstruction efficiency and the resolution
of reconstructed vertex parameters are measured in data, and compared to predictions from MC

simulation [93]

4.4.2 Electrons and photons

Electrons are reconstructed in a three-step procedure of cluster-finding, track-finding, and track-to-
cluster association [94]. Seed clusters are identified using a sliding-window algorithm that selects
3 x5 towers of Anx A¢ = 0.025 x 0.025 longitudinally-summed EM calorimeter cells with transverse
energy Ep > 2.5 GeV. Track candidates with pp > 400 MeV are reconstructed from space-points
constructed from hits in the silicon layers of the inner tracker, with a specialized pattern-recognition
step allowing for bremsstrahlung energy loss at each material interface. Ambiguities due to shared
hits are resolved and tracks are extended into the TRT [95,96]. Subsequently tracks which loosely
match clusters are fit using a specialized Gaussian sum filter (GSF) algorithm [97, 98] allowing
for nonlinear effects from bremsstrahlung energy loss. Fit tracks are associated to clusters with
tighter matching criteria, with the closes match deemed as the primary track in the case of multiple
matches. Tracks without pixel hits and consistent with a secondary vertex are considered likely
photon conversion candidates. Reconstructed clusters not matched to tracks are photon candidates.

Electrons are identified using a likelihood classifier based on observables relating to the calorime-
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Figure 4.12: Efficiencies are separately shown as a function of truth pr for the electron reconstruction
steps. Red triangles show the efficiency to find a cluster corresponding to a 2.5 GeV EM-scale deposit
in the electromagnetic calorimeter. Track reconstruction using standard methods is shown in open
blue circles, while the combination of a cluster with GSF tracking is shown with yellow squares. Black
closed circles represent the total efficiency also including the track-to-cluster matching criterion.
Figure is reproduced from Ref. [94].

ter shower-shape, track parameters, and track-to-cluster matching. Photon identification is based on
‘rectangular’ requirements on shower-shape variables along. Calorimeter- and track-based isolation
criteria are defined based on the additional activity in a AR cone about the reconstructed object. For
both identification and isolation multiple working points are supported, allowing for variable signal
efficiency and background rejection as a function of electron/photon Et. Scale factors correcting the
efficiencies predicted in MC simulation to those observed in data are obtained using tag-and-probe
methods in Z — eTe™ and J/¥ — ete™ events. Such events are also used to measure electron and
photon energy scale and resolution. The efficiency for reconstructing low-energy electrons is shown
in Figure 4.12, separated into sub-components corresponding to track-finding, cluster-finding, and

matching.

4.4.3 Muons

Muons are reconstructed from combined measurements with the inner detector, calorimeters, and
muon spectrometer subsystems [99]. Reconstruction in the MS is seeded by segments obtained by

a Hough transform-based pattern matching algorithm [100] in the MDT chambers combined with
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adjacent trigger chambers. A combinatorial algorithm seeded by segments in the intermediate layers
combines measurements in each chamber to form track candidates. An overlap removal procedure is
applied, and a x? fit determined the final suite of candidates. “Recovery fits” are performed which
allowing hits to be dropped in case the x? is significantly improved.

MS segments are combined with information from other detector systems for combined recon-
struction. Combined muons are reconstructed by performing a global re-fit to ID and MS tracks,
using an ‘outside-in’ approach and allowing MS hits to be dropped to improve the fit. Segment-
tagged muons are reconstructed when ID tracks are matched to a single MS segment and a full re-fit
is not possible. Calorimeter-tagged muons are reconstructed by associating calorimeter energy de-
posits consistent with minimum-ionizing particles with ID tracks, and are used to recover efficiency
in regions of low MS acceptance. Extrapolated muons are reconstructed in the MS only and require
loose compatibility with the primary vertex, which if of primary utility beyond the range of the ID.
Overlap removal is performed, preferring combined muons over segment-tagged and calo-tagged (in
order of precedence) in the case of a shared ID track. MS segment overlap removal is also performed,
preferring high-quality muons according to the number of hits and fit quality.

Identification requirements on muons are imposed by selecting which of the above-described
populations should be accepted and what additional quality cuts should be imposed. Calorimeter-
and track-based isolation requirements are considered and calibrated in an analogous manner to the

electron case, with efficiency scale factors derived using Z — p*u~ and J/v¢ — p ™ events.

4.4.4 Jets

Hadronic showers are produced from decays of particles that are charged under QCD, which are re-
constructed from calorimeter deposits as calorimeter ‘jets’. Energy deposits measured by individual
cells of the electromagnetic and hadronic calorimeters are combined by a local clustering algorithm
to form composite topo-cluster objects [101] roughly corresponding to individually reconstructed
particles. The algorithm relies on the ‘significance’ of the measured energy E/o(FE), where o(FE)
corresponds to the root mean square (RMS) of the cell energy and is dominated in the Run 2 data
set by fluctuating incidental contributions from soft particles produced in other proton-proton colli-
sions. Cells with E > 40(E) seed the clustering algorithm, accumulating all neighboring cells (in all
3 spatial dimensions) with 20 energies. Finally, all cells neighboring the 20 cells which have positive

energies are added to the topocluster 3. Topoclusters may be split according to local maxima crite-

3Cells may have negative energies due to noise suppression corrections
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ria. The topocluster four-vector is taken as the sum of the raw, energy-weighted components of the
constituent calorimeter cells, and is set to have zero mass. The resulting topoclusters are defined at
the EM scale, so that the energy of electromagnetic showers should be faithfully measured.
Topoclusters are combined using the anti-k, algorithm [102] with radius parameter R = 0.4 to
form jets. The procedure iteratively combines topoclusters with the nearest anti-k, distance
AR;;
R

dij = min(k, 2, k; ?) (4.2)

until no candidates for combination are within AR;; < R. The procedure is efficiently implemented
in the FastJet package [103,104].

Reconstructed jets are calibrated to ensure a jet energy scale (JES) that is in agreement with the
particle-level prediction from MC simulation, and is independent of: the jet energy and position in
the detector; the species of parton initiating the jet; the level of additional hadronic activity in the
detector due to PU. A multi-step calibration procedure corrects for each effect [105]. Jet energies are
corrected from the initially clustered values based on their supposed origin from the primary vertex
found in the event. The large catchment area of jets* leads their measured energies to be susceptible
to contributions from both particles produced in simultaneous collisions in the same proton-proton
bunch crossing (“in-time PU”) and in previous bunch crossing (“out-of-time PU”). Corrections are
made by energy subtraction terms constructed from the global PU density p multiplied the jet area
(accounting for in- and out-of-time effects) as well as a dedicated correction for in-time PU based
on the number of reconstructed track vertices in the event. The response of jets of various momenta
following the origin- and PU-corrected steps is shown in Figure 4.13. Corrections derived from
MC simulation are then applied to these PU-corrected jets to calibrate them to the energy of the
underlying truth particles. Residual variations in the jet response with the species of showering
parton and the longitudinal structure of the jet’s shower are calibrated in a subsequent step (the
global sequential correction, GSC). Finally, dependence on the simulation is removed in data-based
in-situ corrections, where jets energies are corrected to balance well-measured reference objects (i.e.
photons, leptonic Z boson decays, and systems of other jets).

To distinguish PU jets from proton-proton collisions other than the one of interest as well as
jets due to calorimeter deposits from multiple collisions (“stochastic jets”), charged particle tracks
are used to assess the hypothesis that a jet is due to the primary hard-scatter event. To find the
correspondence between jets and tracks the ghost-association procedure is used, whereby tracks

are included in the jet clustering procedure with infinitesimal momenta. Any constituent ghost

4An R = 0.4 jet corresponds to 3.2% of the central detector volume |n| < 2.5.



4. EXPERIMENTAL APPARATUS 50

O l.lgl*t‘rm‘hw*”w””H‘w‘”w‘”w”_‘w‘”_‘l‘g
2 e B = 30 GV ATLAS Simulation
S E 0 Cn - 210 Gev (s = 13 TeV, Pythia Dijet ]
@ 0.9F o E™"=400Gev anti-k, R = 0.4, EM scale ]
o 0 85 & E™" = 1200 GeV 3
S _F Wﬁﬁ ﬁwwmoiﬂ %5}% 3
o 0.7 g, &0 <><>°<>‘*3’ R o
0 o6k # o " s, W P o e G
. EE q}j}o Oﬁ}q}_‘ ﬁg
0.5 0% 0% E
0.4 % 0 DD %5 90% =
03 ® k1
Bl b b b e e e 1

0.2 -4 -3 -2 -1 O 1 2 3 4
r]det

Figure 4.13: The jet response —the ratio of reconstructed to truth jet pp— is shown as a function of
pseudorapidity for a range of jet momenta. The only corrections to the jet energy already applied
are the origin and PU corrections. Figure is reproduced from Ref. [105].

tracks are then associated to the corresponding calorimeter jet. The jet vertex fraction (JVF) is
the pp-weighted fraction of tracks associated to a jet that are matched to the primary vertex. The
variable is subsequently corrected for dependence on the number of primary vertices. The ratio of
the summed pr of all such PV-associated tracks within a jet to the energy of the jet itself (Rpr)
provides further information. These discriminants are combined using a likelihood-based approach

to produce the jet vertex tagger (JVT) discriminant [106].

Flavor-tagging

Jets are identified as containing b hadrons using a boosted decision tree (BDT) multivariate algo-
rithm to combine several lower-level algorithms targeting specific features of b hadron decays [107].
The IP2D/IP3D algorithm exploits the long lifetime of b hadrons through the track impact pa-
rameters dg and zg and their significances. A likelihood ratio technique incorporating track qual-
ity parameters is used to combine information from multiple tracks per jet. The secondary vertex
(SV) algorithm considers two-track secondary vertex candidates, iteratively incorporating additional
tracks and removing reconstructed any SVs due to long-lived particles and material interactions.
The JetFitter algorithm [108] seeks to reconstruct the chain of b- and c-hadron decays inside jets
by determining the flight path of the initial b hadron. This allows decays where only a single track

is reconstructed to contribute information to the b jet hypothesis. These inputs are combined in
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the MV2c10 tagger, which uses a charm-enriched training sample (where the background jets are
7% charm and 93% light jets) to enhance the corresponding rejection power, as charms constitute
the dominant background for many analyses. Multiple working points (WPs) are supported corre-
sponding to b jet efficiency and light/charm-jet rejection factors. Scale factors are applied to MC

simulation so that the efficiency is consistent with that measured in data.

4.4.5 Hadronic tau decays

Tau decays are split among the fully leptonic mode (BR(7~ — ¢~ yv;) = 35%, £ = e, ), other
“one-prong” decays usually with a charged pion (BR =~ 50%), and “three-prong” decays most often
with three charged pions (BR ~ 15%). Fully leptonic decays are inferred through reconstructed
electrons and muons with accompanying EX** while hadronic tau decays are reconstructed using
calorimeter jets, with the techniques detailed in Ref. [109]. Tau reconstruction is performed using
R = 0.4 anti-k; calorimeter jets built from topo-clusters at the LC scale [110,111]. The energies of
these input clusters (different from the EM-scale inputs used in the jet reconstruction described in
Section 4.4.4) are adjusted according to the cluster shape to account for different detector responses
to electromagnetic and hadronic particle showers. The visible energy of the tau decay Thaq-vis PT
is set to the sum of cluster energies within AR < 0.2 at the LC scale. One- and three-prong taus
are reconstructed by determining the origin vertex of tracks associated with the AR < 0.2 region
(which may be different than the primary vertex (PV)) and requiring that either one or three tracks
are matched to the vertex. Separate BDTs are trained for one- and three-prong tau candidates,
based on inputs from the structure of the calorimeter shower and associated tracks. Selections
targeting various signal efficiencies are defined, with efficiencies, scales, and resolutions calibrated

using Z — 7T7~ events.

4.4.6 Missing transverse energy

Missing transverse energy (EX5%) is computed by summing visible object momenta in the plane
transverse to the beamline (so that ph™* ™ ' pPa** I — (). The 2-dimensional vector pi™ denotes
the quantity equal and opposite to this sum, while EX is its magnitude. The visible objects
included in the sum can be decomposed into those associated with the underlying hard-process,
measured as electrons, photons, hadronic tau decays, muons, and jets, as well as those associated with

the soft, unclustered energy deposits which may be accessed through charged particle tracks. Hard

objects are selected which pass standard identification criteria and are accepted in the order listed
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above to avoid double-counting of energy deposits. For example, calorimeter deposits associated with
an electron cannot be counted a second time for an identified tau lepton. Jets partially overlapping
with other objects may fractionally contribute their energies. Particular care is taken in muon-jet
overlap removal to remove jets due to catastrophic energy loss of muons in the calorimeter while
retaining those due to muon final-state radiation (FSR). The soft term is built from quality tracks®
associated to the PV and not with any other object, and as such is highly robust against variation

in the number of simultaneous collisions. Complete details may be found in Ref. [112].

5No attempt is made to correct for soft neutral particles.



CHAPTER 5

Hardware Tracking for the Trigger

5.1 Trigger Upgrades for High Luminosity

The scope of the HL-LHC project [113] is to build on the physics capabilities of earlier LHC runs by
collecting data from an unprecedented number of proton-proton collisions. The 3ab~! target data
set size will be accomplished through a broad program of upgrades. These include upgrades to the
LHC machine to enable the collision of proton-proton bunches at higher instantaneous luminosities
as well as to the ATLAS detector so that these events may be effectively recorded and analyzed. A
schedule of the coming LHC data-taking runs and upgrades is presented in Figure 5.1. The HL-LHC
project will commence after the Phase-II upgrade to the ATLAS detector and is estimated to run
from 2026 to 2038. The planned upgrades to the ATLAS detector to cope with the high-luminosity
environment are described in a Letter of Intent [114], a Scoping Document [5], and Technical Design

Reports for various detector sub-systems®.

5.1.1 Physics Benchmarks

The requirements on the Phase-II upgrades to the ATLAS trigger system are driven by the physics
goals of the HL-LHC. These include measurements of the new scalar particle observed in 2012 to
assess its compatibility with the SM Higgs boson. In addition to precisely measuring its properties
and couplings to the other SM particles, the HL-LHC presents the first opportunity to access the
Higgs self-interaction through di-Higgs production. The large data set will also allow for improved
measurements of the top-quark mass, scattering of vector bosons produced in association with

high-mass jet pairs (VVjj), and electroweak precision observables in single W and Z events. The

SReferences to individual Technical Design Reports (TDRs) are provided in the relevant sections below.

53
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Figure 5.1: An overview of the LHC schedule, from the initial 7 TeV run to the ultimately-planned
14 TeV runs for the HL-LHC. At the time of writing, Run 2 has concluded, entering the period of
Phase-1 upgrades to the ATLAS detector. Run 3 will recommence at a planned energy of 14 TeV
in 2021, after which data-taking will stop once more to allow for major Phase-II upgrades in 2024.
This marks the beginning of the HL-LHC project, aiming to collect 3ab™! of collision data over
10-12 years. Figure is reproduced from Ref. [10].

discovery potential for signatures of New Physics will also be significantly extended, particularly for
scenarios with electroweak production cross-sections, compressed mass spectra, and unconventional
signatures. For many of these targeted examples, the quality of future searches measurements relies
on maximizing the trigger acceptance to each signature. As representative examples, we consider
the case of SM (non-resonant) di-Higgs production and compressed SUSYin further detail.

The SM predicts a value of the Higgs boson self-coupling

A = % (%)2 ~0.13, (5.1)

where my, is the observed value of the Higgs mass and v the Higgs VEV (for a more detailed
discussion see Section 2.2). The parameter can be extracted by measuring the production of pairs
of Higgs bosons, which dominantly occurs through two diagrams and destructively interfere. These
are shown in Figure 5.2. The first involves an s-channel h* decaying to two (dominantly on-shell)
Higgs bosons and the second a box loop of top quarks. Only the first is proportional to Appp,.
The most promising channels to measure the rate of such events are in decays hh — bbbb, bbr 7,
and bbyy. The sensitivity of the bbbb and bbr+7~ channels will completely rely on the ability to
efficiently trigger on relatively low-energy b jets and hadronic tau candidates. Figure 5.3 shows the
sensitivity of the hh — bbbb and bbrt 7~ analyses to the pr requirement on the least-energetic jet or
hadronic tau object. This dependence is used to set the requirements on the multi-jet and hadronic

tau triggers to be used to collect HL-LHC data.
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Figure 5.2: Feynman diagrams are shown depicting the dominant contributions to the gg — hh
process. The box diagram with intermediate top quarks is shown at left, while the diagram with
s-channel Higgs is shown at right. Only the second depends on the Higgs self-coupling. Figure
reproduced from Ref. [1].
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Figure 5.3: At left, the sensitivity of the hh — bbbb analysis to the pr requirement on the fourth
most energetic jet is shown. This is quantified by the corresponding excluded value of the di-
Higgs production cross section with respect to the SM prediction oy, /U,Sl%[ as determined by a
projected analysis of the full HL-LHC data set [115]. No systematic uncertainties are included
and no combination is made with other decay channels. At right, the relative acceptance of the
hh — bbrt7~ process as a function of the leading and sub-leading hadronic tau pr thresholds
is shown. Acceptances are highlighted which correspond to the capabilities of the current trigger
system and proposed upgrades [10].

So-called “natural” scenarios of SUSY predict relatively light supersymmetric partners of the
gluon, top quark, and electroweak bosons [116]. In general, the limits on gluino and stop sparticle
masses will not significantly improve with additional data. This is because they may be pair-
produced via the strong interaction and thus have large enough cross sections that large numbers
of events should have already been seen, even for TeV-scale sparticle masses. However, limits on
the allowed masses of the super-partners of the electroweak bosons are much weaker in scenarios
where they are the only light sparticles, as they must be produced from s-channel W and Z bosons.
In the naturalness-motivated scenario with a Higgsino LSP, a triplet of states is predicted with

O(GeV) mass splittings. Cascade decays of these states to stable, undetectable LSPs via emission
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Figure 5.4: At left, an illustration is shown of the XSXT production process that leads to signatures
with three leptons and missing transverse momentum. At right, the projected sensitivity of analyses
of the full HL-LHC data set are shown as a function of the mass splitting of the electroweak super-
partners [117].

of electroweak bosons, picture in Figure 5.4a, leads to a challenging signature with moderate EMiss
and multiple low-pt leptons. The projected sensitivity to such scenarios was studied in Ref. [117]
and is summarized in Figure 5.4b. Depending on the details of the model, triggers requiring EXiss,
leptons, or a combination of both can provide the best signal acceptance. These are shown for

benchmark SUSY model with mgo — mgo = 20 and 40 GeV in Figure 5.5.

5.1.2 Improvements from Hardware Tracking

The baseline Phase-IT TDAQ upgrade is an extension of the two-level concept used in Run 2. The
first level is the hardware-based Level-0 Trigger (LO Trigger), which targets an output rate of 1 MHz
(increased from 100kHz in Run 2) and the second is the software-based Event Filter (EF), which
shall ultimately select events at a 10kHz rate (increased from the 1kHz output rate of the HLT in
Run 2). A second, evolved option is also being maintained that adds an intermediate hardware-
based selection level. In the evolved scenario the L0 Trigger output is increased up to 4 MHz with
a L1 Trigger output rate of 600kHz (a variant with 2 MHz and 800 kHz rates, respectively, is also
possible). A schematic overview of the evolved system design is shown in Figure 5.6.

In the baseline system, no tracking information is incorporated at the hardware level, with L0

Trigger rates controlled solely by upgrades to the readout and trigger electronics for the calorimeter
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Figure 5.5: At left, the change in acceptance is shown as a function of the leading lepton pr require-
ment for a variety of signal models. The SUSY scenario corresponds to the 5(8)2? — WXy Z*x}
process with a mixture of Bino- and Higgsino-like light sparticle states, with mgy — Mmgo = 40 GeV.
Leptonic decays of the W and Z bosons are assumed. Lowering the trigger lepton pr threshold from
50 to 20 GeV improved the acceptance by more than a factor of four. (A factor of two improvement
is also seen for the hh — bbrT7~ signature where one tau decays fully leptonically). At right,
a similar comparison is shown as a function of the requirement on EX now for a model with

Mgy —Mgo = 20 GeV, essentially inaccessible with lepton triggers. Both sub-figures are reproduced
from Ref. [10].

and muon systems. This information can also be further combined in the Global Trigger, a new
sub-system considering full event data in an array of multiplexed field programmable gate arrays
(FPGAs). The Hardware Tracking for the Trigger (HTT) system would act as a co-processor to
the EF, providing tracks for a wide range of algorithms, such as object-to-vertex association, tau
identification, b tagging, and building a EX* soft term. It’s design and implementation build on
the work of previous track triggers at the ATLAS (FTK [118]) and Collider Detector at Fermilab
(CDF) (Silicon Vertex Tracker (SVT) [119]) experiments. In the evolved system tracks may also be
used by the Global Trigger in the intermediate L1 Trigger, mainly to improve the reconstruction of

hadronic and multi-object signatures.

Multi-jet Triggers

Focusing on the evolved scenario, the HT'T system would significantly improve the trigger thresholds
for the multi-jet and di-tau triggers necessary for the hh — bbbb and hh — bbr 7~ analyses. A large
fraction of the four-jet trigger rate after an L0 Trigger accept is due to multiple high-pr di-jet systems
originating from the different proton-proton collisions. Because the luminous region is significantly

extended in z (with a 3o region of |z| < 15cm), information from tracks associated to jets can be
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Figure 5.6: A schematic outline of the evolved Phase-II TDAQ system is shown [10]. Components
of each of the three logical levels of the system are indicated, as well as the connecting trigger and
readout paths. Compare to the layout of the Run 2 TDAQ system shown in Figure 4.8.
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used to test the hypothesis that all jets have originated from a common vertex. In practice this can
be accomplished with algorithms of varying complexity, two of which are illustrated in Figure 5.7.
The figure shows a study using offline objects to set requirements on the track parameter resolutions
needed in the case of each algorithm.

In both cases, tracking is run in ROIs with size 0.8 x 0.8 about the center of the jet, with tracks
within AR < 0.4 associated to the corresponding jet. An overlap removal procedure is enforced
so that tracks matching to multiple jets are associated to the higher-energy jet. In the ‘window’
algorithm, a variant of the vertex-finding algorithm described in Section 4.4.1 is performed, with
a z-binned histogram filled with each track of each jet. If any bin (corresponding to a particular
‘window’ in z) contains contributions from tracks belonging to at least N of the jets, the algorithm
is passed. The track pr, z histogram window size, and number N of jets contributing to the vertex
are configurable parameters. Figure 5.7 shows the efficiency of hh — bbbb signal and minimum-bias
background events passing a L0 Trigger 4j40 requirement to also pass the vertexing algorithm for
a range of parameter requirements and 3-of-4 jet logic. A more complex JVF-based algorithm is
also considered, where a JVF score (see Section 4.4.4) is calculated for each jet with respect to the

maximum Y p% vertex and a minimum requirement is made on all or most of the jet scores.

Emiss Triggers

The HTT system can be used in a similar way to improve the LO Trigger EX trigger decision.
Due to the high-PU environment of the HL-LHC, the cell- and cluster-based EXs* constructions are
not projected to be feasible. Instead, the ﬁ%liss approach will be used, where the magnitude of the
vector sum over L0 Trigger jets is taken as an estimate of the EfisS. HTT tracks would improve the
performance by enabling ﬁr‘fﬁss to be built only from jets consistent with the primary vertex. The
gain in performance is shown in Figure 5.8a as a function of the track pr threshold available. This
reduces the number of jets used in the sum and thus the susceptibility of the calculation to random
energy measurement fluctuations due to the significant jet energy resolution (JER) of trigger-level
jets. Further possible improvements to the ER estimation with HT'T include track-based energy
corrections similar to those described in Section 4.3.2. Global tracking (not only confined to jet

ROIs) also provides the possibility to estimate the soft-term in an offline-like manner.
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Figure 5.7: The efficiency is shown for events with four 40 GeV jets to satisfy a common vertex
requirement is shown for a hh — bbbb signal process and for minimum bias events with (u) = 200.
Results are shown for the ‘window’ and JVF algorithms described in the text, where three of the
four jets are required to satisfy the vertex criteria. Each plot shows the dependence of the algorithm
performance on a fundamental parameter of the Level-1 Track Trigger (L1 Track) system: at left
the resolution of the impact parameter along z, and at right the minimum pt of the tracks provided.
Tracks are associated to vertices with a characteristic size of 2.50(zp), which is allowed to float
with the track resolution considered. At left, efficiencies are shown for the window algorithm when
4 GeV tracks are considered, demonstrating a background rejection factor of 5x in the case where
0(z9) < 4mm. The rightmost point corresponds to no vertex cut, where only a requirement that one
or more track be matched to the jets is enforced. The algorithm is over 99% efficient for the signal
process for all working points. At right, the minimum track pr is scanned, while the resolution
is fixed at 2mm. Results are shown for both the window (circle markers) and JVF algorithms
(triangles). The more sophisticated JVF algorithm allows for significantly improved background
rejection but provides lower signal efficiency, particularly for a minimum track prt greater than

3GeV.

Lepton Triggers

Finally, the HT'T system would yield improved lepton triggers by requiring that an HTT track be
found in an ROI near the reconstructed EM cluster or MS track. This allows a requirement to
be placed on the more precise, track-based momentum measurement to further reduce the rate of
backgrounds. For a working point 95-97% efficient for signal electrons, a rejection factor of 5x (3x) is
estimated for the one- (two-)electron rate for a 20 GeV (10 GeV) threshold. A factor of 4x rejection is
anticipated for the di-muon rate [10]. Efficiencies for single-particle triggers at the 10 GeV threshold
are shown in Figure 5.8b. Further, isolation requirements could also be enforced using nearby tracks
found in a cone about the lepton candidate. Tau identification is also possible through a consistency

check of the one- or three-prong decay hypothesis.
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Figure 5.8: At left, EMVsS trigger rates are shown as a function of the value of offline EXsS for which
the triggers become 95% efficient in Zh — vbb events. In red circles, the trigger met is constructed
as ﬁ&?iss from all 50 GeV trigger jets, while for the remaining points HT'T tracks are used to enforce
vertex-matching criteria. Scenarios using tracks with minimum pp ranging from 1 GeV to 8 GeV
are shown. At right, minimum-bias background and real-lepton signal efficiencies are compared for
events passing L0 Trigger electron (blue square) and muon (red circle) items. Requirements on the
reconstructed HTT track prare scanned, with specific requirements labeled on the Figure in GeV.

5.2 System concept

As discussed in the previous section, information from charged particle tracks is broadly useful
in the trigger for identifying interesting signatures. The necessary track quality also significantly
depends on the specifics of each algorithm, with fast estimates appropriate for requirements such as
vertex association while greater precision is needed for b tagging and similar. The HTT system is
designed to provide widespread tracking at the hardware and EF levels, with significant flexibility
afforded by a two-stage design. The first stage of the system solves the problem that the number
of track fits diverges combinatorially with large hit densities, though a pattern-based hit filter.
Multi-layer sets of hits are retained only if they are consistent with a bank of patterns pre-stored
in associative memory (AM) application-specific integrated circuits (ASICs). Patterns use a subset
of the detector layers: typically eight of the nine outermost strip and pixel layers. Only hit sets
associated to a matched pattern are passed to an FPGA which performs track fits, based on a local,
linear approximation. These eight-layer tracks can be either directly passed to the component of
the TDAQ system requesting a first-stage track (i.e. EFor L1 Track) or a second-stage fit can be
performed. The second stage extrapolates the first-stage track into the remaining detector layers

(in the barrel region this leads to a 13-layer track candidate) and performs another linear fit.
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5.2.1 Impact of Baseline and Evolved Scenarios

In the baseline scenario, the HTT system functions purely as a co-processor to the EF, providing
tracks on-request depending on the L0 Trigger that fires. The system is divided into two logical
components, Regional Hardware Tracking for the Trigger (rHTT) and Global Hardware Tracking for
the Trigger (gHTT). The rHTT system would provide tracks within ROIs associated with L0 Trigger
trigger objects for use in EF decisions. This tracking would only be run on a subset of L0 Trigger
items, processing an average of 10% of Inner Tracker (ITk) data at the 1 MHz rate. Such tracks
are to be reconstructed in a single stage using the outermost detector layers targeting fast, efficient
reconstruction with acceptable track parameter resolutions. Only tracks with pp greater than 2 GeV
will be reconstructed. The gHTT system is design to provide full-event track reconstruction at a
rate of 100kHz, including two reconstruction stages that make use of all layers of the detector.
These near-offline-quality tracks would be reconstructed with a threshold of pr > 1 GeV and used
for b tagging, EMisS reconstruction, and lepton isolation.

In the evolved scenario the single-stage regional tracking system becomes a part of the L1 Trigger,
providing inputs to the Global Trigger. These would include either tracks with pr > 4GeV at a
4 MHz input rate or 2GeV at 2MHz. Instead of receiving ITk data over a network, the HTT
receives it from the Front-End Link Exchange (FELIX) interface to the ITk front-end. This imposes
a latency requirement of 30 us on the entire L1 Trigger system, with the L.1 Track component allowed
a budget of 6 us. The gHTT system would function similarly to the baseline scenario in this case. A
smaller EF input rate in this scenario (600-800 kHz instead of 1 MHz) lowers the required readout
rate of the ITk pixel system. It also allows for lower hadronic trigger thresholds at L0 Trigger, with
L1 Track information used in Global Trigger algorithms chiefly to reduce rates of ERisS multi-jet,

and di-tau triggers.

5.2.2 Pattern Recognition

The goal of the pattern recognition step of the first stage is to reduce the number of tracks to be fit
without compromising the track-finding efficiency. This is done by only fitting sets of hits consistent
with a realistic track, i.e. those corresponding to a ‘pattern’. Patterns are composed of groups of
individual silicon sensors across multiple layers of the ID. In each layer of the detector, individual
strips and pixels are grouped into one- or two-dimensional arrays denoted super-strips (SSs). A
pattern is a set of SSs across multiple layers of the detector. Typically eight-layer patterns are

considered in the central barrel region of the detector.
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For a typical bank of patterns in the HT'T system, SS sizes of 40 silicon strips and 33 x 403 pixels
in 7 X ¢ are used. Each of the possible SSs are denoted by a unique super-strip identifier (SSID)
indicating the set of strips and pixels which must contain a hit for a pattern to fire, so that patterns
are defined by a set of SSIDs for each detector layer. In strip layers, for example, an SSID of 000015
may correspond to hit clusters on strips 40 through 79.

As hit clusters from real tracks are usually less than a few strips or pixels in each dimension,
the patterns are very ‘wide’ — patterns occupy a much larger larger volume in coordinate space than
a track. For real HL-LHC conditions, the majority of matched patterns (‘roads’) will be due to
random coincidences of hits across multiple layers, so that the rate of matched patterns depends on
the product of SS sizes (and occupancies) across all layers. The don’t care (DC) bit (also ternary
bit) mechanism allows this volume to be tuned on a per-pattern basis.

Setting a DC bit in a single layer allows patterns with two different SSIDs to be combined. For
example, setting the ternary bit (denoted ‘X’) to produce an SSID 0000X will match all hits with
either SSID 00000 or 00001, i.e. strips with index 0 to 79 in the example above. Multiple DC bits
may be set per layer, with Np¢ increasing the effective SS size by a factor of 2VP¢. DC bits may be
set in multiple layers for a given pattern. Controlling the number of total DC bits to be set and the
maximum number allowed in each layer gives precise control over the pattern bank performance.
There is a distinction made between patterns and SSIDs with and without DC bits set, which is
especially important for simulation in particular as the latter can always be re-derived from the
former with re-configured DC bit settings. Patterns formed from binary SSIDs are denoted as thin-
strip patterns (TSPs), with the binary SSIDs also denoted TSP SSIDs at times. Ternary bits are
added to form the final patterns loaded into the AM chips, which are denoted as AM patterns, built
from the ternary AM SSIDs with DC bits optionally set.

While DC bits allow pattern volumes to be reduced and thus reduce the fake rate of matched
patterns due to random hit combinations for a given true track-finding efficiency, majority logic and
wildcards (WCs) are required to maximize the efficiency of finding true tracks. True tracks may
not leave hits in all layers used in the pattern-matching stage due to detector geometry, inactive
material, non-functional modules, and sensor inefficiency, for example. One solution is to consider
all patterns matched which have hits corresponding to N —1 or N —2 of the N layers (often denoted
at 6/8 or 7/8 logic in the N = 8 layer case). However, a more nuanced strategy is possible if the
location of the missing hits can be anticipated, as in the case of geometric inefficiency or known
dead modules. In this case, a WC may be set on a per-pattern basis, essentially replacing the dead

module (or similar) with a hit for every event. This way, patterns with N — 1 hits are not fired if
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Vs. n of tracks with layers 0&1 missing

Figure 5.9: The n and z coordinates are shown for simulated muon tracks with misses in the first two
ITk strip layers, corresponding to both components of the first double-sided layer. Due to correlated
positions of the inactive material (sensor gaps) in each layer, a miss in one layer may accurately
a missing hit in the second. This information can be used to set two WCs only for the patterns
which correspond to tracks likely to fall outside the active area of the sensors in each layer. Figure
is reproduced from Ref. [10].

the miss is in the wrong layer. Figure 5.9 shows the impact of correlated misses among double-sided
strip layers, which can be mitigated by setting appropriate wildcards.

A bank of TSP patterns may be built from a set of muon tracks whose trajectories through the
ITk have been simulated. For a given set of SS sizes, these tracks may be converted into SSIDs in the
selected layers and banks of N-layer patterns (and potentially N — 1, N — 2, ... if using wildcards)
may be constructed. In a post-processing stage, this bank may be converted into the final AM
pattern bank by setting WCs and DC bits. If a pattern is matched, a pattern identifier is passed to
the track fitting machinery, in addition to the hits in each of the layers with SSIDs that match that
of the AM pattern.

5.2.3 Track Fitting

The problem of track fitting is to determine the helix parameters corresponding to a charged particle
track that has left hits in the detector. The central concept of the HT'T fast track fitting procedure
is that this relationship is approximately linear over a sufficiently small region in the space of helix
parameters. In practice this is done by defining regions where each of the particular linear maps
are valid (sectors) and by obtaining the linear coefficients (constants) for each map to be used
in the fitting procedure. The constant banks can then be loaded into the local memory on HTT

track-fitting boards to perform fits in real time.
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Let x; denote the vector of hit coordinates associated with a given track, where i € {1,..., N}
with IV the total number of coordinates. The individual elements of the vector may correspond to
local hit measurements in unique layers of the tracking detectors or to measurements in different
dimensions by the same detector layer (i.e. for the silicon pixel detector). Let ¢; denote the five
true helix parameters of the track, taken here as (pr,n, ¢, do, 29). The goal is to express the helix

parameters as a linear function of the hits

so that the helix parameters ¢, of a similar track with hit parameters z} can be well-approximated
by applying the same fit constants ¢;; and k; as for the original track. In the HT'T system, the same
constants are used for all sets of hits which are recorded in the same set of unique silicon sensors,
usually distributed across multiple physical detector layers.

For each sector, fit constants can be obtained from a large sample of simulated muons, where
both the hit information and truth track parameters are known. Henceforth consider a single sector,
and let ¢;; and k; denote the constants to be determined. The constants can be found by minimizing

the square difference between the true ¢; and approximated §¢; track parameters
((gi = 40)%) = (g — (cijzj + ki)?) (5.3)

over all tracks. Differentiating this expression with respect to k; gives

0

— Yo, a2
0 = grla—a)) (5.4)
_ 9 o
T [£* = 2ci5(wi)k; — 2ki{as)] (5.5)
= 2(k — ai(xi) — (@) (5.6)
(5.7)
yielding the relation that
ki = cij(z;) + (@) (5.8)
Now, differentiating with respect to ¢, gives
_ 9 42
0 = OCim <(QZ - QZ) > (5.9)
0
= e [cijerj(ximn) — 2kicij(x;) — 2¢i5(xiq;)) (5.10)
= 2<Cli<xixm> - kl<$m> - <$lQm>) (5.11)
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Combining this with Equation 5.8 and defining V;; = (x;x;) — (z;)(z;) this gives

0 = aiwizm) — (cws) + (@) (@m) — (T1qm)
- Cli‘/im - <ql><zm> - <Ilme>
= CliVime:jl — (@) (zm) + <5UIQm>)Vn:j1

and thus
cij = ((@i) () + <xiQk>)Vk;1- (5.17)

The quality of a fit is excellent while z; is near the average value (z;), with the error being
proportional to their square difference due to the limitation of the linear approximation. A useful
quality metric is the x2, which further accounts for correlations among the coordinates and is

computed as
X* = (i = (2:))Vi7 (25— (25)) (5.18)

In order to fit tracks and compute a x? value for each one, one must store the constants cij (BN
numbers), k; (5 numbers), and Vi]_»1 (N(N + 1)/2 numbers, as V is symmetric). The number of
parameters stored for V' may be reduced by accounting for correlations among hits due to the
constraint that they originate from a physical track. Thus, the eigenvalue decomposition of the
(symmetric) matrix V~! = UTAU is useful, with U a matrix of unit-normalized eigenvectors (let
the components u;; of U be the ¢ component of vector j) and A a diagonal matrix of eigenvalues.
Five eigenvalues will be nearly zero due to the track constraint, which can be dropped from the y?
computation. Thus, defining A;; = w;; and B; = w;;(x;), with ¢ = 1,..., N — 5 indexing only the
eigenvector components associated with the non-singular eigenvalues, the x? can be approximated
as

X2 ~ (Aij(Ej — Bz)2 (519)

This requires storing N (N —5)+ (N —5) = (N+1)(N —5) numbers. However, this is only fewer than
the N(N 4+ 1)/2 numbers before eigen-decomposition for N < 10. The real benefit of this approach
is in reducing the number of sums and multiplications the FPGA must compute. Multiplying an
m X n-dimensional matrix n x p-dimensional matrix requires mnp multiplications and m(n — 1)p
sums. Thus the original x? requires N2 + N multiplications and N2+ N —1 adds (N x N by N x 1
then 1 x N by N x 1) while the approximate calculation requires (N —5)N+(N —5) = (N+1)(N—5)
multiplies and (N —5)N 4+ (N —=5)+ (N —6) = (N +2)(N —5) — 1 adds, both improvements for all
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N. In the case of tracks contained entirely in the barrel region of the ITk detectors (|n| < 1), hits
in five pixel and four double-sided strip layers may be used, so that the hit vector is 18-dimensional.
This requires 5 - 18 + 5 = 95 constants to be stored for track fitting (using 5N = 90 multiplies and
5(N —1)+5=5N = 90 adds per fit). In addition, 247 constants are needed for the x? calculation,
each of which uses 247 multiplies and 259 adds (versus 152 constants, 380 multiplies, and 379 adds
without eigen-decomposition).

In the first stage, the hits to be fit are determined by the matched patterns. If hits are present in
all N layers, the corresponding constant set is retrieved based on the pattern identifier so that the
fit proceeds with the full coordinate set. The track x?2 is also computed, with tracks only retained
if a loose requirement is satisfied.

Fits with < N layers must be conducted when either hits are not present in each of the N layers
(missing coordinates) or if the x? for the N-layer track is poor (a recovery fit). This requires a
modification to the N-layer fit procedure either by: using a separate, lower-dimensional constant
set, or; substituting dummy hit coordinates into the fully-dimensional constant set. Both strategies
have been investigated in the context of the HTT system, with each incurring costs in different
parts of the system (memory versus fit resources). In the latter configuration, hit coordinates are
guessed which minimize the x? of the corresponding track fit. At this point, the resulting first-state
fit tracks may be passed back to the EF or extrapolated into the remaining layers of the detector
for an expanded second-stage fit, making use of the additional coordinates.

An overlap removal (historically denoted as the ‘Ghostbuster’ or hit warrior (HW) algorithm)
may also be applied (at several possible stages) to reduce the number of tracks which share common
coordinates. The algorithms removes tracks which share hits in common, deciding which to retain
based on the y? of each fit and the number of hits associated to each track. Often first-stage tracks

are required to have at least three unique hits.

5.2.4 Extrapolation and Second-Stage Fit

First-stage tracks are associated to the additional detector layers used in the second-stage fit with
a two-step extrapolation procedure. Recall that a fit sector (the region over which a particular set
of fit constants is valid) is defined to be a union of single modules in each layer of the detector.
A single first-stage sector, built from modules in each of the first-stage layers, may correspond to
a subset of second-stage sectors. This is to say that multiple 13-layer sectors (in the ITk barrel,

for example) may share the same 8-layer subset in the first-stage layers. A connection denoted the
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association of a first-state sector to a second-stage sector, so that many potential connections are
possible per first-stage sector. For each connection, the corresponding all-layer fit constants may
be used to extrapolate the first-stage track into the remaining modules using the same hit-guessing
machinery described in the previous section. The extrapolation window may be set on a per-layer
basis to optimize the extrapolation efficiency for true tracks, with all hits falling within the window
considered in the all-layer fit. Thus for each connection and for each all-layer hit combination a full
fit is executed.

A similar set of configurable parameters is available to the second stage as is used in the first-
stage. In addition to the number of connections considered per first-stage track and the range
(‘window’) of hit coordinates considered about the extrapolated (‘guessed’) coordinate, hits may
be required in only a subset of the new layers. In the barrel, typically only three or four hits are
required in the five additional layers, with wildcards also considered, with dedicated N — 1 hit
constant sets used to anticipate missing hits. Variable requirements on the track x? can also be
used to run recovery fits and control the rate of fake tracks. Overlap removal criteria may also be
set in a manner similar to that described for first-stage tracks, with at least six of thirteen hits often

required to be unique.

5.3 Simulated Performance

The performance of the HT'T system design has been simulated using the FTKSim package originally
developed for the FTK [118] and the online SVT [119] for the CDF experiment. Each conceptual
step of the track finding and fitting processes is implemented in the simulation, though not in a
manner designed to perfectly match the hardware implementation of each process. For example,
constants are stored with floating-point precision instead of fixed-point, and data organization and
pathways are simplified. This allows for increased simulation speed, simplified design, and quick
configurability. Separate bit-level simulations of low-level processes exist elsewhere and are planned
to be integrated into the developing HTTSim software framework.

The HTT system must achieve high efficiency for real tracks while achieving a low rate of
fake tracks. The real track efficiency can be studied in detail by considering single muon events.
Performance is also checked in single pions and electrons, for which efficiencies can be lower due to
bremsstrahlung and multiple scattering. Fake track rates are studied using minimum-bias events,
where true tracks with pp above several GeV from PU collisions are generally rare, compared to

matches from random coincidences of hits from various low-pr tracks. For ROI-seeded tracking, the
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rate of tracks within jets is also relevant, producing a larger track rate.

As the HT'T system is not yet fully defined, a number of configurations were compared to optimize
the system design parameters. A region in the central barrel was selected to measure the performance
using the latest available ITk geometry’” The region with 0.1 < 7 < 0.3 and 0.3 < ¢ < 0.5 is studied
(roughly corresponding to the single hardware processor unit described below), which is covered
by the five concentric pixel layers and four double-sided strip layer of the ITk. Based on earlier
optimizations prior to the release of the Phase-II TDAQ TDR [10], seven strip and one pixel layers
were selected to be used in the first stage: the outermost pixel layer, the innermost strip layer, and
the six outermost strip layers. The second-innermost strip layer and four innermost pixel layers are
considered in the second stage. The SS sizes indicated above were also found to perform well in

pattern-matching studies in this early round of optimization.

5.3.1 First Stage Simulation and Performance

The pattern-matching performance is studied for the configuration with one pixel and seven strip
layers. For strip layers, a TSP SS size of 40 strips is chosen. Pixels are also ganged together into
SSs that are long in the z coordinate (403 pixels, corresponding to half of the sensor), so that not
so many patterns are spent finding tracks that are very similar in z. To maintain a relatively small
SS area in the pixel layer, the SS is selected to be 33 pixels wide in the bending coordinate.

TSP pattern banks are produced with this configuration from a large set of single muons (up
to a few billion). In the gHTT scenario, a final AM bank of 3.75 million patterns per 0.2 x 0.2
region in 7 X ¢ is foreseen to reconstruct tracks with pr > 1 GeV. To ensure high efficiency in this
region, patterns are generated from muons in a slightly larger region of phase space, corresponding
to 0.24 x 0.24 in X ¢ and pt > 800 MeV. The RMS of the beamspot in z is foreseen to be 5cm, so
the target fiducial region is selected to be |z| < 30 = 15 cm. Tracks are considered with dg < 2 mm.
The training sample of single muons is drawn with flat priors on the particle zg, do, 7, ¢, and 1/pr
in the ranges specified. For each muon with hits in all 8 — Ny layers, the SSID of each hit is stored
as a pattern in the bank. The number of independent muons producing the same pattern is also
recorded, so that only the most ‘popular’ patterns can be used for the final bank if desired.

A second strategy for pattern bank generation is also possible, instead of the one using fully-
simulated single muons described above. The ‘fast inversion’ strategy uses the constants from the

linear track fit (mapping 9-dimensional track coordinate space to 5-dimensional helix parameter

“In the results presented below, this is the “Step2.2” geometry used in the pixel detector TDR [120], in which
the description of the silicon strip detector is largely unchanged from the corresponding TDR [121].
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space) to generate hit coordinates from random track parameters. In this method, five helix param-
eters are randomly chosen in the specified range and the sector corresponding to these parameters is
selected (with the most popular sector selected in the case of multiple matches). The corresponding
fit constants are used along with 9 — 5 = 4 random Gaussian constraints to produce pseudo-track
coordinates which are converted to SSIDs and then a pattern. Both strategies are compared, with
the latter having the advantage of being significantly less computationally intensive, as muons are
only needed to generate fit constants and not each pattern.

To produce the final AM bank these (O(100M)) TSP patterns are combined by setting DC bits
to produce a bank of 3.75 million patterns. Up to two SSs may be combined for the pixel layer
with DC bits in each dimension, while three are allowed in the strip layers. The maximum number
of DC bits set per pattern allowed is scanned, with the optimal number found to be small enough
so that the per-layer maximum number of DC bits has little impact. AM patterns are produced
with an iterative procedure considering TSP patterns ranked by the number of (pseudo-)tracks that
have produced each pattern. The most popular TSP pattern is added to the AM bank. Subsequent
TSP patterns are combined with existing patterns in the bank by setting DC bits in existing AM
patterns if possible, else new patterns are added to the bank. Once the AM bank contains the full
3.75 million patterns, still-to-be-considered TSP patterns can no longer be added to the bank, but
may still be used to set further DC bits in the existing AM patterns, so long as the per-pattern
limits on the total and per-layer number of DC bits is respected.

Figure 5.10 shows the single muon efficiency versus the average number of matched patterns
(roads) per event in a minimum-bias sample for a variety of configurations. Banks are compared
which have been produced using the fast inversion technique as well as the fully-simulated single
muon patterns. The fast inversion generally does not perform as well, but the procedure should
continue to be studied and tuned in order to perform its performance relative to the fully-simulated
bank. The performance is also compared for banks produced with either one or two WCs, and for
matching criteria that requires only six or seven out of eight matching hits. A requirement that hits
are present in all eight layers was found not to give acceptable efficiency for all configurations. For
all configurations, the relative volume of patterns in the bank is varied by scanning the maximum
number of DC bits allowed per pattern. A high efficiency (> 98%) is obtained for a number
of configurations, with the full-simulation muon bank with two WCs, seven-of-eight logic, and a
maximum of five DC bits per pattern yielding the lowest number of roads per event (220 roads,
98.6% efficient).

Each combination of hits corresponding to matched patterns are fit, with the number of fits
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Figure 5.10: The efficiency to find muon tracks is compared to the number of matched patterns
(roads) as a function of the pattern bank and matching logic. Banks are compared where the TSP
bank has been produced using fully simulated single muon events as well as ‘fast inversion’ pseudo-
tracks produced from the eight-layer fit constants. Banks with one and two WCs are compared, as

well as matching logic requiring six- or seven-of-eight hits. For each of these configurations (denoted

by distinct colors) the number of maximum DC bits per pattern is scanned, with more DC bits
giving both higher efficiency as well as a larger number of matched patterns.
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Figure 5.11: At left, the efficiency is shown for single muon events as a function of the x?/nDOF
requirement. The default requirement of 40 is very loose, nominally to ensure a high signal efficiency
for tracks extrapolated into the second stage, and could be tightened upon further optimization. At
right, efficiencies are compared for single muon, pion, and electron samples. Efficiencies are poorest
for electrons due to bremsstrahlung energy losses leading to ‘kinked’ tracks, but could be mitigated
by incorporating additional particle species into the sample of training events.

given by the product of hit multiplicities over each layer of the road. A loose requirement on the
fit quality (x? divided by the number of degrees of freedom (nDOF) less than 40) is made and HW
logic is set to retain tracks which have at least three unique hits. Overlaps are resolved by selecting
tracks with more hit coordinates and a lower x?/nDOF. Figure 5.11a shows the change in efficiency
as a function of the x?/nDOF cut for single muon events. The relative efficiency of single muons,
pions, and electrons is shown in Figure 5.11b for a benchmark configuration requiring seven-of-eight
matches, one WC at most four DC bits per pattern, and a full-simulation TSP bank.

The dependence of the number of first-stage tracks on the number of matched patterns is shown
for a number of configurations in Figure 5.12a. The rate of fake tracks is further quantified in
Figure 5.12b using truth information associated to each track. Each hit is assigned the an identifying
‘barcode’ denoting which truth particle in the event record deposited a plurality of the hit’s charge.
The ‘barcode fraction’ of a reconstructed track gives the fraction of hits originating from the same
truth particle, maximized over all truth particles. For example, an eight-layer track with barcode
0.25 would have only two hits originating from the same truth particle, with the other four coming
from random hits from other tracks. A requirement on the barcode fraction (often above 70% or

80%) may be used as a sensible definition of fake tracks.
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Figure 5.12: At left, the relation between the number of matched patterns (roads) and first-stage
tracks is shown for the same variety of configurations considered in Figure 5.10. At right, the
barcode fraction for the set of accepted first-stage tracks is shown for the optimal previously selected
in Figure 5.10 (using the full-simulation muon bank with two WCs, seven-of-eight logic, and a
maximum of five DC bits per pattern yielding 220 roads and 13 tracks). The entry corresponding
to tracks with 100% barcode fraction is suppressed, with 36% of first-stage tracks found to have a
barcode fraction of less than 70%.

5.3.2 Second Stage Simulation and Performance

Each first-stage track is extrapolated into the second-stage layers, with multiple connections per
event studied. Optimization studies showed little benefit to considering more than eight connections
per first-stage track. A best-fit coordinate is obtained for each layer of the extrapolation, with hits
falling within a range of that coordinate considered for further fits. A two-sigma window (with
errors propagated from the covariance matrix of the first-stage fit) was found to be sufficient to
retain excellent signal efficiency while combinatorially reducing the number of track fits to consider.
An extrapolation is considered successful when at least one hit is within the extrapolation window
in three or four of the five additional layers. In the other layers, either hits may be guessed or
additional dedicated (N — 1)-layer constant sets may be used with WCs. As incorporating WCs
would reduce the number of hit guesses, the performance is compared in Table 5.1. With the current
implementation, WCs are only set when simulated muons fail to impinge on all thirteen layers of
the detector. While the performance improvement is not significant when adding wildcards, and the
four-of-five configuration with one wildcard does not match the performance of three-of-five logic
even when allowing up to 20 connections per first-stage track, it is possible that a more aggressive

strategy would offer further improvements.
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The resolutions of the first- and second-stage track parameters are presented in Table 5.2 and
are compared to the values obtained using offline algorithms. Second stage tracks are found to have

near-offline quality, with all resolutions within a factor of two.

5.3.3 Simulation and Performance in the Forward Region

In addition to the central barrel region described above, further forward regions were studied in
which the choice of layers to use in each fit stage can be more complex. The region with 1.2 <
1 < 1.4 includes the transition between the ITk strip barrel and endcap. Simulation shows results
comparable to that of the central barrel region and will not be described in further detail here.
However, the far forward region 3.0 < n < 3.2 poses significant new challenges, as tracks enter only
the innermost layers of the ITk Pixel Detector. In this region all tracks leave at least nine hits in the
detector, with an average of 13 hits on track. The ITk geometry as described in the Pixel TDR [120]
and considered in the studies documented herein is shown in Figure 5.13, alongside a more recently

update design [122].

AM Chip Inputs and Logical Layer Assignment

The AM pattern recognition chip input bus takes eight channels of ITk data, which were assigned
to independent layers of the strip and pixel detectors (seven strip and one pixel) for the barrel
region discussed above. In the forward region, the detector layers must be assigned to the AM bus

differently, as muons impinge may only on the three innermost pixel layers. Instead of using layers of

Table 5.1: A comparison of the single-muon efficiencies and data-flow metrics for five separate
configurations of the second stage. The number of hits required in the addition five detector layers
is varied between three and four, while one WC is also optionally allowed. For the configuration
requiring hits in four layers and one WC, a configuration allowing up to 20 connections per first-stage
track is also considered instead of eight.

Required hits 3 3 4 4 4
. Wildcards 0 1 0 1 1

Configuration .

Max connections 3 3 3 3 20

per lst-stage track
Single-muon vs. Offline 0.964 | 0.964 | 0.941 | 0.943 | 0.952
efficiency vs. 1st stage 0.976 | 0.977 | 0.952 | 0.954 | 0.964
Data flow in Extrapola.tions 3.6 3.7 3.0 3.0 3.0
inimum-bias Combinations 41 42 29 30 34

Tracks 2.8 2.8 2.7 2.7 2.7
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Figure 5.13: The geometry is shown as presented in the ITk Pixel Detector TDR, [120] (top) alongside
the recently updated layout of the Pixel detector [122] (bottom).
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sensors in r, eight ‘logical layers’ may be defined by combining detector modules that should contain
hits from all muons in the n range targeted. Because all patterns in the region would be loaded
onto a single pattern recognition hardware unit, there is strong motivation to utilize the same set
of logical layers for all muons in the region.

Defining logical layers in this manner involves partitioning the set of modules® hit by all tracks
into disjoint subsets. Several algorithms were studied to develop these partitions, using the guiding
principle that modules should be combined which are not tightly overlapping and which contribute
orthogonal hit information. This information is captured in a module correlation matrix

sum of muons with hits in modules ¢ and j

M (module 4, module j) = (5.20)

sum of muons with hits in module ¢
shown in Figure 5.14, where off-diagonal entries represent the relative fraction of shared hits between
two modules. A coverage map is also displays the fraction of muons leaving hits each module, which
shows that only about 25 modules have an appreciable number of hits from muons in this 7 region.

Three algorithms were investigated to partition these roughly 25 modules into eight-layer sets
providing maximal coverage for all simulated muons. The ‘greedy’ algorithm forms the first logical
layer using the highest-coverage module and then adds modules to this layer that provide coverage
for the largest number of additional muons. Layers are deemed complete when a set of configurable
criteria are met: either a maximum coverage met by the layer (e.g. 95%, 98%) or with a maximum
number of modules included in the layer (2 or 3). The ‘democratic’ algorithm first distributes the
eight highest-coverage modules to each of the eight logical layers, then adds modules to the lowest-

coverage layer first, continuing until all modules have been utilized. The ‘pair/triplet’ algorithm

Table 5.2: Helix parameter resolutions are compared for 1 GeV tracks matching truth muons, recon-
structed with the first- and second-stage gHTT configurations as well as the offline reconstruction
in the region 0.1 < 7 < 0.3 and 0.3 < ¢ < 0.5. Additional pixel layers considered in the second
stage dramatically improve the impact parameter resolutions with respect to the first stage, leading
to resolutions within a factor of two of the offline-reconstructed performance.

Resolutions for 1 GeV tracks with 0.1 < n < 0.3

Helix parameter ‘ First stage Second Stage Offline

q/pr [GeV~1] 0.01 0.01 0.01
7 0.003 0.002 0.002
10) 0.002 0.002 0.002
zo [mm] 0.9 0.14 0.07

8Modules with identical ¢ coordinates are always assigned to the same layer, so that the individual models
considered are those shown in the r — z view of the detector in Figure 5.13, near n ~ 3.
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Figure 5.14: An analysis is shown of the per-module coverage and correlation for muons in the region
3.0 < np < 3.2. Top: an r — z display of the ID is shown with each module colored according to
the fraction of simulated muons penetrating the respective sensor. The shaded light yellow region
illustrates the fiducial region of all tracks, accounting for the full ranges of simulated n and z.
Bottom: the module-to-module hit correlations are shown, with a per-module index (indicated on
the Figure at left) shown on the horizontal and vertical axes. Each entry M (i, j) represents is the
fraction of muons leaving hits in module ¢ which also leave hits in module j.
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Figure 5.15: The optimal assignment of detector modules to logical layers obtained using the dou-
blet/triplet algorithm described in the text is shown. Modules are labeled by color for each layer
and numbered from zero through seven. Six logical layers are constructed using the outermost pixel
layers, with the final two using the innermost layer, whose readout may present challenges in some
HTT scenarios.

computes the coverage of all pairs of modules and selects the partition (built from non-overlapping
pairs) where the coverage of the lowest-coverage layer is maximized. Naively, a large set of partitions
must be checked in the last algorithm, with 25 modules giving (225) = 25!/(23!2!) possible pairs so
that the number of partitions is (225) . (223) (127) = 25!/(15!28) ~ 46 billion. This computational
challenge can be solved by using the output of one of the previous algorithms as a seed — though these
solutions may not provide the absolute best solution, they should provide a close approximation.
With this strategy, many pairs and partitions can be efficiently discarded so that a much smaller
set can be explicitly tested to find the optimal partition. While is it not computationally feasible
to repeat the algorithm with module triplets instead of doublets, the doublet solution produced by
this algorithm may be augmented by adding the ~ 25 — 2 -8 = 9 unused modules to existing logical
layers to improve coverage. The optimal solution found by this algorithm for the 3.0 < n < 3.2

region is shown in Figure 5.15.

Studies with Limited Layer Availability

The pair/triplet algorithm was also used to study the ability to reconstruct tracks at large 7 in
scenarios where the full ID is not available for readout. This is relevant in the L1 Track scenario,
where the large data rate of the innermost pixel regions may prevent their use in a high-rate track
trigger. While the impact on pattern recognition for central regions would be minimal, the lack
of an inner layer would inhibit forward tracking, where multiple logical layers are built from the
same detector layer. To study this dependence, the total number of modules hits per muon and
the performance of logical layer assignment was studied for a range of eta regions, as shown in

Figure 5.16.
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Figure 5.16: At left, the number of modules (modulo phi) hit per muon track is shown for muons in
the range 2 < 17 < 4, where only the three outermost pixel layers are considered. The normalization
is arbitrary, with zero entries suppressed. Beyond n = 2.2 (2.4), tracks are found which leave hits in
fewer than 8 (6) modules. In each region of Apy = 0.2, the triplet logical layer assignment algorithm
is run for a range of target logical layers. At right, the fraction of muons leaving hits in the layer
of poorest coverage is shown for each configuration. For 2.2 < n < 2.4, eight logical layers may be
assigned that give 100% coverage, while for the adjacent region 2.4 < n < 2.6 only six logical layers
may be constructed that are hit by 99% of all muons. In the farther forward region the coverage is
significantly lower, even for configurations with a reduced number of logical layers.

Simulated gHTT Performance

Using the layer mappings described above, tracking performance is tested in the forward region
3.0 < n < 3.2. The logical layers defined in Figure 5.15 were used, nominally with only the
outermost six layers (numbered 0-5) used in the first stage and the remaining two layers in the
second stage. The SS sizes are set to be constant functions of the physical detector layers, and were
optimized in a two-step procedure. In the first step, SSs are fixed to have the same number of pixels
in n and ¢ and the relative sizes in each layer are scanned, while in the second step the optimal
per-layer aspect ratios are determined. The resulting sizes from inner layer to outer are 18 x 32 in
1 X ¢, followed by 22 x 22, 36 x 25, and 58 x 40. With five-of-six-layer pattern matching, a maximum
of five set DC bits was found to be optimal with up to two bits allowed per layer, leading to an
efficiency of 98.8% for single muons with an average of 60 matched patterns in () = 200 minimum
bias events.

Extrapolating into the final two logical layers leads to eight-layer tracks with 16 measured coor-
dinates, comparable to the 18 (5 x 2 pixel + 8 strip) measured in the inner barrel region. The track
parameter resolutions for six-layer and eight-layer tracks are presented in Table 5.3 and compared

to the offline quantities.
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5.4 Hardware Implementation and System Design

The hardware implementation of the HTT system is comprised of 96 independent “HTT units”
functioning as independent tracking engines that together provide full detector coverage. Each unit
receives a fraction of the raw ITk data and processes it as a part of the first- or second-stage HTT
subsystems. The main component of the system is the Track Processor (TP), an Advanced Telecom-
munications Computing Architecture (ATCA) board that can be configured to host two species of
mezzanine card: either a Pattern Recognition Mezzanine (PRM) or a Track-Fitting Mezzanine
(TFM). The HTT unit is comprised of seven interconnected TP boards, six of which are configured
with PRMs and denoted Associative Memory Track Processors (AMTPs) while the remaining one
is configured with TFMs and denoted an Second-Stage Track Processor (SSTP).

The TP is responsible for unpacking, clustering, and synchronizing ITk data, which it receives
either over a commercial network via the HTT Interface (HTTIF) to the EF in the baseline scenario
or directly from the front-end via FELIX cards. Data is transmitted to the board through optical
multi-gigabit transceivers through the Rear Transition Module (RTM) and routed to the main
FPGA for further processing. Clustering for a single event may be split across multiple TPs with
the outputs shared across the backplane and sent to the appropriate board for further processing,
so that the pixels in particular need not be clustered multiple times per unit.

For first-stage processing, clustered data for a single region of a single event are collected on a
common AMTP, where they are transmitted to a PRM. The PRM is composed of a series of AM
chips [123], each loaded with a set of eight-layer patterns, in addition to an FPGA and potentially

an external memory source. In the FPGA firmware, SSIDs are associated to each cluster and

Table 5.3: Helix parameter resolutions are compared for 1 GeV tracks matching truth muons, recon-
structed with the six- and eight-layer gHTT configurations as well as the offline reconstruction in the
region 3.0 < n < 3.2 and 0.3 < ¢ < 0.5. Considering additional pixel hits in the second stage may
significantly improve resolutions that do not currently reproduce projected offline-reconstruction
performance.

Resolutions for 1 GeV tracks with 3.0 < n < 3.2
Helix parameter ‘ Six-layer HTT  Eight-layer HT'T ~ Offline

q/pr [GeV] 0.09 0.07 0.01

0 0.005 0.004 0.0006
¢ 0.008 0.004 0.004
do [mm] 0.42 0.17 0.16

zo [mm] 4.2 2.2 2
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recorded in a Data Organizer (DO) unit before being sent to the AM ASICs which returns a list
of matched patterns. The DO retrieves the hits corresponding to SSIDs of the matched patterns
as well as the fit constants (based on the sector associated to the road identifier), and passes this
information to the track fitting engines. Successful fit results are relayed to the AMTP, including
helix parameters, the fit x2, and road and sector identifiers. Overlap removal may be performed in
the AMTP before transmitting first-stage tracks to either the Global Trigger / EF systems or the
second-stage processing unit.

When second-stage processing is requested, first-stage track information is propagated from one
of the six AMTPs to the single SSTP associated to the HTT unit. Due to the large volume of
pixel data needed for the additional detector layers used in the second-stage fits, the pixel clustering
burden must also be shared among the AMTPs and transmitted to the SSTP for the final fits. The
SSTP organizes these inputs and transmits them to the TFM, which is essentially composed of a
single FPGA with large internal memory for fast access to the large fit constant matrices needed
in the second-stage fits. The firmware is divided into extrapolator, track-fitting, and DO units that
associate first-stage tracks to clusters, perform the fits, and facilitate cluster, track, and constant
assignments, respectively. Overlap removal may also be performed at this stage after the fit tracks

are transmitted to the SSTP. The final tracks are sent to the EF via the HTTIF.

Physics Impact on Hardware Organization

The HTT system is designed to enable a trigger menu more aggressive and ambitious that would be
possible without an upgrade to the present TDAQ system. The targeted physics signatures, menu
design, and detector geometry all place inter-related constraints on the design and organization of
the HTT system.

In the L1 Track and rHTT scenarios the entire detector need not be read out, but only the
region about the physics object of interest. The trigger menu thus dictates what fraction of the
detector must be processed by the HT'T for each event. Consider the illustrative case of a regional
tracking request following a L1 Trigger muon accept. The item will produce tracking requests in
ROIs with 7 values distributed across the region |n| < 2.5 and all of phi. Assuming the requests are
uniform in 7 and ¢, one can assess the fraction of such events for which each module in the detector
need be read out. This is done using simulated single muons across the region and asking in which
detector modules each has left a hit. Figure 5.17 shows this fraction for each module, averaged over

the ¢ coordinate. Note that due to the spread of the beam-spot in z it can be necessary to process
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Figure 5.17: The relative fraction of events for which each detector module must be read out is
shown for two sets of L1 Trigger ROIs, as a function of r — z. At left (right) the usage fractions are
shown for muon (jet) ROIs that are uniformly distributed in the region || < 2.5 (4.0).

detector modules with |nget| > 2.5. The central pixel modules must be read out for a large fraction
of events due to their large areas in projective nn — ¢ space. The corresponding information for jet
ROIs (0.8 x 0.8) over the full detector n range is also shown. The EMXIs (ﬁrTniss) trigger requires
tracking in an average of five such jet ROIs per event.

Similar information for all trigger menu items can be combined according to their rates to produce
a projected average request fraction across all events. This is shown in Figure 5.18 in addition to
a contingency factor. For all but the innermost pixel layers, the average readout fraction is below
10%, with the pixel and central-most modules required much more frequently than those at large
n. The asymmetry places limits on the HTT hardware, determining the data-throughput to be
supported, as well as suggesting load-balancing strategies to share the computational burden across
large regions of 7.

Duplication of data among the 96 HT'T units and various hardware sub-units motivates strategic
division of the detector. The large size of the beam-spot in z leads to the innermost pixel modules
being necessary to reconstruct tracks with vastly different polar angles. Similarly, the large bending
angles of low-pr tracks means that the outer strip layers must be duplicated among adjacent units
in ¢. Because of the sheer volume of pixel data, the HTT unit configuration found to minimize the
total duplication is to have three units in 7 and 32 in ¢. A more detailed account of the data rates

and processing division among processing units may be found in Ref [10].
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Figure 5.18: The relative fraction of events for which each detector module must be read out is

shown assuming the trigger menu stated in the Phase-II TDAQ TDR [10].



CHAPTER 6

A Search for Top Squarks

6.1 Collider Phenomenology

In Chapter 3, we introduced the framework of SUSY and the MSSM Lagrangian, which is the
minimal extension of the SM Lagrangian that respects SUSY. Further, the soft SUSY breaking terms
were discussed, which generate larger masses for the superpartners than those that are realized for
the SM particles. The masses of the scalar partner of the top quarks #; and #3 are controlled by
the mg3r and mrr soft masses, in addition to the trilinear coupling A, and the ratio of up- and
down-type Higgs VEVs tan 8. The mg3;, parameter is associated with the superpartner of the left-
handed top quark and thus also gives mass to the left-handed bottom quark residing in the same
SU(2) doublet. The mpgr parameter is associated with the right-handed, SU(2) singlet top quark,
with a separate parameter setting the mass of the right-handed sbottom. In general, the stop mass
eigenstates are mixtures of the left- and right-handed components. Thus, if the lighter of the two
physical top squarks (#1) is primarily left-handed, a sbottom should generically also have similar
mass. In the following discussion, the “stop” ¢ will refer to the lighter of the two top squarks ti,
with the heavier £, assumed to be inaccessible at the LHC.

The natural target for ¢ searches at the LHC is to consider top squark-anti-squark (#*) pair
production. Because the # is charged under SU(3), this process can proceed via s-channel gluon
diagrams and does not depend on the spectra of any remaining SUSY particles. The cross section
for this process is large at the LHC, as shown in Figure 6.1. For a stop mass of 500 GeV, the
production cross section is 610 fb, yielding 22 000 events in the recorded 2015+2016 data sample of
36 fb~—1. The tt* cross section is lower than for gluino pair production for common sparticle masses,

as the gluinos enjoy a larger color multiplicity factor that enhances their relative cross section.
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Figure 6.1: Cross sections (in femtobarns) for sparticle-anti-sparticle pair production in proton-
proton collisions at a center of mass energy of /s = 13 TeV. Rates are shown as a function of
sparticle mass for three species. The top squark cross section is for only the lightest of the two mass

eigenstates, t;. The Higgsino cross section shown is the sum of X?)Zg/igﬁc/ﬁtﬁ In all cases,
production cross sections are presented assuming that all other SUSY particles are decoupled. These
data are taken from calculations presented in Refs. [124,125].

However, it is much larger than for the direct production of light electroweakinos, which must be
produced via the weak interaction.

When considering the production of #£* pairs, generally the contributions of other sparticles to
the cross section is not considered. Light gluinos, for example, could significantly enhance the rate
at which stop pairs are produced, but are not considered to reduce the model-dependence of the stop
search. This is a reasonable choice because gluinos light enough to enhance the #£* cross section for
stop masses considered in this search have already been excluded by analyses of Run1 LHC data.

However, model-dependence must be introduced when considering how the stop can decay. The
first logical possibility is that the stop is the LSP. In this case, its decay is forbidden by R-parity
conservation, and the stop must form a color-neutral R-hadron in association with SM quarks
and gluons. Dedicated searches for R-hadrons have been conducted by ATLAS and CMS, using
techniques particular to slow-moving, massive particles: measurements of ionization energy losses in
the silicon tracker and time of flight (ToF) obtained from the tile calorimeter and muon system [126,
127].

An electromagnetically neutral, stable sparticle could serve as an excellent dark matter candidate,

motivating the consideration of such particles as the LSP. Charged, stable LSPs would generally
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lead to anomalously heavy nuclei, and are constrained by heavy hydrogen searches (see, for example
Ref. [128]). A neutrino superpartner is one LSP candidate, though in general the annihilation rate
is too large to produce the observed relic abundance [129-131]. This possibility is also severely
constrained by direct detection experiments (find latest Refs. in Sect. 2.4) and measurements of the
invisible width of the Z boson [132].

The remaining LSP candidates are the neutralinos, partner to the B, W°, and Higgs (h, and
hg) bosons. Each of these LSP candidates, denoted )2?3, X?/V, and )22, is controlled by an independent
parameter (the soft masses M7 and My, and the SUSY Higgs mass parameter p, respectively). Thus
the lightest neutralino )Z?, a mass eigenstate, may be dominantly composed of any of these three

species. We consider each case separately.

e Bino-like LSP: When the Bino mass parameter M; is much less than M, and p, the X% is the
only light electroweakino. The state may be arbitrarily light and cannot be produced directly
at collider experiments due to SM symmetries. Thus a Bino LSP can only be identified as the

decay product of other sparticles.

e Wino-like LSP: The Wino mass parameter My controls the mass of the SU(2) doublet contain-
ing X7 and )Zli The latter has a mass which is 150-165 MeV larger than the neutral component,
a splitting dominated by one-loop electroweak corrections [133]. The )a: must be heavier than

roughly 100 GeV to evade constraints from LEP experiments [62,134-139].

o Higgsino-like LSP: The four physical states X7,X1 ,X3 of the Higgsino SU(2) triplet have masses
set by the parameter p. A splitting of 355 MeV between the charged and lighter neutral states
is expected in the decoupling limit [140]. The accompanying chargino thus also constrains the

Higgsino LSP to have a mass above 100 GeV.

In all cases, the top squark may decay to a top quark and neutralino f — X} if the channel is
kinematically allowed. This process is shown schematically in Figure 6.3(a). If not, various many-
body decays can become important, among them ¢ — bWif(?, t — bff'f((f, where f and f’ are
fermions from an off-shell W boson decay, and even ¢ — eX?. The regions where each decay channel
is important is shown in Figure 6.2. In the wino and Higgsino cases, the f — bXi decay channel
may also be open, as shown in Figure 6.3(b). In such cases, the )H_L is unstable and thus decays to
the LSP via emission of a virtual W boson. The decay fraction for each sub-process depends on
details of the sparticle mass spectra as well as other parameters of the full theory (electroweakino

mixing, tan (3, signs of mass terms, and so on).
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Figure 6.2: A map in the space of sparticle masses where various decays of the top squark are allowed
to proceed. The stop mass is scanned on the z-axis, while the neutralino LSP mass is scanned on
the y-axis. The blue region where the LSP mass is greater than the stop is not physically meaningful
and thus not considered. When the stop mass is greater than the sum of the LSP and top-quark
masses the tN decay dominated. While the other decays pictures for smaller mass splittings are
also possible, they are strongly suppressed by the top-quark line-shape.
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(a) top-neutralino decay mode (b) bottom-chargino decay mode

Figure 6.3: Schematic diagrams of #£* pair production with subsequent decays to (a) top quarks
and neutralino LSPs,; (b) bottom quarks and chargino next-to-lightest supersymmetric particles

(NLSPs).
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Figure 6.4: The masses of the dominantly-Higgsino physical eigenstates X?,ﬁc, and X3 are shown
as a function of a scanned common gaugino mass parameter (M; = Ms). Here the Higgsino mass
parameter p is fixed to 150 GeV. At large values of the common gaugino mass parameter the splitting
dM (92(1), >~<1i) approaches 355 MeV, though splittings as large as 4 GeV are found when the gaugino
mass is set to 1 TeV. Conversely, mixing effects are very significant when the mass parameter is set
to 250 GeV, with dM (XY, X7) = 10 GeV and dM (X3, X3) ~ 40 GeV.

In the following discussion of the search for t* production, only the cases where the LSP is
dominantly bino and Higgsino will be considered. The experimental signature in the case of a bino
LSP (with all other sparticles decoupled) is generally the same as SM production of top-quark pairs,
plus a significant momentum imbalance among the reconstructed objects, due to the presence of
additional undetected LSPs in the event. Top quarks may not be reconstructed if the LSP-stop
mass splitting is small, as discussed above. In the case of a Higgsino LSP, the additional decays
f — bX1 and 7 — tX3 to the other members of the Higgsino multiplet are possible, with subsequent
decays Xi = W*X§ and X3 — Z*X}. While the decay products of these virtual bosons are not
detectable when the X! is pure Higgsino (dM(f((l),f(f) = 355MeV), the mass splitting increases
significantly when mixing with the other neutralinos is considered. As shown in Figure 6.4, splittings
of O(10 GeV) are predicted from the mass matrix diagonalization, even when the gaugino mass terms
are as large as 1 TeV. Such a scenario presents the opportunity to directly reconstruct low-momentum
(“soft”) leptons stemming from the decays of the far off-shell electroweak bosons.

The scenario for a Wino LSP allows for a fundamentally different search strategy. Because
of the very small mass splitting between the neutral and charges states, the decay of the charged
component is highly suppressed, leading to a lifetime of about 0.2 ns. This enables dedicated searches

for “disappearing tracks”, where the charged wino leaves hits only in the innermost layers of the
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Figure 6.5: Limits on direct production of charged winos obtained by ATLAS, based on a search for
disappearing tracks in the inner detector [141]. Limits are set as a function of the wino lifetime and
mass, with the upper left section of the plot inside the red band being excluded. The theoretical
prediction of the charged wino lifetime as a function of its mass is shown as a black dot-dashed line.
Assuming this relation, chargino masses of up to 460 GeV are excluded at the 95% confidence level.

tracker, before decaying to a neutralino and very low-momentum (undetected) charged pion. ATLAS
sets limits on this scenario up to masses of 460 GeV, as shown in Figure 6.5, considering direct
electroweak production of Xi XVand X?X;Fpairs [141].

Previous searches have been conducted for top squarks using Run1 ATLAS and CMS data [142—
148] as well as a small data set of early Run2 data taken in 2015 [149-152]. Prior to this, similar
searches were conducted at the Tevatron by the CDF and D0 Collaborations [153, 154].

6.2 Search strategy

The following Sections will describe a search for pair production of top squarks [7]. The aim of
this section is to describe the search strategy in general terms, in accordance with the expected
experimental signature described in Section 6.1.

The search described in this document is conducted in final states with one charged lepton. Each

of the top quarks produced in the t* — tEXIXY process decays to a b quark and W boson, the latter
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of which decays to electrons and muons about 25% of the time?, so that the large majority of events
are produced with zero (56%) or one (38%) lepton. Focusing on one-lepton events allows for large
acceptance to the #* signal while allowing for excellent control over difficult background processes,
as will be discussed in the following chapters.

The dominant backgrounds to the t£* signal are SM processes with prompt leptons, large E%‘iss,
b-tagged jets, and additional hadronic activity. The two largest contributions come from SM ¢t
production as well as W bosons produced in association with jets. The rarer process ttZ can be
challenging when the Z boson decays invisibly, as well as ttWW to a lesser extent. Despite the low
cross section, single top (tW) backgrounds are also important because of difficulties in distinguishing
these process from the stop signal in certain SUSY scenarios.

The analysis strategy is to identify observables which can be used to disentangle a SUSY signal
from the SM backgrounds. For stop masses significantly heavier than the weak scale, one can
exploit the presence of high-energy objects in the event, large EXS and related quantities. Top
reconstruction techniques are also useful, to remove backgrounds such as W+jets, where no real
top quark was produced. One may then define a “signal region” (signal region (SR)) as the class
of data events which satisfy requirements on a number of such observables. The region should have
relatively acceptance to the #* signal, and the number of SM events entering this region should be
small and accurately predicted.

MC simulation (see Section 2.3) can be used to estimate the expected backgrounds in the SR
due to SM processes. However, MCs have limitations due to many factors (missing phase space,
absent higher-order corrections, reliance on ‘tuned’ parameters, etc), which can lead to large theo-
retical uncertainties on the pure MC-based predictions. In the searches to be described, all major
backgrounds are estimated in a data-driven manner, where the benefits of MC-based predictions are
combined with in-situ, data-based corrections. This strategy is based on the use of control regions
(CRs), each of which is chosen to be very purely populated by events from a specific background
process, and allow the use of observed data to correct MC predictions. Instead of relying on an MC
estimate of the number of events entering the SR, the MC is only relied on to extrapolate from one
region of phase-space to another. Specifically, the number of measured data events in the CR is
multiplied by an MC-derived transfer factor that gives the predicted ratio of events in the CR to the
SR. With this strategy, deficiencies in the MC modeling which are correlated between regions cancel

each other, allowing a more robust prediction. However, the strategy is most successful when the

9The W decays 11% of the time to each generation of /*v, pairs. In decays to third-generation leptons, 35% of
tau particles decay in the fully leptonic channel to the lighter generations 7= — ¢, .
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Figure 6.6: An illustrative example of the background estimation strategy used in the ¢t* search.
At left, three populations of events are shown, due to two separate background processes (blue and
green) as well as signal (orange). The distribution of events is shown differentially in two variables
(“Observable A” and “Observable B”), with the number of events each process contributes to a
given bin of 2D phase space represented by the size of the box of corresponding color. The signal
process is dominant at extreme values of each observable. At right, the control, validation, and
signal regions (CR, VR, and SR, respectively), selected based on the yields reported in (a) are
shown. CR1 is selected as a region rich in Background 1, with VR1 validating the extrapolation
of this estimate to large values of Observable A. The validation region is selected to minimize
potential contamination from signal events. Corresponding regions (CR2, VR2) are defined to estimate
Background 2 and validate the extrapolation in Observable B. The number of events entering the
SR due to Background 1 and 2 is estimated as described in the text.

extrapolation from CR to SR is simple and well-modeled by the MC. This premise is usually checked
in an intermediate validation region (validation region (VR)), where the data-driven prediction of
VR events can be compared explicitly against the number of observed VR events to check that
the method closes. VRs must have minimal contamination from a potential signal process in order
to allow an unambiguous cross-check of the estimation. The method is further illustrated with an
example in Figure 6.6.

The background estimation process results in an SR definition with an expected number of events
to be observed from SM processes alone. A significant excess above this estimate would constitute
potential evidence for a BSM signal. To quantify the agreement of the observed number of events
in the SR with the SM expectation, a statistical test is performed. This involves the construction of

a likelihood function £(s) as a product of Poisson (statistical) and Gaussian (systematic “nuisance
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parameter”) terms, which the quantifies the agreement of the data with the predicted number of
events b 4+ s. Here b is the number of predicted SM background events and s is the number of
additional events that may enter due to some BSM process. Values of s are excluded which lead
to large values of —2log £, with processes “excluded” which contribute more than sg5 events to the
SR. If one were to repeat the experiment many times under the SM-only hypothesis, one expects
to observe b + sg5 or more events in less than 5% of trials. A similar procedure is used to set even
more restrictive limits on specific models by combining observations across multiple signal regions.

In the following Sections, the details of this strategy will be described as they pertain to several
searches conducted as a part of Ref. [7]. In addition to the analyses described below, complementary
searches for other signatures of tt* production were carried out using data collected over the same

period by ATLAS [155-160] as well as CMS [161-170].

6.3 Simulation Tools

6.3.1 Standard Model Processes

Samples of events simulated using MC techniques are generated to predict differential distributions
for a variety of SM processes. For an less technical review of the elements of such calculations the
reader is referred to Section 2.3.

The ¢t process is simulated with the hvq process implemented in POWHEG-BOX v2 [171]. The ME
is calculated at NLO in the strong coupling constant ag, with top-quarks treated in the narrow
width approximation (NWA). Events are weighted to approximate the effects of off-shell tops. The
renormalization scale pup and factorization scales up are both set to the geometric mean of the
top mass and prfor the underlying Born configuration. The hdamp parameter, which controls the
level of high-prradiation off of the top-quark system, is set to be equal to the top mass. The
NLO CT10 PDF set is employed. This calculation is matched to a parton shower, implemented in
PYTHIA 6 [29], using the Powheg method. The Perugia 2012 (P2012) set of configurable parameters
(“tune”) is used to enhance the agreement of the shower model with measurements, accounting
for high-multiplicity perturbative effects, non-perturbative physics, and multi-parton interactions.
EVTGEN is used, replacing the decay of heavy-flavor hadrons from PYTHIA, to produce an accurate
and consistent description of b quark fragmentation and hadronization across generators [172]. All
tt samples are normalized to the theoretical cross section of 830 pb, calculated at NNLO with

next-to-next-to-leading logarithm soft gluon resummation [33].
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Alternative tt simulations are used to assess the dependence of the results on modeling choices
and assumptions. To assess the impact of variations in pur and pp, accounting to missing higher-
order corrections, two alternative samples are produced with both scales coherently varied up and
down by a factor of two. These are referred to as “low radiation” and “high radiation” variations, the
latter of which also modifies the hdamp parameter to twice the top mass. At the same time in each
sample, the value of ag is modified in the shower (in addition to several other technical parameters)
to reflect the alternative scale choice, using the corresponding low/high radiation P2012 tunes.
To compare the parton shower model, an alternative sample is generated using HERWIG++ [30] in
place of PYTHIA. The shower is tunes with the UE-EE-5 set of configurable parameters [173] as well
as the CTEQ6L1 PDF set [174]. To compare choices of the NLO matching scheme an alternative
sample is generated with Madgraph5_aMC@NLO 2.2.1 (MG5_aMC@NLO) [27]. The renormalization and

factorization scales are set to u = \/ m? + 0.5(pr + prz). This sample uses the same HERWIG++
shower configuration as described in the previous sample.

More detailed information about the top-quark generator setups described above may be found
in Refs. [175,176].

The tW single top process is simulated with a nominal setup and systematic variations nearly
identical to those for the tt process described above. Five-flavor scheme PDFs are used, as the tW
final state demands a b from the proton at LO. At NLO, the process received large corrections, as
the final state becomes identical to that of ## if the additional QCD emission in the final state is a b
quark (¢Wb). This effect demands a careful treatment to avoid double-counting when combining with
predictions obtained using the ¢f calculations described above. Two sample variants are simulated
to compare the sensitivity of the measurement to different models of the overlap and interference
among these two processes: diagram removal (DR) and diagram subtraction (DS). Finally, a LO
MG5_aMC@NLO sample of WEWTbh events is generated (using the four-flavor scheme), with and
without interference between tf and single top diagrams, to provide further information regarding
overlap and interference effects. A detailed description of the t# — tWb interference issue and a
comparison of calculations to best describe the process is provided in Section 7.1.

To reduce the statistical uncertainty on the predicted number of events with kinematics which
produce a large transverse momentum imbalance, a filtering strategy is used to over-sample this
region which contributes only a small fraction to the overall cross section. This strategy is applied
to both ¢t and tW single top events. In addition to samples which are inclusive in Eﬁ?iss, dedicated
samples are produced to populate regions with EXis > 200, as well as further selections of 300, and

400 GeV for tf only. In the ERsS > 200 GeV sample, only events with EX5 calculated from the
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particle-level (fully showered) event are reconstructed, allowing the sample to be combined with the
inclusive one with a corresponding veto imposed. The samples with EIs* > 300 and 400 GeV are
obtained by making requirements on the parton-level configurations and showering only a subset
of events to further reduce the computational cost of the production. The filtering procedures are
verified to be fully efficient in the phase space of the analyses described below.

Production of single W and Z bosons as well as dibosons VV = WW/WZ/WW in associa-
tion with jets is modeled with SHERPA [40], using matrix elements from CoMIX [177] and OPEN-
Loops [178]. Events with up to extra QCD two emissions are modeled at NLO while LO accuracy
in the ME is retained for three and four emissions. The SHERPA parton shower model is employed
and the merging of the hard process calculations is done with the ME4+PS@NLO method [179]. The
CKKW-L scheme [38] is used to match and merge in a manner that avoids double counting among
calculations corresponding to various jet multiplicities, with the merging scale set to 20 GeV. For
diboson processes (SHERPA2.1), the NLO CT10 PDF set is used with ag = 0.118 and the values
of pr and py are set according to a clustering of multi-parton emissions for the underlying n-leg
hard process. For V+jets processes (SHERPA 2.2), the NNPDF3.0 PDF set is employed, along with
various other technical improvements. Alternative samples are produced using modified matching
scales (15 GeV and 30 GeV), pg (factor of two up and down), s (factor of two up and down), and
resummation scales (factor of two up and down) to assess theory modeling uncertainties. Dedicated
samples are produced in regions of varying boson pr and jet activity (via filtering on dijet-mass or
the sum of jet momenta) to reduce the MC statistical uncertainty on predictions in extreme regions
of phase space probed by searches. Further information regarding the technical setup for these
processes may be found in Ref. [180].

MG5_aMC@NLO interfaced with PYTHIAS8 [29] is used to simulate the production of tf pairs in
association with vector bosons V = Z, W at NLO in ag. The NNPDF3.0 PDF set is used in the ME,
with pur and py set to Hr/2, one half of the sum of top-quark, vector boson, and jet transverse
momenta for the hard process configuration. The Madspin program [181] is used to decay the top
quarks and vector bosons, preserving the correlation of spins among each of the states. The A14
tune is used for the PYTHIA configuration, with the NNPDF2.3 PDF set. Events are weighted to
enable systematic variations of the factorization and renormalization scales as well as various PDF
eigenvectors. An additional LO multi-leg sample generated with SHERPA 2.2 is used to assess further
uncertainties in the modeling of additional QCD emissions. Details of this setup are similar to those

described above for the V+jets and multi-boson processes.
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6.3.2 SUSY signals

SUSY signals processes are simulated using MG5_aMC@ONLO interfaced to PYTHIA8 with “multi-leg”
hard processes calculated at LO with up to two extra partons and merged using the CKKW-L
scheme. The production cross section for top-squark pairs is computed at NLO+next-to-leading
logarithm (NLL) [182-184] with a variety of choices of PDF sets and p g and 15 scales to establish the
central value and uncertainty [124]. Cross sections are computed assuming pure strong production,
which is to say that contributions from any additional light SUSY particles (e.g. other squarks or
gluinos) is neglected. Thus the cross section depends only on the mass of the fand not on the lighter
spectrum of (weakly interacting) sparticles.

Details of the signal model generation depends on the SUSY scenario considered. Three are

considered in this document:

e Bino LSP: The only light sparticles considered are the stop and the singlet Bino LSP. The

signal model is fully specified by the ¢ and X! masses.

e Higgsino LSP: The stop is assumed to decay to the Higgsino LSP and multiplet partners with
all other SUSY particles assumed to be sufficiently heavy to decouple. The mass splitting
among the Higgsino states and their intermediate decays depend on the particular model
assumptions adopted. A variety of these are considered, with the parameters scanned discussed

in the text below.

e Bino LSP with light Higgsino: Both the Bino and Higgsino are assumed to be light, moti-
vated by naturalness considerations and the dark matter relic density. The scenario is treated

similarly to the Higgsino LSP scenario, with all other sparticles decoupled.

e Bino LSP with light Wino: The Wino doublet is assumed to have a mass between the Bino and
top squarks, so that the top squark decays dominantly to the Wino NLSP (due to the chiral
structure of the weak interaction). This scenario is considered due to its different signature of

high-pt b jets, not from top decays.

The particular settings and configuration of the simulation configurations are described in the fol-

lowing for each of these scenarios.
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Bino LSP

The hard process simulated using MG5_aMC@NLO is ££* pairs, with decays of the top squarks handled
by PYTHIA. Stop decays use only phase-space considerations and not the full ME. These decays of
unpolarized stops are re-weighted to consider the case where the ¢; is dominantly left- and right-
handed, which affects the polarization of the tops produced in their decays [185, 186]. The top
polarization affects the resulting lepton kinematics and therefore the signal acceptance, so that
various assumptions must be considered. Madspin is used to reproduce the proper decay product

kinematics for signals where the top quark is forced to be off-shell.

Higgsino LSP

The Higgsino LSP scenario is studied in the framework of the pMSSM (for further details see
Section 3.3.1). The choice of pMSSM parameter values is used to calculate physical observables using
HDecay 3.4 [187], SDecay 1.5(a) [188], and SoftSusy 3.7.3 [189,190], including sparticle mass spectra
and decay rates. These physical observables are then used to develop a set of simplified models,
inspired by studies of the pMSSM, with particular particle masses and branching fractions considered
for each of the model points specified by hand. All decays are assumed to proceed promptly.
This strategy minimizes unnecessary variation within the space of models considered, while being
informed by the representative behavior obtained from pMSSM scans. The free parameters among
the model points (often “grid points”) considered are the stop mass, the LSP Higgsino mass, and
the mass splitting among the Higgsino triplet of states which is constrained to be from 2 to 30 GeV.
Scenarios with left- and right-handed stops are considered for an intermediate value of tan 8 = 20, in
addition to a large-tan 8 scenario (tan = 60) where polarization effects are found to be negligible.
The results of scanned pMSSM parameters motivating these choices are shown in Figure 6.7. In the
#1 ~ 1, scenario, the £ is found to decay via £ — tX1 and £ — ¢tX5 modes 45% of the time each, with
the t — bfﬁi decay occurring 10% of the time. In the f; ~ fx scenario, the f is found to decay via
# — X! and £ — tX3 modes 25% of the time each, with the i — YT decay occurring 50% of the
time. Finally, in the large-tan 8 scenario, each decay mode of the stop is found to be equally likely.

Due to the small mass splittings between the Higgsino states, the decays of the X5 and >~(1i
occur via off-shell Z/v* and W bosons, respectively. The stops are thus decayed by Madspin in
this scenario to properly reproduce the low-pr lepton kinematics, which are critical to correctly
modeling their reconstruction efficiency. In all models, the mass difference AM ()2?,)28) is set to

twice the difference AM ()2(1), ﬁt), as was found to be a good approximation when p < Mj, Ms in
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Figure 6.7: At top left, a scan of the #; branching fraction as a function of the Higgsino mass
parameter p in a scenario with the mass mgsr of the t; ~ t1 set to 600 GeV. Decays mediated by

top quarks are in general favored, but become unimportant as the #—X9 mass splitting becomes small.
At top right, a analogous scan for the case {; ~ tg, where the £ — b>~<1idecay is found to dominate.
At lower left, the effect of varying tan 3 is shown for the case f; ~ 1, where mg3r, = 600 GeV and
i = 150 GeV. In this scenario, all decays of the f; become equally likely as tan /3 becomes large.
Ar lower right, the analogous plot for the right-handed #; is shown (with mrr = 600 GeV), where
changes to tan 8 are found to have no effect on the stop decay widths.
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the study pictured in Figure 6.4.

Bino LSP with light Higgsino

The models considered within the context of scenarios with light Bino and Higgsino states are ob-
tained by a scan of pMSSM parameters. Here tan 3 is taken to be 20, the breaking scale is set to
mg = 0.7 — 1.3 TeV (to reproduce the observed Higgs mass), the gluino mass parameter is set to
1.8 TeV to evade experimental constraints. The Wino mass parameter is set to 2 TeV. Two inde-
pendent parameters are varied, corresponding to the ¢ mass and scale of the light Bino and Higgsino
states. The my3r, (mrgr) and M; parameters are varied in the scenario with left- (right-)handed ;.
The precise masses and mixing of the electroweak sector are calculated to reproduce the correct relic
density 0.10 < Qh? < 0.12. (This is commonly referred to as the “well-tempered neutralino” sce-
nario [191].) The relic density is calculate using the MICROMEGAS 4.3.1f program [192,193], with
the p parameter varied to achieve the proper value. This generally leads to A(u, M7) &~ 20—50 GeV.
In cases where t; ~ t, a light bottom squark is also expected and the pair production of sbottoms
is also simulated, as b — t)Zli decays produce a similar experimental signature to £ — x4, All
other pMSSM parameters are set to large masses (> 3 TeV) and thus decouple from the low-energy

phenomena relevant to LHC searches.

Bino LSP with light Wino

A similar approach is taken to the previous scenario, now with the Higgsino mass parameter set to
a large value (u = £3 TeV) and the Wino mass parameter Ms scanned. Differences with respect to
the previous scenario are as follows. The gluino mass parameter Mj is set to 2.2 TeV, the breaking
scale is varied within to mg = 0.9 — 1.2 TeV, and the Bino mass parameter is set to My = 2Ms.
The ¢; is assumed to be left-handed and thus sbottom pair production is also considered. In this
scenario the stop decays dominants to the Wino states (with BR(t — b>~<1i) ~ 2 BR(f = tX9)), as
decays to the Bino are chirality-suppressed. Both signs of the p parameter are considered, as this
controls the relative importance of X3 — hX} (BR ~ 95% when p > 0) and X5 = ZX§ (BR ~ 75%
when p < 0) decays.

An overview of the parameter setting used in the generation of the pMSSM(-inspired) models is

given in Table 6.1.
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Table 6.1: An overview of the parameter settings used in the pMSSM(-inspired) models defined in
the text. All parameters which are not specified are set to values above 3 TeV and do not impact
the details of the low-energy phenomena that is simulated. In addition, an estimate of the decay
branching fractions for stops (and sbottoms, where relevant) is shown. In the Higgsino LSP scenario,
the three sets of branching fractions correspond to t; ~ tg, t; ~ t1, and the large tan 3 scenario,
respectively. In the Bino LSP scenario with light Higgsinos, the two columns represent t; ~ 1, (left)
and tr (right) cases.

Scenario Wino NLSP Higgsino LSP Bino/Higgsino mix
Models pMSSM simplified pMSSM
Mixing parameters X /Mg ~ /6
tan g3 20 20 or 60 20
Mg [TeV] 0.9-1.2 1.2 0.7-1.3
M; [TeV] 2.2 2.2 1.8
Scanned mass parameters (M, mg3L) (i, Mgsr/Mur) (M, mgsr/mur)
Electroweakino masses [TeV] 1= =+3.0 My =M, =1.5 My =2.0

M ~ — U, My < M,

Additional requirements

My =2M, < |p

p <L My = M,

0.10 < Qh? < 0.12

Sbottom pair production considered - considered
t; decay modes and their BR. [%)] t1 ~1r, tr, / tr / tan 3=60 tr, / tr
f— X! <5 ~ 25/~ 45/~ 33 <10/< 10
F o bxi ~ 65 ~ 50/~ 10/~ 33 ~ 50/~ 10
f— x5 ~ 30 ~ 25/~ 45/~ 33 ~ 20/~ 40
f—tx3 — - ~ 20/~ 40
by decay modes and their BR [%] by ~tr, - by ~ by,
b— bX} <5 - <5
b— X ~ 65 - ~ 85

b — bX5 ~ 30 - <5

b — bX3 - - <5

6.4 Data set

The data-set of proton-proton collisions at /s = 13 TeV that was collected over LHC physics runs
in 2015 and 2016 are included in the analysis. The recorded data corresponds to 36.1fb~!, as
determined using the methods described in Ref. [194]. Only data is included which passes a Good
Runs List (GRL), recording which runs and luminosity blocks contain events suitable for analysis.
All events were recorded with un-prescaled EMSS triggers, the details of which were described in
Section 4.3. For the 2015 period, the cell-based HLT xe70_L1XE50 trigger was used, while the jet-
based HLT_xe110 mht_L1XE50 trigger'® was used to record events in 2016. Figure 6.8 shows the

10For runs early in the year recorded at lower instantaneous luminosity, lower threshold triggers were un-prescaled
and are thus also used in the analysis.
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Figure 6.8: The efficiency of the EX* trigger is shown separately for 2015 (left) and 2016 (right).
In 2015 a cell-based HLT ERsS algorithm was used, while a jet-based calculation was used for the
data-taking periods in 2016. The efficiency is measured using data collected with a single-lepton
trigger and requiring four jets, at least one of which must be b-tagged. Good agreement is seen
between simulated tf events and data, with a plateau in efficiency reached for events with offline
Emiss > 250 GeV.

efficiency for triggers in each year for a signal-like selection as a function of the calculated offline
EXiss. Events are selected for further analysis which have offline ERsS > 250 GeV, beyond which
there is no significant change in the trigger efficiency. Studies showed that also including lepton
triggers would improve the acceptance to tf events by only 1.2% for events with EIiss > 250 GeV,
so this was not pursued.

Additional data-quality requirements are imposed on reconstructed jets to ensure that events
are well-reconstructed. All signal jets are required to pass “cleaning” requirements [195] to re-
duce spurious jets caused by beam-induced backgrounds, cosmic-ray showers, and calorimeter noise
spikes [196]. These are based on quality measures of the calorimeter pulse shapes as well as con-
sistency checks on the relative fraction of energy deposited in each layer of the calorimeter and
between the jet and constituent track pr measurements. The efficiency of a combined selection on

these quantities is found to be greater than 99.5% in an inclusive sample of di-jet events.

6.5 Object identification

High-granularity measurements of the detector are combined to form reconstructed particle candi-
dates. This analysis requires the reconstruction of electrons, muons, jets, photons, and hadronic
tau decays to characterize each of the recorded events and test the SM and BSM hypotheses. The

algorithms used to reconstruct individual objects were presented in Section 4.4. Here we discuss
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analysis-specific choices, balancing the efficiency of reconstructing the targeted objects with the
purity of the sample obtained. These reconstructed objects are used to build more complicated
full-event observables.

Generally two sets of objects are defined. Baseline objects make loose requirements on identifica-
tion criteria and kinematics and are used for the purposes of overlap removal. This procedure ensures
that detector signatures are not reconstructed as multiple objects and energies double-counted. A
tighter ‘signal’ selection is applied to baseline quantities which satisfy the overlap removal criteria,

providing the ultimate objects used for the final analysis selections.

6.5.1 Electrons

Electron candidates are selected which satisfy selections on the identification and isolation param-
eters described in Section 4.4.2. Two classes of signal electrons are defined to be used in separate
analyses. Loose leptons are used by default and use relaxed identification and isolation criteria to
maximize acceptance to high-pr signals where other selections efficiently reduce backgrounds from
non-prompt and mis-identified leptons. Tight leptons are used in specialized search regions targeting
signatures with low-pr leptons where tighter identification is useful. Due to the lower requirement
on pr, tight signal leptons are not a subset of loose leptons. The selection criteria for baseline and
signal leptons is summarized in Table 6.2.

The likelihood operating points used are denoted ‘VeryLooseLH’, ‘LooseAndBLayerLH’, and
‘Tight LLH’. The VeryLooseLH and LooseAndBLayerLH requirements are variations of the Loose
working point which is found to be 93% efficient for prompt electrons with Er = 40 GeV. The
former requires only a single hit in the pixel detector, while the latter requires two, one of which
must be in the innermost pixel layer. The tight operating point is determined to be 80% efficient
for 40 GeV electrons.

Isolation variables are defined requiring that tracks (calorimeter deposits) that are not associated

to the reconstructed electron but are within AR = 0.2 have Fis°

I e (PR ) less than a particular

value. The ‘LooseTrackOnly’ isolation criterion does not enforce the calorimeter requirement and
achieves an efficiency of 99% independent of electron Er and 7. The ‘FixedCutTight’ criterion
requires that both E$°  and pi° be less than 6% of the electron pr.

T,cone T,cone
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6.5.2 Muons

Baseline muons are identified using the Loose working point, which accepts all four varieties of muon
described in Section 4.4.3. The majority of reconstructed muons are combined muons (approximately
97.5% of muons satisfying |n| < 2.5), with extrapolated muons are allowed only in the region
beyond the ID coverage 2.5 < |n| < 2.7, and calo-tagged (1.5%) and segment-tagged (1.0%) muons
accepted only in the region |n| < 0.1. Additional requirements on the number of MS segments and
the significance of the muon pr are enforced. Signal muons are required to additionally pass the
Medium identification criteria, which rejects calo-tagged and segment-tagged muon candidates. A
comparison of the efficiency to reconstruct muons with the Loose and Medium working points, as
measured in Z — p*u~ events is shown in Figure 6.9.

Signal muons are further required to the pass the ‘FixedCutTightTrackOnly’ isolation require-

iso

Trone D€ less than 6% of the muon pr, where the isolation variable in

ment which requires that p
this case is computed from tracks within a cone of AR = 0.3. The selection criteria for baseline and
signal muons is summarized in Table 6.3.

In the following description of the stop analysis, leptons are collectively referred to as passing
the ‘loose’ or 'tight’ identification criteria; while variable criteria are used for electrons, no change is

made for muons. The only distinctions is that lower pr muons (to 4 GeV) are included in analyses

using tight leptons.

6.5.3 Hadronic tau decays

ttbar decays with hadronic taus comprise a significant source of background for some signal se-
lections, motivating the use of loose tau identification criterion. Only a single category of tau

(reconstructed as described in Section 4.4.5) is used in the analysis, with those selected satisfying

Table 6.2: Selection criteria for electrons is summarized. In addition to baseline objects defined
for overlap removal, ‘loose’ and ‘tight’ categories of signal leptons are defined. Tight electrons are
defined at lower Er and use tighter identification and isolation criteria.

Selection criteria ‘ Baseline Loose signal Tight signal
Er > 5 GeV > 25 GeV > 5 GeV
I < 2.47

Identification VeryLooseLH LooseAndBLayerLH TightLLH
Isolation - LooseTrackOnly FixedCutTight
dy significance - <5

Zgp sin 6 - < 0.5 mm
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Figure 6.9: The reconstruction efficiencies for muons identified with the Loose and Medium working
points are compared as a function of pseudorapidity. In the top panel, efficiencies for data and MC
are shown with the corresponding ratio (“scale factors”) shown in the lower panel. Loose muons
include calo-tagged and segment-tagged muons in the region |n| < 0.1, allowing for significantly
enhanced efficiency in this region. Figure is reproduced from Ref. [99].

Table 6.3: Selection criteria is summarized for muons, with identification and isolation working
points are defined in the text. Muons as low in pr as 4 GeV are utilized only for the soft lepton
analysis targeting the Higgsino LSP signatures.

Selection criteria ‘ Baseline Signal

Er > 5 GeV > 4 or 25 GeV

In| <27

Identification Loose Medium
Isolation - FixedCutTightTrackOnly
dy significance - <3

zosin @ - < 0.5 mm




6. A SEARCH FOR TOP SQUARKS 104

pr > 20 GeV and |n| < 2.5. Candidates are identified using the looses working point, found to be
60% (50%) efficient for one-prong (three-prong) decays. The total charge of the tracks associated
with the tau is required to be opposite to that of the identified lepton.

6.5.4 Jets

Jets are clustered using the anti-k; algorithm with radius parameter R = 0.4 as described in
Section 4.4.4. Jets from SM backgrounds and SUSY signals are generally expected to be central,
so jets are only considered in the region |n| < 2.5 which is also well-covered by the inner tracker.
For low-pr jets in the tracker acceptance, jets from pile-up can be efficiently rejected by requiring
that the charged particle tracks within the jet cone originate from the primary vertex. This is
accomplished with a requirement on the JVT discriminant that is found to be 92% efficient in signal
jets from the hard-scatter.

Jets are considered b-tagged which pass a MV2cl0 tagging requirement that was found to be
77.0% efficient for b jets in tt events. The corresponding rejection rates (inverse of efficiency) are

134 for light jets, 6.21 for charm and 22.0 for taus.

6.5.5 Emiss

Emiss is defined as described in Section 4.4.6, using baseline objects described above as inputs.

Photons and hadronic taus are not included, but may enter as electrons, jets, or via the soft term.

6.5.6 Overlap removal
To avoid double-counting of momenta from physics objects reconstructed from the same detector

outputs an overlap removal (OR) procedure is enforced. Categories of baseline objects are com-

Table 6.4: A summary of selection criteria for calorimeter jets used in the analysis. JVT is a
requirement on the ‘jet vertex tagger’ which removed pileup jets at low-pr.

Selection criteria ‘ Baseline jets Signal jets
Er > 20 GeV > 25 GeV
n] <25 <25

VT B for pr < 60 GeV

and |n] <24
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pared to check for overlaps in an ordered procedure so that removed objects are not considered in

subsequent steps. The comparisons considered are, in order of precedence:

1. Muon & electron. If AR < 0.01: the muon is removed only if it is calo-tagged, else the

electron is removed.
2. Electron & non-b-tagged jet. If AR < 0.2: the jet is removed.

3. Muon & non-b-tagged jet. If AR < 0.2 and % > 0.7: the jet is removed.

4. Non-b-tagged jet & lepton. If AR < min(0.4,0.04 + 12;(};)\/): the lepton is removed.

5. Electron & tau. If AR < 0.1: the tau is removed.

Surviving objects that also pass the signal selection criteria in each category are considered well-

measured signal objects used to define the remainder of the analysis selection.

6.6 Event reconstruction

As was shown in Section 6.1, the existence of stops within the reach of the LHC could provide a
diverse range of experimental signatures. The simplest scenario may be that of a high-mass stop
(compared with the electroweak-scale SM particles) with a sizable production cross section. In this
case, the signature is sufficiently different from any SM process that a simple selection (e.g. requiring
many high-energy jets) could be enough to isolate a large set of BSM events. However, if nature
is not so kind, prospects may be more difficult. For a intermediate-mass stop with a complicated
spectrum of electroweakinos at lower masses, these BSM events with many soft objects may be very
difficult to disentangle from the copious SM background processes. In the following, we will briefly
describe the sophisticated set of tools used to (hopefully!) isolate signatures of BSM physics from

SM impostors.

ET' significance

A generic signature of tt* production is the presence of many energetic objects and large Emiss . Ag
such, each of the signal selections used in this analysis makes requirements on energetic jets. In the
Bino LSP scenario, four energetic jets are expected, with three generally resulting from the fully
hadronic decay of one (anti-)top quark and a b jet from the decay of the other. SM backgrounds with

a significant amount of hadronic activity can be reconstructed as having larger E35 than expected
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from the invisible particles produced in the process due to mis-measurement of jet energies. To
determine whether the reconstructed E¥5 in an event is consistent with mis-measured jets, the

Hy'ss observable is defined as
:

r7miss

i, — HTUH"M (61)
Here ﬁ%liss is the vector sum of the pr for all jets in the event as well as the signal lepton, i.e. an
object-level proxy for the EX. The numerator is constructed from its magnitude, less an overall
scale M = 100 GeV corresponding to the average activity in a typical event. The denominator is
computed as the spread in H miss yalues based on the energy resolution for each jet in the event. This
quantity is calculated using toy data sets where _‘r‘fmss is computed from jets whose “toy momenta”
are randomly drawn according to their per-object uncertainties, which vary according to the pr and
n of the jet. The quantity 0 fmiss is calculated as the 1o variation over all toy data sets, so that
ﬁ%“‘ssfé may naturally be interpreted as the “significance” of the measured object-based EIss,

Hadronic top and W reconstruction

In the benchmark tf + EXSS signature of ##*production, reconstructing the constituent jets of the
hadronically-decaying top quark allows an additional handle to isolate the signal from backgrounds
without real hadronic top decays (chiefly di-leptonic ¢ and W+jets). Previous analyses have ex-
cluded stop masses below 600 GeV in the Bino LSP scenarios for a range of LSP masses, allowing
the use of dedicated reconstruction techniques that rely on high-pt tops. The opening angle between

two objects from a decaying resonance of mass M and momentum p'is given by

oM
=" (6.2)

assuming that the decay plane is perpendicular to p. For a stop produced at rest, the p’ of its top
quark daughter is m;/2, so that the top decay products will, on average, be found within an 7 — ¢
cone of size AR ~ 2my/pr ~ 4my/m;. As an example, the typical angular separation is 1.0 for a
700 GeV stop.

This motivated the recursive reclustering algorithm used to identify top-quark candidates, which

is conducted in steps:

1. All jets are reclustered using the anti-k algorithm with radius parameter R = Ry.
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Figure 6.10: An illustration of the recursive reclustering algorithm for a single semi-leptonic ¢ decay
event. All signal jets are shown in 6.10a, colored green (W decay), blue (b jetfrom top-quark), or
gray (other), to indicate their origin. 6.10b shows the candidates clustered with radius Ry (solid
red circles), as well as the optimal radius R(pr) (dashed red circles). The result of the iterative
procedure is shown in 6.10c, where only one candidate has been retained and the final radii are
shown.

2. For each reclustered jet, the “optimal radius” is computed according to the constituent jet
momenta from the heuristic R(pr) = 2m;/pr. The radius of the reclustered jet Ryecius is now

compared to its optimal radius R(pr):

a) If R(pr) < Rreclus — Rdown: then the constituents are reclustered with radius R =

max{R(pT) + %Rdown, %Rreclus} and Step 2 is repeated for each new reclustered jet.
b) If R(pr) > Ryecius + Rup: the jet is rejected.

c¢) Else: the jet is accepted as a hadronic top candidate.

The parameters Ry, Rdown, and Ryp are configurable. Ry is taken to be 300 GeV: the top decay
products for nearly all models considered should have momenta above this scale. Rdown and Ryp
parameters control the tolerance of the approximate angular separation formula and are set to 0.5
and 0.3, respectively. The maximum taken in Step 2(a) controls the rate which the jet radii are
allowed to shrink to prevent discarding genuine high-pr top-quark decays. The reclustered jets which
are retained in Step 2(c) comprise the reconstructed top-quark candidates. An analogous procedure
is used to reconstruct hadronic decays of W bosons, where b jetsare not included as inputs.

An example event display for this procedure is shown in Figure 6.10. Figure 6.11 shows the
efficiency to reconstruct hadronic tops and resulting reconstructed mass distributions for ¢ events.
In particular, the recursive reclustering algorithm is found to outperform a naive strategy using
anti-k; jets with R = 1.0 even for top quarks with pr > 2myp, illustrating the power of the

adaptively-selected radius strategy.
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Figure 6.11: At left, the mass of reconstructed top-quark candidates is shown for semi- and di-
leptonic ttevents. The reconstructed mass peaks at myop, for events with a true hadronically-decaying
top quark, while it is smooth and unshaped for those without. At right, the reconstruction efficiency
of the recursive reclustering algorithm is compared to several other in semi-leptonic tt events. The
blue curve corresponds to a y2-minimization technique used in analyses targeting low-momentum
top quarks which are not described further here. The method performs best only at low pr, and
produces mass distributions which peak at the top mass even for events where no hadronically
decaying top is present, in contrast to 6.11a. The black curve shows a reconstruction algorithm
where the anti-k; algorithm with R = 1.0 is run directly on the signal jet constituents. This
method is efficient for high-pr top quarks only due to the fixed radius size.

Transverse mass

Transverse masses are estimators of the mass of parent particles that decay semi-invisibly, as in
the case of the W boson decay to an electron and neutrino W — er,. Because the momenta of
invisible daughter particles may only be inferred in the plane perpendicular to the beam-line at a
proton-proton collider the complete parent mass cannot be reconstructed. The transverse mass mr
is constructed assuming massless decay products, written here as a visible charged lepton ¢ and an

invisible neutrino v as

mr = /(B + E2)? — (o + ) (6.3)

= \/2 ph P (1 — cos AG(L, v).

(6.4)

Requiring that events have mr > myy is very effective in removing SM backgrounds where the Effniss
and identified lepton are from a W decay. The mr distribution for events with a well-identified lepton
and EX > 200 GeV is shown in Figure 6.12a.

After selecting events with large mr the dominant background to the tt+EX signature of
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Figure 6.12: The transverse mass variables mr and ampy shown for events with a well-identified
lepton and ERss > 200 GeV. Note the logarithmic scales. In (a), an endpoint near the W mass is
clearly observed, below which the vast majority of semi-leptonic ¢£ and W + jets events are found.
In (b), a requirement that mt > 120 GeV is additionally enforced to reduce contamination from
events with a single leptonically decaying W boson. The contribution from di-leptonic ¢t decays is
significantly reduced when amza > myep. In contrast, the majority of the amro spectrum from a
1 TeV stop falls beyond the kinematic endpoint.

tt* production is di-leptonic #¢ events where one of the leptons is not identified. Such events may
pass the mt endpoint because momentum is carried by two invisible particles. This can be due
to acceptance or failure to identify the lepton, the latter of which is particularly problematic for
top quark decays involving tau leptons. To distinguish such events from the #* signal, the mr
variable is generalized to the myps class of observables, targeting decay structures with two invisible
particles [197,198].

In the case of pair-produced particles X each decaying semi-invisibly (say to visible particle V
and invisible particle I), the event can be split into two “legs”, each of which correspond to one of

the X particles. The one may compute mr for each leg of the decay in the same manner as Eqn. 6.3:

(mr,;)? = (E:‘F/z + E%JZ - (P¥z +P{F,i>2 (6.5)

, where ¢ = 1,2 indexes the decay products of the pair-produced particles X;. The fact that there

are multiple legs with invisible particles presents the problem that ATLAS only measured EMiss
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and not individual invisible particle momenta. Thus one cannot distinguish between the various
configurations which give \pIT)l + p§’2| = EXs. However, for the correct assignment of invisible
particles max{my 1, mr 2} must be less than the mass of particle X. It follows that

mry = min  {max(myp1,mr2)}, (6.6)
|p§",1 +p§",2|:E”rrmss

with my; defined as in Eqn. 6.3, must also take a value below the mass of X.

The most useful definition of my9 is specific to the analysis goal, with several variants are used
in the #£* search. Di-leptonic tf events are targeted with the asymmetric mpo (“amyy”) variable.
In this construction, each leg corresponds to the decay of a (anti-)top quark. In one leg, the visible
particles are a b jet and a lepton and the invisible particle is the neutrino. In the other leg, the
lepton is also undetected, so the invisible particle is a W boson, while the visible particle is second

t11. This assignment is shown in Figure 6.13a. The invisible masses in the mqocalculation are

b je
accordingly set to m, = 0 and my in the calculation (“hence the asymmetric”). Further, both
pairings of the b jet and the lepton are considered, with a minimum taken over the two possible
combinations, so that we define

ampy= - win 4 i [max(m (6bv),mr (0 W))])- (6.7)
‘pé",uJFPéYW\:E%“SS b—{ pairs

The second mqg variable constructed is m7,, which targets decays where the one of the top
quarks decays with a hadronic tau. The topology and assignment of masses is shown in Figure 6.13b,
with mZ., defined analogously to Eqn. 6.7, except that b jetsare not included in the calculation and
the invisible mass is set to zero for both legs. This reproduces an endpoint at the W boson mass
in the limit of colinear neutrinos. A veto is constructed based on this variable for events with a
reconstructed tau candidate (defined in Sect. 6.5), which rejects events when m7., < 100 GeV'2.
This veto is found to be 99% percent efficient for a signal model with 800 GeV stops, each decaying
to a massless LSP and a top quark, for the tN_med signal region, to be defined in the following
Section. Conversely, about 40% of tf events with a hadronic tau are rejected. The variable is shown

for events with a preselection of mt > 150 GeV and EX > 200 GeV in Figure 6.14.

1 The W boson is only truly invisible if the lepton is outside of the detector acceptance. If it is an electron that is
reconstructed as a jet, for example, the mass of the invisible system will be overestimated, broadening the resolution
of this observable.

12Upon further optimization, it was decided to loosen this requirement to 80 GeV.
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Figure 6.13: The assignment of visible and invisible objects when constructing the amqgs (left) and
m7- (right) observables. A transverse mass is computed for each (anti-)top quark leg shown, with
the invisible system circles with dashed lines. For m7.,, the b jets are not included in the calculation,
so that the endpoint occurs at my and not myep.
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Figure 6.14: The m7., distribution is shown for ¢ events with and without a hadronically decaying
tau lepton as well as for t£* events. All displayed events have a reconstructed tau candidate and
have mr > 150 GeV and E¥s > 200 GeV. The endpoint at the W mass is clear for ¢f with tau
decays, while the other events may pass this value. After the selection shown, the majority of the
signal distribution has large reconstructed mZ., due to the large EX* in the event. Events due to
tt without a real hadronic tau decay are still reconstructed as having low values of mZ., here as the
majority of fake tau candidates are due to low-energy jets near the threshold of 20 GeV.
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6.7 Search Regions and Background Estimation

In Section 6.1, we discussed the phenomenology of #t* pair production accessible at the LHC. Here
we will further discuss the searches tailored for each of the signatures described. In particular,
dedicated selections are developed for the case of the Bino LSP, the Bino LSP with light Wino, and
the Higgsino LSP. Though a dedicated search region is not designed for the well-tempered neutralino
scenario (Bino LSP with light Higgsino) other regions are sensitive to this signature.

The space of possible #t* decay signatures is vast so, while it is not possible to describe in this
document all of the search selections targeted in the one-lepton channel, we will take care to discuss
a broad and representative set. The selections described will focus on ¢ — XY decays for high-mass
stops (relevant to all scenarios), £ — bXT decays of high-mass stops (relevant for the Wino NLSP

scenario), and soft-lepton regions (targeting Higgsino LSPs).

6.7.1 High-mass stop decays to X3

Two SRs are defined to target high-mass stops with large mass splittings between the ¢ and LSP.
The previous, Run 1 ATLAS analysis in this channel excluded top squarks up to nearly 700 GeV
in the case where the LSP is massless and BR(f — tX1) = 100% [3]. The models excluded in this
scenario by the 8 TeV analysis are shown in Figure 6.15. The first signal region tN_high targets
the case of the massless Bino, where the most energetic top quarks are emitted from the ¢ decay.
The second signal region tN_med targets the intermediate phase space, optimized based on the point
(mg, mgo) = (600 GeV,300 GeV). Each of these regions is named tN in reference to the top quark ¢
plus neutralino XY final state, in addition to the mass range of the stop which is targeted. Specialized
SRs for lower stop masses in the “corridor” regions where A(mg, mgo) ~ myop or A(mg, mgo) ~ mw
(see Figure 6.15) are also defined but require dedicated analysis techniques and will not be further

discussed in this document.

Event preselection

The ERsS trigger is used to collect events for each of these signal regions, with the precise menu
items described in Section 6.4. The trigger is found to be fully efficient for values of “offline” Emiss
above 230 GeV. In addition to passing the trigger, events are required to contain exactly one ‘loose’
lepton with pr > 25 GeV, and no additional baseline leptons. In addition two jets with pr of at least
25 GeV are required as well as mp > 30 GeV to suppress fake lepton backgrounds. Further, events

must pass data-quality checks: all jets must pass “cleaning” requirements (defined in Sect. 6.5) as



6. A SEARCH FOR TOP SQUARKS 113

fif; production, T,— b 7 /T~ Wb 7 /T> t%,
400 T | T | T | T I T I T I T

- ATLAS —— Observed limit (=10},.5")
- 350—

[GeV]

M_o

f Ldt=20fb", {s=8 TeV - - - - Expected limit (+10,,)

300—  1-lepton + jets + E:“SS All limits at 95% CL ]

250

200

4
o

150

ane -
—“"

O . onnemmmmmmmmn s

100

50

N
o
o
W
o
o
N
o
o
a1
o
o
o]
o
o
\‘
O fes

800
m. [GeV]

Figure 6.15: Exclusion contours established after the 8 TeV analysis in the one-lepton channel.
Figure reproduced from Ref. [3].

well as having at least two 400 MeV tracks associated with the primary vertex. These requirements

are summarized in Table 6.5 and define the common tN preselection.

Optimization procedure

The tN signal regions are optimized using the discriminating variables described in Section 6.6, as
well as other basic event kinematics. The precise signal selection is determined by an optimiza-
tion algorithm, which maximizes the expected significance of a signal. This is done sequentially
by considering the improvement in significance that could be achieved by cutting on each of the
observables to consider. A selection is made on the variable which produces the best significance,
but at a looser value than that which would maximize the significance. The procedure is then re-
peated until no additional requirements would substantially change the significance. There are free
parameters in the algorithm corresponding to: the “annealing factor” of how aggressively to cut on
the best-significance variable, at risk of being too aggressive at the expense of placing powerful cuts
on other variables; what level of additional significance is required to place an additional cut instead

of terminating the algorithm; and what model should be used to assess the signal significance. Re-
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Table 6.5: Preselection requirements for signal regions targeting Bino and Higgsino LSPs. The main
difference between selections is the lepton pr range targeted, which results in a difference choice of
lepton identification and isolation working point.

Selection

hard-lepton

soft-lepton

Trigger

Data quality
Second-lepton veto

ERiss triggers only
jet cleaning, primary vertex
no additional baseline leptons

Number of leptons, tightness

=1 ‘loose’ lepton =1 ‘tight’ lepton

Lepton pr [GeV] > 25 > 4 for p
> 5 for e
Number of (jets, b-tags) (>2,>0) (>2,>1)
Jet pr [GeV] > (25, 25)
ERS [GeV] > 230
mr [GeV] > 30 -
3 FATUAS Workin progress 11 bC2x_diag 1
S 8{s =13 Tev E
2 7E— o0, =10%, 520 @ 365" 3
S g 0=20%4L@ 36.5f0 3
N e i b e
H B e e
:
1 5

o

ol b b b b b Bl b L
5 10 15 20 25 30 35 40 45 50
stop_bC_650_500_250 Luminosity [fb'l]
Figure 6.16: An example diagnostic plot from the optimization procedure. The expected significance
of a particular selection is shown as a function of the recorded luminosity. Here, a SR targeting
t— bf(li decays described in Sect. 6.7.2 is shown, though the procedure is the same as was used for

all SRs. The expected sensitivity is shown for assumed systematic uncertainties of 10, 20, and 30%
of the total estimated SM background.

quirements may also be placed on the maximum MC statistical uncertainty, leading to looser SR
definitions. Each of these parameters was scanned in the optimization process to attain the final
selections. Figure 6.16 demonstrates the expected sensitivity of a test selection to the BSM signal
as a function of data luminosity, where various levels of systematic uncertainties are compared.
Distributions of several important observables used to select events in each SR are shown after the

hard-lepton preselection in Figures 6.17 and 6.18.
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Figure 6.17: Comparisons of data with predicted yields based on MC simulation, with differential
distributions shown for a variety of observables. Prediction histograms are stacked, corresponding
to contribution from different SM processes, indicated in the legend. Only statistical uncertainties
are displayed. Clockwise from top-left, distributions are shown for the number of jets, b-tagged jets,
hadronic top candidate mass, and leading jet pr. In general the data and MC agree well, with two
notable exceptions. The leading jet pr, most often from initial-state radiation off of the ttsystem, is
over-estimated in simulation. Second, the number of b jets is under-predicted at high-multiplicity,
corresponding to additional gluon radiation off of the top quarks, which subsequently split to b quark
pairs. The background estimation strategy is designed to be robust against each mis-modeling.



6. A SEARCH FOR TOP SQUARKS

116

> qosE T T T T T
[ ATLAS Internal -e-Data & Total pred.
Qo ls=13Tev,36.1fb? [Off2L ML
8 4 Wt 1L [ Single top
- 10 [JW+jets [ Diboson
o mtt+Vv
g 10°
>
L
10°
10
N NN
300 400 500 600 700 800 900 1000
miss
Er [GeV]
s LBETTTTTTTTTI T ,i P
4 C
[ {Secesesas ST Ir
% = O..Y'++TT+TIT+ |
a C ]
0-5‘—"1““m‘“m“m““*“lm" il i
(a)Er}niss
> [T T e
o 10°E ATLAS Internal --Data  Total pred.
o (s=13Tev,36.1fb? [Df2L @@L
& Wtt1L [ Single top
- " [JW+jets [l Diboson
« 10 M+
c
o
i
10°
10°
10 el by by P
50 100 150 200 250 300 350 400 450
lepton P, [GeV]
L LS T
o £ ]
= 1= e R R I 3
] = O ¢
§ v T
050 vy b b b e b 1

(¢) Lepton pr

Events

Data / Pred.

Events /0.2

Data / Pred.

L L L B B L B B
ATLAS Internal X Total pred.

-e-Data
,[ Vs=13Tev,36.1 b [O2L M@EILT
10 mttiL  [ISingle top

[CIW+jets
tH+V

[ Diboson

10°

10

15 20 25 30

H™S significance

I A A R N A =
AU L1 — YR
: TT+ , Se - v v Y’ ITT
055 e
[fmiss
(b)HT,sig
AR AN R U LN RN
ATLAS Internal Vs=13TeV, 36.1fb*
5| --Data :Total pred.
10Emior @il
[ [JSingle top
|:|V_v+jets [ Diboson
10% EEt+V

0 05 1 15 2 25 3 35 4 45 5
AR(b-jet, lepton)

[0 SRR RN ARAR AR RS T T

o¢++

[y

o

.
»

——
f el Y

(O8] N T P P B B B B S

(d) AR(b, 0)

Figure 6.18: Comparisons of data with predicted yields based on MC simulation, with differential
distributions shown for a variety of observables. Prediction histograms are stacked, corresponding
to contribution from different SM processes, indicated in the legend. Only statistical uncertainties

are displayed. Clockwise from top-left, distributions are shown for the missing energy,

— .
miss

T,sig? lep

ton

pr, and the angular distance between the lepton and the closest b jet. The data and MC generally

agree well.



6. A SEARCH FOR TOP SQUARKS 117

Signal region definitions

The tN_high SR is defined to be the set of events passing several selections on top of those described
in the preselection above. It is optimized to discover the decays of a TeV stop to a massless LSP
and top quark. Four jets are required: one must have pr greater than 100 GeV, another 80 GeV,
another 50 GeV, and a fourth with pr at least 30 GeV. At least one signal jet must be b-tagged.
The reconstructed EMsS should be at least 550 GeV. The EWS is required to be well-measured
and originating from true invisible particles by requiring H m‘;z > 27 and A¢(jet, piss) > 0.4 for
cach of the two leading jets. A hadronic top candidate is required with mjeustered > 130 GeV. No
upper requirement is enforced to maximize the signal acceptance. Requirements are made on the
transverse mass variables mr > 160 GeV and ampo > 175 GeV. The b jetclosest to the lepton must
satisfy AR(b,¢) < 2.0. Finally, the mypo-based tau veto is enforced.

The selection for the tN_med SR is similar, with looser requirements on the four jets of 60, 50, 40,
and 40 GeV. A modest cut of E%“j_s > 230 GeV is enforced. This quantity is the ES projected
onto the leptonic top system (b jet, neutrino, and lepton) where the ambiguity in choice of b jet!?
is solved by minimizing a x? which assigns the four leading jets to W boson and top quark parents.
The mass of the hadronic top candidate is tightened to micciustered > 150 GeV, while the H3piss
significance requirement is loosened to 14. This region is subdivided into several “bins” based on
EXss with boundaries defined by [250, 350, 450, 600, inf) GeV. If an excess of events is observed, the
significance of single bins may be quoted. Otherwise, bins may be combined to set more powerful

limits on #* signals with a broad EX distribution by combining regions with various ratios of

signal-to-background. The selection for each tN region is summarized in Table 6.6.

Background Estimation

The composition of the expected SM backgrounds is shown for each SR in Table 6.7. In tN_med the
largest contributions come from ¢t and ttZ processes. In tN_high the expected background is very
small (4 events), with ttZ and W + jets processes being the most important.

Following the strategy outlined in Section 6.2, CRs and VRs are defined to estimate the SM
backgrounds which are anticipated to be dominant based on MC studies and to assess the quality
of this estimation. Separate CRs are defined for semi-leptonic ¢, di-leptonic ¢¢ (including hadronic

taus), W + jets and tW single top processes. Precise definitions of each region are presented in

13Because only one b jet is required in this SR, the second candidate for the purposes of this algorithm is taken as
the jet with the next largest probability to be a b jet, as determined by the nominal b tagging algorithm
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Table 6.6: Event selection criteria for the tN_.med and tN_high SRs.

The top panel shows the

definition of the SRs used for the model-independent results. To enhance exclusion capabilities for
stop models, multi-bin regions are also defined for tN_med.

Signal region tN_med tN_high
Preselection high- EIiss preselection

Number of (jets, b-tags) (>4,>1) (>4,>1)
Jet pr [GeV] > (60, 50, 40, 40) > (100, 80, 50, 30)
Emiss [GeV) > 250 > 550
E%“js [GeV] > 230 -
s > 14 > 27
migeustered [GeV] > 150 > 130
mr [GeV] > 160

ampz [GeV] > 175

AR(b,£) <20

|AG(r 2, 7)) > 04

mf., based 7-veto [GeV] > 80

Exclusion technique
Bin boundaries in EX [GeV]

shape-fit in Emiss

t-and-count
[250, 350, 450, 600, inf) cut-and-coutt

Table 6.8, with the same preselection enforced as was described for the SRs above.

The back-

ground from semi-leptonic tt events is estimated by inverting the transverse mass selection. The

corresponding CR is defined in the background rich region mr < 90 GeV, while the extrapolation

past the kinematic endpoint at the W boson mass is checked in the VR (90 < mt/GeV < 120).

Di-leptonic tt is estimated by inverting the hadronic top tag requirement. The amrs selection is

also reversed for both sets of tf regions. Backgrounds due to W + jets are also estimated from

Table 6.7: Predicted composition of the SM backgrounds to the tN signal regions. Yields here are
normalized to the SM cross sections, before any data-driven corrections are applied. All sub-regions

of tN_med are combined, inclusive in EZss,

Signal region ‘ tN_med tN_high

tt 2L 7154+ 094 0.34 £ 0.18
tt 1L17 7.11 +£0.83 0.28 + 0.18
tt 1L 0.35 + 0.14 0.00 £+ 0.00
Single top 3.66 = 0.41 0.31 £ 0.09
W +jets 5.16 + 0.82 1.30 £ 0.53
Diboson 1.78 £0.40 0.32 £ 0.12
tt+V 12.39 £ 0.39  1.50 £ 0.12
Total SM ‘ 37.60 £ 1.66 4.04 + 0.62
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events which tail the top-tag requirement at large values of amps (as W + jets need not respect
the top mass endpoint). The CR and VR are defined in regions of low and intermediate m in
the same manner used for semi-leptonic ¢t decays. A small angle between the two jets deemed
most likely to contain B-hadrons is required, exploiting their probable origin from gluon splitting in
W + jets events. The single top CR is defined with an analogous selection with an inverted angular
requirement on the b jets. No validation region is defined for the background as the small number
of predicted tW events for these SRs make it difficult and unnecessary. (Contributions from ttZ are
estimated using a different strategy, which is common to all SRs and is based on 3-lepton events
from tt(Z — £*£7). A dedicated treatment is provided in the following Section.) In each of these
regions some SR requirements are relaxed to obtain a larger sample of events where normalization
factors can be derived. In particular, the requirement on ﬁr}“gﬁbg is loosened for all CRs and VRs
after verifying that this observable is well-modeled. Figure 6.19 shows several distributions for the
CRs and VRs associated with the tN_med and tN_high SRs. The full statistical machinery used to

obtain precise predictions and uncertainties on the expected SM contributions to the SRs will be

described in Section 6.9.

ttZ Estimation

The tt(Z — v) process is an irreducible background to the tf+EX signal and must be estimated
using a different strategy than for the other processes. In previous analyses (e.g. the final Run 1
result [3] as well as early results with the Run 2 data [149]) this background was estimated by
exploiting similarities between the ¢t + v and tf + Z processes. Each involved the production of an
electroweak boson in association with top quark pairs, and as such should be similarly affected by
theoretical uncertainties associated to the modeling of each process. Differences arise from the finite
mass of the Z boson'*, but become less important at high boson pp. Enhanced bremsstrahlung
of photons off of top quarks is also reduced at large energies, and is further suppressed by angular
requirements between the boson and reconstructed top decay products. Such #+ v events can serve
as a proxy for the t£{(Z — vi) process if EX'*-based observables are rebuilt for photon events,
with the photon treated as invisible. Distributions of EX and mr defined in this way, selecting a
tt + y-enriched region by Ref. [149] are shown in Figure 6.20a.

It is also possible to estimate the t#(Z — vv) background using t£(Z — £1¢7) events. The

primary disadvantage of this strategy is that the Z boson branching fraction to electrons and muons

14The contributing Feynman diagrams are identical up to the radiation of Z bosons off of neutrinos from top-quark
decays.
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Table 6.8: The definition of CRs and VRs used to estimate and validate the level of SM backgrounds
expected in the tN_med and tN_high signal regions is shown. Each of the defined regions is orthogonal,
with CRs designed to be enriched in the specified background. TILCR/VR (T2LCR/VR) refers to
the semi-leptonic (di-leptonic) ¢ process control and validation regions while WCR/VR targets the
W + jets process and STCR targets single top. A validation region is not defined for the single top

estimates derived for these SRs.

tN_med T1LCR/VR T2LCR/VR WCR/VR STCR
Preselection high-E%iSS preselection
Number of (jets, b-tags) | (>4, >1) (>4,>1) (>4,>1) (>4,>1) (>4,>2)
Jet pp [GeV] > (60, 50, 40, 40)
b-tagged jet pr [GeV] > 25 | > (25, 25)
Emiss [GeV] > 250
B [Gev] > 230
mr [GeV] > 160 [30,90] / [90,120] > 120 [30,90] / [90, 120] [30,120]
miss > 14 > 10 > 10 > 10 > 10
migetustered [Gev] > 150 > 150 top veto / > 150 top veto top veto
amps [GeV] > 175 < 200 <200 / <130 > 200 > 200
AR(b, L) < 2.0 - - - -
AR(bl,bz) — — — < 1.2 > 1.2
Lepton charge - — — +1 -
|A(51.,2, PF)] > 0.4
m7., based T-veto [GeV] > 80

tN_high T1LCR/VR T2LCR/VR WCR/VR STCR
Preselection high—E‘frniss preselection
Number of (jets, b-tags) | (>4, >1) (>4,>1) (>4,>1) (>4,>1) (>4,>2)
Jet pr [GeV] > (100, 80, 50, 30)
b-tagged jet pp [GeV] > 25 | > (25, 25)
Emiss [GeV] > 550 > 350 > 350 > 350 > 350
mr [GeV] > 160 [30,90] / [90, 120] > 120 [30,90] / [90, 120] [30,120]
Hplss > 27 > 10 > 10 > 10 > 10
miﬁgmsmred [GeV] > 130 > 130 top veto / > 130 top veto top veto
amqps [GeV) > 175 < 200 <200 / < 130 > 200 > 200
AR(b,£) <20 - - - -
AR(by,b2) - - - < 1.2 > 1.2
Lepton charge - - - +1 -
[Ap(j1,2, PRiss)| > 0.4
mZ., based 7-veto [GeV] > 80
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Figure 6.19: Data to MC comparisons of the predicted distributions for key observables in each of
the major background control and validation regions corresponding to the tN_med and tN_high SRs.
The normalization of tf, W + jets, and single top predictions is fixed in a fit to the CR yields, so
that inclusive agreement is good in the CRs by construction. The resulting normalizations are used
to predict the events in VRs, which quantify the performance of the fit.
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Figure 6.20: At left, the corrected EXS distribution with photon treated as invisible, shown in a

miss

sample of events with one lepton, real E* and a photon. This region was used as a ttZ CR in a
previous analysis [149]. At right, the di-lepton mass distribution used to select three-lepton events
for the t{(Z — £*¢~) control region used in the analysis of the 2015416 data set.

is three times smaller than that to neutrinos. Further, acceptance effects further reduce the number
of Z — £T/~ events available to estimate the background. However, this strategy was used to define
a ttZ CR for the 36.1fb~! analysis described within this chapter. A t{Z CR preselection is defined
as events having: four signal jets, one of which is b-tagged, three leptons, two of which are consistent
with the decay of a Z boson, and satisfying the hard-lepton preselection, where the reconstructed Z
treated as invisible. Lepton triggers are used to collect these events, so that one of the three leptons
is required to pass the ‘tight’ identification criteria. The Z-consistency requirement is that the event
contain an eTe™ or pTpu~ pair which has |mg+,~ — mz| < 10 GeV. Events passing this selection
except for the final my+,- requirement are shown in Figure 6.20b. The region is relatively pure in the
tt(Z — £14~) process, with remaining contributions from diboson and tZ single top. The diboson
modeling is assessed by considering events where the b-tag has been inverted; a normalization factor
of 0.8 is found in this region and applied to diboson contributions in the t#Z CRs. Dedicated ttZ
CRs are defined for each of the SRs described in this and the following Section, namely including
tN_med andtN_high. These CRs are the subset of events passing the t{(Z — £7£~) preselection
as well as the jet pr requirements additionally demanded in each SR. Other requirements, such as

those on mr, amrs, and such are not enforced. This allows an estimation which is robust against
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systematic uncertainties affecting jet modeling, top-quark and boson pr, and angular distributions,
while retaining a sufficient population of events to extract the overall normalization by allowing the
MC to model the extrapolation in other variables.

The two strategies of using t£ +v and t£(Z — £7£7) events to estimate t{(Z — vi) contributions
to the SRs were checked in parallel through the course of the analysis. The advantage of the tt +
method is the process’s relatively large cross section, which allows a ¢t + v CR definition which
is more closely related to the SR. The tt(Z — ¢T¢~) method was chosen, however, due to the
inadequacy of the pr z,mz < 1 assumption, particularly in the low-EX regions of the tN_med

SR. However, both methods were pursued and found to give similar estimates of the size of the

tt(Z — vi) contribution in each of the SRs considered.

6.7.2 High-mass stop decays to b)~(1i

Two additional SRs are defined to target high-mass stops that decay to a much lighter chargino,
which subsequently decays to a low-mass LSP. These regions are motivated by scenarios with a Wino
NLSP that has twice the mass of the Bino LSP, which occurs when the SUSY breaking parameters
satisfy My = 2M; a relation predicted by gauge unification arguments (see Sec. 6.1). Relevant
results from the Run 1 analysis [3] in this channel are shown in Figure 6.21. Instead of conducting a
pMSSM scan (as is done for the Run 2 result detailed in this document and introduced in Sect. 6.1),
simplified models were considered where the stop always decays via the £ — b)~(1i channel, as in
Fig.6.21a. To demonstrate the change in sensitivity to scenarios with more “realistic” branching
fractions to several final states, a scan in the relative decay rate of  — tX§ and # — bXi was
conducted, shown in Fig. 6.21b. For models with significant ¢ — bf(f branching fractions, stop
masses up to about 500 GeV are excluded for LSPs in the range from 50 to 200 GeV. Lighter LSPs
are not considered, as in this model a 50 GeV LSP corresponds to a 100 GeV chargino, which is on
the boundary of states excluded at the LEP experiments (see Sect. 6.1).

Two signal regions, denoted bC2x_med and bC2x_diag, are optimized to be sensitive to models
where stops decay without top quarks in the decay chain. The strategy is similar to that described
in Section 6.7.1, with the main difference being that hadronic top-tagging is not possible. Instead,
a similar strategy is followed, using W-tagging to target the hadronic leg of the ﬁt — W*X}. The
preselection is identical to that described in Section 6.7.1 and detailed in Table 6.5 (denoted “hard

lepton”) and the same optimization technique is used.
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Figure 6.21: At left, contours are shown corresponding to the space of excluded sparticle masses

when My = 2mgo and the stop decays via t — b>~(1i 100% of the time. At right, the change in

exclusions are shown as a function of the top squark branching ratios to ¢ — X1 versus £ — b>~<1i.
Figures are reproduced from Ref. [3].

Signal region definitions

The characteristics of the bC2x signals depend on the mass splitting AM (%, ﬁ[), which leads to
energetic b jets from the £ — b)Zli decay, and on the splitting AM(fﬁi, )2(1)), which leads to an energetic
W boson from the >~(1jE — WX} decay. The bC2x_med region is optimized for the model with
(mg, m)zli,mﬁ;) = (750 GeV,300GeV,150GeV) so that two highly-energetic b jetsare expected. In
addition to strict requirements on these energetic jets, this allows an aggressive requirement on amqs
(> 300 GeV), as the invariant mass also includes these jets. These requirements efficiently reduce
tt backgrounds to a negligible level, with tW single top remaining as the dominant background.
Because a second, real b jet in this process (i.e., tWb) does not originate from a top resonance, it
cannot be removed by the ampo transverse mass variable. In fact, a large theoretical uncertainty on
this background prevents the establishment of another SR —the would-be bC2x_high— targeting even
lighter LSPs. The difficulties surrounding this process are discussed in great detail in Chapter 7.
The bC2x_diag region focuses on the phase space where the mass splitting between the £ and the
)~(1i becomes small, and is optimized for the model with (m;, Mg, mi?) = (650 GeV, 500 GeV, 250 GeV).
Thus, the two required b jets are allowed to be as soft as 30 GeV, though at least three of the four
selected jets must have pr > 75 GeV, exploiting the frequency of initial-state radiation (ISR) off of

the #* system. Lower-momentum b jets skew the signal amqs shape to smaller values, so the corre-

sponding requirement is reduced with respect to the bC2x_med case, to 175 GeV. The full selection
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Table 6.9: Event selection criteria for the bC2x_diag and bC2x_med SRs.

Signal region

bC2x_diag

bC2x_med

Preselection

high- EIs$ preselection

Number of (jets, b-tags)

(=4,22)

Jet pr [GeV] > (75, 75, 75, 30) > (200, 140, 25, 25)
b-tagged jet pr [GeV] > (30, 30) > (140, 140)
B [GeV] > 230

Tt > 13 > 10
mer [GeV] > 180 > 120
amqa [GeV] > 175 > 300
|AG(jr, D) > 0.7 > 0.9
|Ap(jz2, priss)| > 0.7 > 0.9
m{}e\z]clustered [GGV} > 50
[ A (jr,2, PE™)] >0.4
mf., based T-veto [GeV] > 80

Exclusion technique

|

cut-and-count

cut-and-count

for both regions is shown in Table 6.9.

Background Estimation

With the selection as described above, the main backgrounds remain the t¢, single top, W + jets,

and ttZ processes. Exact yields for each process, based on pure, uncorrected simulation estimates,

are shown in Table 6.10. Diboson processes are negligible in these regions due to the requirement

of a second b jet.

A similar CR strategy is employed for the bC2x regions as was used for the tN regions described

Table 6.10: Predicted composition of the SM backgrounds to the bC2x signal regions. Yields here
are normalized to the SM cross sections, before any data-driven corrections are applied.

Signal region ‘ bC2x_diag bC2x_med

tt 2L 2.50 + 0.61 0.64 + 0.25
tt 1L17 3.23 +0.56 1.35 + 0.47
tt 1L 0.36 + 0.15 0.18 £ 0.15
Single top 3.02+0.45 2.85+ 041
WHjets 1.76 £ 0.33 0.45 + 0.11
tt+V 712 4+ 0.31  0.66 £ 0.07
Total SM ‘ 17.99 + 1.05 6.13 + 0.70
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in the previous section. The main difference is that the hadronic top tag requirement (mgggustefed P
150 GeV) is replaced with a hadronic W boson requirement (migclustered > 50 GeV) instead. With
this substitution, the same strategy is used to define semi-leptonic ¢t control regions at low mr
and di-leptonic control regions with a W veto. The W + jets and single top control regions are
both defined with the W veto as well as low mrrequirement. As previously, angular requirement
on the opening angle between the b jets differentiates the two. In some cases, the requirement on
the number of b jets is loosened in the CR/VR definition to increase the corresponding samples of
events. The precise definitions of each of the CRs and VRs for each background source and each SR
are shown in Table 6.11. Comparisons of the MC modeling of critical variables with the observed

data distributions are shown in Figure 6.22 for bC2x med and bC2x_diag. The ¢tZ background is

estimated using the same strategy as was described in Section 6.7.1.
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Figure 6.22: Data to MC comparisons of the predicted distributions for key observables in each of
the major background control and validation regions corresponding to the bC2x_med and bC2x_diag
SRs. The normalization of tt, W + jets, and single top predictions is fixed in a fit to the CR yields,
so that inclusive agreement is good in the CRs by construction. The resulting normalizations are
used to predict the events in VRs, which quantify the performance of the fit.
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Table 6.11: The definition of CRs and VRs used to estimate and validate the level of SM back-
grounds expected in the bC2x_diag and bC2x_med signal regions is shown. Each of the defined
regions is orthogonal, with CRs designed to be enriched in the specified background. TILCR/VR
(T2LCR/VR) refers to the semi-leptonic (di-leptonic) ¢t process control and validation regions while
WCR/VR targets the W + jets process and STCR targets single top. A validation region is not
defined for the single top estimates derived for these SRs.

bC2x_diag T1LCR/VR T2LCR/VR WCR/VR STCR
Preselection high—EfF“iss preselection
Number of (jets, b-tags) (>4,>2) (>4, >2) (>4,>2) (>4,>1) (>4, >2)
Jet pr [GeV] > (75, 75, 75, 30)
b-tagged jet pp [GeV] > (30, 30) > (30, 30) > (30, 30) > (30, —) > (30, 30)
Emiss [GeV] > 230
Hiplss > 13 > 13 > 10 > 13 > 10
mr [GeV] > 180 [30,90] / [90, 120] > 120 [30,90] / [90, 120] [30, 120]
ams [GeV] > 175 < 200 <200 / < 130 > 200 > 200
[Ad(jet;, pHRiss)|(i = 1,2) >0.7
migelustered [GeV] > 50 > 50 W veto / > 50 W veto W veto
AR(by,b2) - - - <1.2 > 1.2
Lepton charge - - - =41 -
|A¢(j1,2, P9 > 0.4
mZ., based T-veto [GeV] > 80

bC2x_med T1LCR/VR T2LCR/VR WCR/VR STCR
Preselection high-EElfliSS preselection
Number of (jets, b-tags) (>4,>2) (>4, >2) (>4,>1) (>4,>1) (>4,>2)
Jet pp [GeV] > (200, 140, 25, 25)
b-tagged jet pr [GeV] > (140, 140) > (140, 140) > (140, —) > (140, —) > (140, 140)
Emiss [GeV] > 230
mise > 10 > 10 > 10 > 10 >6
mT [GeV] > 120 [30,90] / [90, 120] > 120 [30,90] / [90, 120] [30, 120]
amrsa [GeV] > 300 < 200 <200 / <130 > 200 > 200
|[Ag(jet,, PEiss)| (i = 1,2) > 0.9
migelustered [GeV] > 50 > 50 W veto / > 50 W veto W veto
AR(b1, b2) - — - < 1.2 > 1.2
Lepton charge - - - =41 -
A6 (j1,2, ) > 04
m7., based T-veto [GeV] > 80
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6.7.3 Stop decays to Higgsino LSP

The case of a Higgsino LSP can produce new signatures, which are not probed by the search regions
defined in previous sections. In particular, if the charged lepton is not produced directly from the
top-quark decay products, but in the secondary decay of the chargino 5(1i via a highly off-shell W
boson, then the leptons will have too low momenta to be selected according to the methods described
in Section 6.7.2. Similar models were considered in Run 1 searches, with selected results shown in
Figure 6.23 for models parameterized by the physical sparticle masses (simplified models, Fig. 6.23a)
and by the pMSSM mass parameters (pMSSM scan, Fig. 6.23b). In this work, signal models are
considered for a range of stop masses (> 350 GeV) and Higgsino LSP masses (> 100 GeV), as well
as a range of values for the )~(1i—>~([1)mass splitting (0 GeV < AM < 30 GeV). Details of the dedicated

search regions exploiting the soft-lepton signature associated with Higgsino LSPs is described below.

Signal region definitions

In the {t* cascade decay, one or both stops may decay via the £ — bf(f process which leads to soft
leptons in the Higgsino LSP scenario. Dedicated signal regions are developed targeting each scenario.
The bCsoft_med SR targets the mixed scenario tt* — tbﬁfc? for a broad range of stop masses, while
the bCsoft_high SR is optimized for very high-mass stop pairs decaying #* — bbXi X1 . Both of
these regions are defined to be orthogonal to the tN_med SR so that they can be statistically combined
to give maximum coverage of all ##* decay chains. Finally, a specialized SR bCsoft_diag is defined
to target scenarios where AM (Z, )2(1)) < Mmyop and the stop decays exclusively via £ — b>~(1i. This SR
is not statistically combined with other signal regions.

The preselection demanded for the bCsoft regions has been introduced in Table 6.5. Major
differences include: a reduced pr threshold for signal leptons (5 GeV electrons and 4 GeV muons);
tighter lepton identification requirements to allow for the estimation of fake and non-prompt back-
grounds; the absence of any requirement on mr; the requirement that one of the two required 25 GeV
signal jets satisfies the b tagging requirement. Because the lepton pr is very low for the targeted
signal processes, the m (proportional to the geometric mean of the lepton pr and the ERsS) is as
well. For this reason, an upper cut on mr is used to enforce orthogonality of the bCsoft SRs with
tN_med, which requires mt > 160 GeV. The low signal mt also leads to processes with one real
lepton comprising the dominant background, as opposed to the tN regions. The full description of
the bCsoft SRs is given in Table 6.12.

The bCsoft_diag SR is designed to capture stop signals when an energetic jet recoils off of the
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Figure 6.23: At left, search results are presented as exclusions on a space of models with
AM ()2(1), )~<1i) =5 (light green shaded region) and 20 GeV (dark green), as a function of the stop and

LSP mass. Limits on direct chargino production are also shown for each AM (f(?,féli) assumption
based on LEP searches. Results are combinations of analyses considering final states with one soft
lepton [3] and zero leptons, with 2 high-pr b jets [199]. At right, related results are presented as a
function of the SUSY mass parameters mgqsz, (the third generation left-handed squark mass) and
(the Higgsino mass parameter). Dotted and dashed lines are overlaid denoting the physical sparticle
masses. Both figures are reproduced from Ref. [142].

tt* pair. The large ISR boosts the #* pairs, leading to larger momenta of their decay products in
the rest frame of the detector. Thus, bCsoft_diag requires a leading jet of at least 400 GeV, in
addition to a second signal jet, which must be b-tagged. A hadronic top veto reduces the (largest)
background from semi-leptonic top decays.

The bCsoft_high SR requires two high-pt jets, both of which must be b-tagged, in accordance
with the anticipated signature of the t* — b5>~(1i>~(1$ signal for large stop masses. While the Emiss
cut is low for this region (only large enough so that the trigger efficiency has reach a plateau) a
strict requirement is instead made on p¥'. The reconstructed W boson transverse momentum p is
the combined pr of the combined lepton- EMisS system, which is a proxy for the W pr in SM events
such as semi-leptonic tt and W single top. Because the lepton pt is much smaller than the E{«“iss
for signal events, this requirement is effectively a EXsS cut. The benefit of this choice is related to
the estimation of backgrounds and is given in the following section. An aggressive requirement on

amrs is also made to reduce the tt and single top backgrounds. The bCsoft_med signal region is a



6. A SEARCH FOR TOP SQUARKS 131

Table 6.12: Event selection criteria for the bCsoft_diag, bCsoft_med, and bCsoft_high SRs. The
top panel shows the definition of the SRs used for the model-independent results. To enhance
exclusion capabilities for stop models, multi-bin regions are also defined.

Signal region bCsoft_diag bCsoft_med bCsoft_high
Preselection soft-lepton preselection

Number of (jets, b-tags) (>2,>1) (>3,>2) (>2,>2)
Jet pr [GeV] > (400, 25) > (120, 60, 40) > (100, 100)
b-tagged jet pr [GeV] > 25 > (120, 60) > (100, 100)
EmIss [GeV] > 300 > 230 > 230
mr [GeV] < 50 < 160 < 160
PV [GeV] - > 400 > 500

ply ) Eipiss < 0.02 < 0.03 < 0.03
amqg [GeV] - > 200 > 300
migeustered [GeV] top veto - -
min(Agp(b-jet;, praiss)) <15 > 0.8 > 0.4
AR(bl, bg) — - > 0.8
|Ap (51,2, P >0.4

Exclusion technique shape-fit in p%./Emiss

Bin boundaries in p./ERiss [0,0.01,0.015,0.02 [0,0.015,0.03,0.1] [0,0.015,0.03,0.1]

effectively a looser version of bCsoft_high, which targets mixed decays #* — tb)hi)a).
For all regions, the key discriminant is pfr /Emiss which is required to be small. The fit exploits
multiple bins of pgf JERss to retain sensitivity to a large range of lepton momenta stemming from

various Higgsino mass splittings.

Background Estimation

The background procedure for the bCsoft_med and bCsoft_high regions relies on extrapolations on
P4/ ER instead of hadronic top and W boson taggers as were used for the previous regions. The
critical observation for this strategy is that the SM backgrounds relevant for the SRs defined above
feature EX and a lepton that originate from the same decay of a W boson. This can be seen
from the predicted SR yields shown in Table 6.13. For backgrounds, this the lepton pr and E{E‘iss
should generally be of a similar size, though this is sculpted at preselection by the E¥s trigger
requirement. For signal, the lepton pr is proportional to the mass splitting of the Higgsino states
(typically O(GeV)), while the E is proportional to AM (%, )21i) ~ mj so that p4/ERiss should in
general be quite small. SM backgrounds may also attain small values of this ratio if the angle of the

lepton from the W boson decay is small, with respect to the W boson momentum in the lab frame.
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This difference is illustrated in Figure 6.24. However, the difference between SM backgrounds that
pass and fail the SR selection is only due to this decay angle, which is precisely predicted in the
SM and thus should be well-modeled in the SM simulation. Thus, the strategy for background
estimation in the bCsoft regions is to normalize backgrounds in regions with W-neutrino decay
angles producing high-pr leptons, while controlling for the pr of the W boson itself. Thus, any
systematic uncertainties that affect the W boson pr modeling (whether in W + jets, tf, or single
top processes) should cancel in the extrapolation.

tW single top and W + jets are the dominant backgrounds for the bCsoft_high and bCsoft_med
SRs and are estimated from events with large pff JERiss The precise definition of each CR and VR is
presented in Table 6.14. The bCsoft_high SR requires pfF/E%“SS < 0.03, with the tW and W + jets
CRs defined with p4/E% > 0.2 and the VRs in the intermediate region. For the tW CR and VR
all other selection criteria are identical to the SR. For the W + jets CR and VR events are required
to have exactly one b jet. The distribution of p§./EXSS for events entering these regions is displayed
in Figure 6.25. A tt CR and VR are also defined by inverting the selection on amzs. The strategy

miss

used for the bCsoft_med regions is similar, with some regions of intermediate pff /ER5 unusable as
VR due to potential signal contamination.

For the bCsoft_diag region, a similar strategy is used to the hard-lepton regions. CRs and
VRs are defined for ¢t and W + jets backgrounds, while single top is taken from simulation as it is
less important in this region. The tt regions are defined by inverting the hadronic top veto. The
W + jets regions are defined by inverting the angular requirement on the EX'*% and nearest b jet.

For W + jets, these are expected to be back-to-back while for signal (and tt) they stem from a top or

stop decay and thus are boosted in a common direction. For both backgrounds, the CR is defined

Table 6.13: Predicted composition of the SM backgrounds to the bCsoft signal regions. Yields here
are normalized to the SM cross sections, before any data-driven corrections are applied. Entries
corresponding to less than 0.01 events are marked as “—”.

Signal region | bCsoft_diag bCsoftmed bCsoft high
tt 1L 8.92 +£0.83  3.55 £ 0.56 1.67 £ 0.36
tt 1L17 2.57 £ 0.50 - -
tt 2L 1.04 £0.29  0.07 £ 0.07 -
Single top 3.60 £0.82  3.27 £ 0.32 5.91 + 047
V4jets 6.93 £ 0.66 4.31 £0.39  3.55 £ 0.22
tt+V 0.14 £0.06  0.47 £ 0.10  0.42 £ 0.06
Diboson 2.14 £1.01 0.50 + 0.26 -
Total SM ‘ 2534 £ 1.78 1217 £ 0.81 11.55 £ 0.63




6. A SEARCH FOR TOP SQUARKS 133

Table 6.14: The definition of CRs and VRs used to estimate and validate the level of SMs back-
grounds expected in the bCsoft_diag and bCsoft_med signal regions is shown. Each of the defined
regions is orthogonal, with CRs designed to be enriched in the specified background. TILCR/VR
(T2LCR/VR) refers to the semi-leptonic (di-leptonic) ¢t process control and validation regions while
WCR/VR targets the W + jets process and STCR targets single top. A validation region is not
defined for the single top estimates derived for these SRs.

bCsoft_diag TCR/VR WCR/VR

Preselection soft-lepton preselection
Number of (jets, b-tags) (>2,>1) (>2,>1) (>2,=1)
Jet pp [GeV] > (120, 25)
b-tagged jet pr [GeV] > 25
Emiss [GeV] > 300
mr [GeV] <50 < 160 < 160
pfF/EIli‘iSS < 0.02 [0.03,0.10] / < 0.03 [0.03,0.10] / < 0.03
mjeclustered [GeV] top veto > 150 top veto
min(A¢(b-jet;, Pr'**)) <15 <15 > 1.5
|AG (1,2, P > 0.4

bCsoft_med TCR/VR WCR/VR STCR/VR
Preselection soft-lepton preselection
Number of (jets, b-tags) (>3,>2) (>3,>2) (>3,=1) (>3,>2)
Jet pr [GeV] > (120, 60, 40, 25)
b-tagged jet pp [GeV] > (120, 60) > (120, 60) > 120 > (120, 60)
Emiss [GeV] > 230
mr [GeV] < 160
pi¥V [GeV] > 400
ph/ Emiss < 0.03 >0.03 / <0.03 > 0.20 / [0.1,0.2] > 0.20 / [0.1,0.2]
amrs [GeV] > 200 < 200 > 200 > 200
min(Ap(b-jet,, Priss)) >0.8 - [0.8,2.5] > 0.8
AR(by,b2) - - - > 1.2
|A(s1.2, PE)| > 0.4

bCsoft_high TCR/VR WCR/VR STCR/VR
Preselection soft-lepton preselection
Number of (jets, b-tags) (>2,>2) (>2,>2) (>2,=1) (>2,>2)
Jet pp [GeV] > (100, 100)
b-tagged jet pr [GeV] > (100, 100)
Emiss [GeV] > 230
mr [GeV] < 160
PV [GeV] > 500
p%/E?iSS < 0.03 >0.10 / < 0.10 [0.1,0.4] / < 0.10 > 0.30 / [0.1,0.3]
amps [GeV] > 300 < 300 > 300 > 300
min(A¢(b-jet,, pHRiss)) > 0.4
AR(by,bs) > 0.8 >08 - > 0.8
AR(b, L) - - > 0.8 -
A6 (12, PF))| >04
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Figure 6.24: An illustration of the behavior of the p4/Emiss observable for signal (left) and SM
background events with a single leptonically decaying W boson (right). For the signal process, the
low lepton pr is related to the Higgsino mass splitting and is essentially uncorrelated with the large
Emiss due to the large stop mass. For backgrounds, the low lepton pr for events entering the SRs
is specifically due to the small decay angle between the W boson and its daughter neutrino (upper
left), the magnitude of which can be estimated using large-angle decays (bottom left).

at large p%/ESsS and the VR assesses the extrapolation to low values of pf./ERiss,
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Figure 6.25: The observed distribution of péT JEmss in data is compared to MC prediction for a
variety of regions and configurations. At top left, the data are shown in the tW control region
alongside MC prediction where each process is normalized to the theoretical cross-section. At top
right, the same data are shown with MC whose normalization has been corrected in the fitting
procedure. The fit assigns the tW process a significantly smaller normalization than the calculated
cross section. At bottom left, the fit results are validated in a tW-rich region defined at lower values
of pf./ERs | where generally good agreement is observed. At bottom right, the same distribution
is shown in the region validating the modeling of the W + jets process.
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6.8 Uncertainties

6.8.1 Experimental Sources

The effects imperfect object reconstruction on the measurement are considered by assigning nuisance
parameter (NP) to individual sources which can affect the calibration of individual objects. Each
nuisance parameter usually corresponds to 10 variations (i.e. for scale and efficiency uncertainties)
for individual sources, while for others a one-sided +10 uncertainty is assessed (i.e. for resolutions).
Uncertainties are only considered in the full statistical procedure which give a significant impact
on the final results. Those related to jets, EX and flavor tagging are most critical for the stop

analysis.

Jet energy scale A set of 88 uncertainties are considered from the JES calibration Ref. [105]. Of
those, 75 are due to various assumptions made in the in-situ calibrations regarding the event
topology, MC simulation, event statistics, and uncertainties on other reference objects used
in the calibration. An eigenvector decomposition is used to reduce these to 6 NPs, retaining
the vast majority of the correlation uncertainties to produce 19 in total. The remaining NPs
stem from uncertainty in the modeling of pile-up in simulation, the flavor composition of
jets entering event samples and their distinct responses, high-pt corrections for jets not full
contained within the calorimeter and calibrated with single-particle measurements, and non-
closure in the calibration methods as a function of 7g.¢. A final NP as assigned to backgrounds
estimated using fast detector simulation. In the present analysis, the impact of preserving all
correlations is found to be negligible, so a further set of strongly reduced NPs is used so that

a four-NP scheme is used.

Jet energy resolution The jet energy resolution is measured through in-situ comparisons of the
relative momenta in di-jet events, based on the techniques described in Ref. [200]. The uncer-
tainties relating to the extrapolation of Run 1 measurements to Run 2 conditions are dominant
and have similar shapes, so are combined in a correlated manner into a single NP. Jet energies

are smeared according to the resolution to estimate the impact of this variation.

Emiss soft term Uncertainties are assessed on the determination of the scale and resolution of the
soft term, as described in Ref. [112]. Scale uncertainties are obtained by comparisons of the

EXiss component along the pr of the hard process (in Z — ptu™ events) in simulation and
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miss

data. The distribution of variances of the Ef'"*® components parallel and perpendicular to the

hard process are used to extract corresponding resolution terms.

Flavor tagging Variations in efficiency scale factors are provided by comparing data and simulation
in regions enhanced in jets of specific flavors. Dedicated NPs are assigned for each flavor
in addition to NPs associated to extrapolation from the measured region to high-pr jets.
The latter is based on variations of parameters affecting the tagging efficiency such as track

resolution, multiplicity, and material effects.

Electron efficiency Separate NPs are considered to account for changes in the efficiency scale fac-
tors due to the reconstruction, identification, and isolation. Scale and resolution uncertainties

on electrons are found to be negligible and thus are not considered.

Muon efficiency Scale factor variations impacting the measured reconstruction and isolation ef-
ficiency for muons are considered with separate NPs for statistical and systematic sources.

Additional NPs are considered for low-pt muons.

Pileup re-weighting The sensitivity of the results to the PU profile simulated in MC is assessed
by re-weighting events. The average pileup can be measured in terms of the average number
of collisions (u) per bunch crossing as well as by the number of reconstructed vertices per
event Npy. The correspondence between each parameter reflects the relative fraction of high-
pr interactions (leading to reconstructed vertices), which is configurable in MC simulation.
A correction is necessary such that events simulated with a value of (u) fixed to data are
re-scaled to have 9% fewer reconstructed vertices. The uncertainty on PU re-weighting is
obtained by varying the underlying pileup profile of simulated event samples by the full size

of this correction in each direction.

6.8.2 Theoretical Sources

Uncertainties stemming from the finite calculational accuracy of simulations of physical processes
are considered. Predictions are separately obtained for each SM background and a set of parameter
variations corresponding to modeling choices are assigned to each, assumed to be uncorrelated
among processes. The sources considered are described separately below for each SM background.

Technical details of the various samples of simulated events were introduced in Section 6.3.1.

tt and tW single top Uncertainties are considered corresponding to variations in scale choices,

parton shower modeling, and the NLO matching scheme. Scale uncertainties are assessed by
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comparisons of the low- and high-radiation samples with altered values of the pgr, py, and
hdamp parameters. Uncertainties due to modeling of the parton shower, including fragmenta-
tion and hadronization effects is obtained by comparing the nominal powheg+PYTHIA sample
to an alternate one where the HERWIG++ shower program is utilized. The difference between
MC@NLO and POWHEG calculations with fixed parton shower determined the uncertainties
due to choices in the various matching parameters. Uncertainties due to PDFs are found to be
negligible compared to the remaining effects and are not explicitly considered. The uncertainty
related to overlapping contributions from diagrams with one and two resonant top quarks and
their interference is assessed by comparing predictions using the DR and DS schemes. A cross
section uncertainty is assessed on the tW single top process in regions where its normalization

is not derived from a dedicated control region.

W + jets and Z + jets The effect of separate variations in the renormalization, factorization, and
resummation scales are considered by a factor of two in each direction. The CKKW-L merging
scale defined the phase space to be included in the NLO- versus LO-accurate ME calculation.
Nominally it is set to 20 GeV, and is variations of 15 GeV and 30 GeV are considered. A
further uncertainty is assessed comparing the nominal SHERPA prediction to a multi-leg LO
MG5_aMC@ONLO+PYTHIA 8 calculation. Cross section uncertainties are not needed for W + jets,
which is normalized in all regions. The contribution of Z + jets to all SRs is so small that the

cross section uncertainty is irrelevant.

Diboson Variations of the renormalization, factorization, and resummation are considered. Cross

section uncertainties are also considered for each V'V sub-process.

ttV The renormalization and factorization scales are independently varied by factors of two in each
direction, with the envelope giving the uncertainty on the predicted transfer factor. 100 NNPDF
eigenvector variations are also considered, with the associated uncertainty calculated as the

RMS across variations.

Signal Uncertainty in the signal production cross sections are evaluated. Further uncertainties on
the signal shape due to PDF and scale variations are assessed for several benchmark points

and found to be everywhere negligible in comparison to the experimental uncertainties.



6. A SEARCH FOR TOP SQUARKS 139

6.8.3 Summary

The relative impact of each of the sources of systematic uncertainty is summarized in Table 6.15 and

compared to the (statistical) uncertainty on the normalization factor for each fitted background.

6.9 Statistical Procedure

The control regions defined in Section 6.7 are used to predict the number of SM background events
entering the corresponding signal regions. In some cases, multiple signal regions (and their cor-
responding CRs) are combined in a fit to obtain tighter constraints on BSM models. In the stop
analysis, the statistical framework is implemented in the HISTFITTER package [201]. Before dis-
cussing specifics of the statistical interpretation of the results of the stop search, we briefly review
the profile likelihood ratio framework used to quantify agreement of the observed data with the

predicted SM background and the CLg prescription [202] used to set limits on BSM signal models.

Table 6.15: The contribution to the total uncertainty on the SM background enter each SR due to the
data-driven normalization factors and systematic uncertainties. The uncertainty on the SR yields is
shown as a percentage of the total SM prediction for three selected SRs. Normalization uncertainties
are dominated by the sample size of the corresponding CR(s), while systematic uncertainties reflect
residual effects not canceled in the transfer factor construction. Individual contributions may not
sum to the total uncertainty shown due to their correlations.

l Signal Region Uncertainty (%) [ tN_med bC2x_med bCsoft_med ‘
tt + Z normalization 11 6.8 -
tt (2L) normalization 4.7 3.3 2.6
Wt normalization 3.0 17 3.4
W +jets normalization 2.5 2.1 8.1
tt + Z modeling 11 1.2 <1.0
tt radiation 4.3 1.9 4.6
tt generator 3.6 1.7 4.6
tt hadronization 2.5 5.8 3.9
Wt—tt interference < 1.0 13 < 1.0
Single-top generator < 1.0 4.9 < 1.0
Single-top hadronization <1.0 11 <10
JER 2.8 6.8 2.4
JES 2.8 1.4 2.1
Mis-b-tag (c-quark) 2.3 4.9 13
Mis-b-tag (light quark) 2.0 2.0 4.6
Pile-up 2.5 3.8 2.0
Total systematic uncertainty 18 22 15
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The Profile Likelihood Ratio

The fit model is described by a likelihood function which is a product of probabilities involving
observed yields d, predicted yields due to some arbitrary sources m’, and parameters controlling

the effects of systematic uncertainties 6:
L(d,m*,0) = P(d,m", 8) x C(0). (6.8)

For concreteness, here d = (dsgr, di7 cr, dw+jets CR. - - -) and a similar vector exists for each process

m’ m'" ... which each also contribute to all regions. The term P(d, m;, 8) is a product of Poisson

constraints for each signal and control region

Pam,o - [ & mj(8))*re” Xm0 6.9)
reRegions

with @ parameterizing the effect of each systematic uncertainty on the yield for each process in each
region. Fach of the NPs 6 is modeled as a random variable with unit Gaussian probability density
function (pdf)!®) that simultaneously controls the variation in the yields for all bins and processes
m; = m;(0). The constraint term C(0) is the product of Gaussian constraints for all NPs. In
this formulation the dependence of the yields predicted in a specific region for a specific process
due to NP 0 may be parameterized as m(0) = mi|no syst + 0 - AL, where the Al are precisely the
variations in predicted yields which were obtained in Section 6.8. A single source of uncertainty may
be “decorrelated” among bins by representing its effects on various regions and processes through
many NPs, each of which may vary independently. In the case of jet energy scale uncertainties,
for example, effects are taken to be correlated across all processes and regions. On the other hand,
while modeling uncertainties due to ug/u; variations are decorrelated among processes they must
be correlated among regions. This is critical to obtain the cancellation of effects in the “transfer
factor” construction. In Eqn. 6.9, each m/. is required to be non-negative.

Among the m;, the contribution of the signal process is unique in that its normalization is
unknown, so that conventionally its contribution is written as jgem;, with the signal strength
parameter jig, controlling the normalization of the contribution. The “shape” of the signal (relative
contribution to each region) is encoded in the m;, as with all other processes, and may be nonzero

in regions other than the SR.

15Here we do not capitalize the abbreviation to distinguish from the parton distribution function (PDF) described
above.
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It is useful to take advantage of convenient properties of the likelihood function to derive a

further test statistic, the profile likelihood ratio A(p) and its normalized transform g,,, defined

)
A = 1 (6.10)
qu = —2log A(p). (6.11)

In the first line i and 6 refer to the parameters which minimize L and 0 refers to the 6 that
minimizes L given pu. We assume that p and ji are non-negative. Wilks’ theorem states that g,

follows a x? distribution with one degree of freedom in the limit of large event samples [203].

The Background-only fit

A “background-only” fit is first conducted to determine the data-driven corrections to the back-
ground processes and check the fit behavior before considering SR data. This is done by removing
SRs, VRs, and any signal processes from the m; contributing to the likelihood defined in Equa-
tion 6.8. In this setup the NPs included in @ include all of the background systematic uncertainties
described in Section 6.8 as well as normalization factors (NFs) p; for each of the background pro-
cesses for which a CR has been defined. For backgrounds with floating normalization, only the shape
(the relative contribution of the process to all regions) is taken from simulation so that m — p;m
for these processes. The values for each normalization factor give useful information regarding the
quality of the MC simulation’s description of the data, with NFs far from unity indicating potential

systematic biases. The covariance matrix for @ can be obtained from the likelihood function as
0*L
Vil=
J 00,00,

(6.12)

assuming large event samples'®. The values of é and their associated 1o values indicate whether
the fit has constrained any systematic uncertainties. This “profiling” is usually undesirable, exposes
an inconsistency between the method used to obtain uncertainties and the setup of the fit model
itself. Inspecting the correlation matrix for 0 is also necessary to ensure that, for example, extracted
normalizations are not strongly correlated with theoretical uncertainties, confounding the two effects.

The background-only fit may be extrapolated to provide an estimate of the SM yield in the SR.

This estimate may be written in terms of the NFs as

i,(data-driven) i, (Pure MC) e 3, (Pure MC) dCRi
mSR = mSR g = mSR m (613)
MR,

16When this approximation breaks down (O(10) expected events), toy data sets with varied 8 vectors may be used
to recover the full covariance matrix.
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where the last relation is an equality if no other processes contribute to CR; and no other regions

constrain the process. It can also be useful to write the estimate of mé’édata_driven) as a MC-based

(2

transfer factor which extrapolates observed yields in a CR to an SR prediction:

mi,(Pure MC)

i,(data-driven) __ CR;—SR __ SR

MsRr ~ dcr, - t; = dc, i,(Pure MC)
McR,

. (6.14)

This extrapolation provides a full description of the predicted SR yields and uncertainties, except
for any of the @ whose effects cannot be extrapolated from the other regions (e.g. limited MC stats

in the SR).

Testing the SM hypothesis

For each SR, the agreement of the observed data with the SM prediction is quantified by quoting
a p-value corresponding to the SM-only hypothesis. If this p-value corresponds to more than a
few o, either our model of the SM prediction is inadequate or it constitutes evidence for BSM
physics. In this case, the signal prediction is set to zero in all regions except the SR, where ji4, then
parameterizes the number of BSM events entering the region. To test this hypothesis, all observed
data and SM estimates in the CRs and the SR are included in likelihood function, as well as the BSM
signal. If the best-fit [is, is negative a p-value of 0.5 is quoted, as the choice is made to consider only
signals leaving positive contributions to the SR. Otherwise, the test statistic gy gives the desired
likelihood ratio and the pdf of the test statistic can be integrated up to calculate a p-value

po = / pdf(go | psig = 0) dgo. (6.15)

q0, obs

In the asymptotic case, the pdf is approximates a x? distribution, with po ~ \/qo [204].

Model-independent exclusions

For each SR, a model-independent limit may be placed on the number of non-SM events entering the
region, provided that the SM provides a good description of the data. The setup is similar to that of
the previous section where the BSM process is assumed to contribute only to the SR. However, the
test statistic g, is now calculated for a range of signal strengths p > [i to assess the compatibility
of the observed data with a particular signal strength pg,. These p-values are capped at 0.5, with
g, = 0 for p < fi in this scenario.

The CLg prescription [202] is used to obtain the excluded signal strength instead of the p-value
defined in Eqn. 6.15 to avoid setting extreme limits in the case where a deficit of data, below the SM
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prediction, is observed. Thus, for each signal strength fi., the corresponding CLg value is computed

as
CLs (Nsig) = p/Lssg/p07 (6~16)

the ratio of the compatibility of the signal + background versus the that of the background-only
hypotheses. When the observation perfect matches the SM prediction, the penalty factor pg is
0.5, so that limits are more conservative than those obtained from the signal p-value alone (i.e.
pu = 0.05 — CLg = 0.10).

Thus, for a scanned range of u values, the corresponding CLg is computed, using toys if necessary.
The number of BSM events corresponding to the fig, for which CLg(psig) = 0.05 is defined as
Sg)l()csl,QS%'
of the likelihood ratio with L(0, ), where the value for the NPs obtained from the full fit including

An expected value Seerfl o5y is similarly obtained by replacing L(fi, @) in the denominator

observed data are still included!”.

Model-dependent exclusions

In the context of this statistical framework, each specific BSM model predicts the relative number of
extra events expected in each region entering the fit (ideally, many events in the SR(s) and few in the
CR(s)) as well as a potential overall normalization (signal cross section). A similar procedure to the
model-independent case may then be followed. The value of g corresponding to CLg(psig) = 0.05
is obtained as above, with the model excluded if ug}fil’%% < 1. The limit may also be translated
into a limit on the cross section times branching ratio o x BR to the targeted final state, using the

acceptance and efficiency predicted for the signal model

(o x BRmodel)Zi’Sl,%% = Ngl?;l,gs% + (0 X BRmodel)- (6.17)

The latter is particularly useful in the case of new BSM particles that may decay via a number of
channels. For example, assuming the strong t£* production cross sections, limits may be set on the
individual £ — tX{ and  — bfﬁi branching fractions.

While each of the bCsoft regions are not orthogonal to each other (i.e. some events may enter
both bCsoft_med and bCsoft_high), they are designed to be orthogonal to the tN regions so that
they may be combined. In this manner, a combined likelihood function can be built from the tN_med
regions (five CRs and four SRs) and one of the bCsoft regions (e.g. three CRs and three SRs for

bCsoft_high). The signal sensitivity is increased by considering its contribution to all seven SRs at

7The choice to retain the values of the NPs derived from data is made to facilitate more direct comparisons
between the expected and observed limits
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once. The background treatment becomes more complicated, with two sets of processes receiving
separate normalizations for the hard- and soft-lepton CRs and SRs. The optimal choice of how
to correlate systematics among regions in this approach is not obvious, but in practice they are

generally taken to be uncorrelated among the two sets of fit regions.

6.10 Results

6.10.1 Model-independent results

Background-only fits are conducted for the each of the SRs. The predicted SR yields and uncer-
tainties are compared to the observed data in each VR and SR in Figures 6.26 and 6.27. The
full comparison of predicted and observed events is presented in Table 6.16, in addition to the
observed significance and model-independent exclusions for each signal region. In each of these
results, the “discovery regions” are used when considering SRs in which multiple sub-regions for
model-dependent fits are also defined. No significant excesses are observed, the largest being 1.60

in tN_high.
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Figure 6.26: The observed data in the (a) tN.med and tN_high and (b) bC2x_med and bC2x_diag
SRs and VRs are compared with the SM yields predicted by the background-only fit. Contributions
from each process are shown in colored, stacked histograms indicated in the legends. The “pull”
distributions are given in the corresponding lower panels, showing the difference between observed
and predicted yields in units of the expected total uncertainty. The bWN, bffN, and bCbv regions
pictured target scenarios where AM (£, >~<(1)) < Mtop. A detailed description of these regions has been

omitted from the text for brevity.
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Table 6.16: The observed number of events in all SRs is compared with the corresponding SM
prediction, broken into individual components according to the SM process. The SM predictions are
the result of the background-only fit where the normalization of each process are allowed to float.
The normalizations for each process obtained from the fit to CR data is also shown in the table.
Finally, the comparability of the observed number of events in each region with the SM prediction
is quantified with a p-value (capped at 0.5) corresponding to the background-only hypothesis and
the significance o, quoted as the equivalent for a Gaussian-distributed random variable. Model-
independent limits on the number of non-SM events entering each region are also quoted (N}fg‘ni_tSM
obs.) in addition to the expected value Nimit, =~ exp. Each Background whose contribution does not
float in the fit is normalized to its theoretical cross section. For the bCsoft regions the tf estimate
is not divided into explicit sub-components, so that a single SR prediction and associated NF are
obtained.

Signal region tN_high tN.med |DbC2x diag | bC2x med [bCsoft_diag|bCsoft med|bCsoft_high
Observed 8 50 22 4 33 19 2
Total SM 38+1.0 [363+66 |21.3+£5.0 | 5.84+1.6 | 24.7+3.1 |13.7+£21 | 1.840.3
tt 26 0.514+0.18 [12.1£2.9 | 6.44+2.4 [1.36+0.49 - - -

tt 14 0.020 4 0.001|0.19 £ 0.05]0.28 + 0.18| 0.04%0(2 | 10.3+24 | 4.94+1.5 | 0.36+0.15
tt+V 1.86£0.90 [14.2+5.5 | 7.8+£3.3 [0.71£0.38| 0.14 £ 0.06 | 0.44 £ 0.10| 0.05 & 0.02
Single top 0.1340.10 | 35+1.2 | 55424 | 3.0+1.5 | 35+15 | 1.6+0.5 | 0.234+0.11
W+jets 0.88+0.24 | 434+1.1 |1.2240.35/0.54+0.14| 80420 | 64420 | 1.06+0.24
Diboson 0.4240.16 {2.08 £0.70|0.23 4 0.08 [0.07 £ 0.04| 2.21 £0.93 |0.31 4 0.16 | 0.04 +0.01
Z+jets - - - - 0.60 +0.55 | 0.17 4 0.16 | 0.04 +0.04
tt 20 NF 1.01 £0.15 [0.9640.13|1.28 £0.17|1.58 4 0.22 - - -

tt 14 NF 0.97 4+ 0.08 |1.05+0.090.96 4 0.080.75 £ 0.15| 0.73 £ 0.11 |0.9240.07 | 0.93 +0.16
tt+V NF 1.1140.35 [1.134+0.32|1.18 £ 0.39|0.95 & 0.52 - - -
Single top NF| 0.64 +0.37 [1.19+0.37|1.59 & 0.45|1.17 4 0.37 - 0.4740.14 | 0.37+0.15
Wtjets NF | 0.82+£0.17 |0.8540.18[0.80 £0.24{1.11£0.25| 1.194+0.26 | 1.35+0.24 | 1.11 £0.19
po (o) 0.05 (1.6) | 0.07 (1.4) |0.45 (0.11)| 0.5 (-) | 0.09 (1.34) | 0.12 (1.17) | 0.44 (0.16)
NEmit, - exp. 5.8 19 14 6.4 13 9.6 4.1
Nlimit 1 obs. 10 31 14 5.2 20 14 4.3
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Figure 6.27: The observed data in the bCsoft_high, bCsoft_med, and bCsoft_diag SRs and VRs
are compared with the SM yields predicted by the background-only fit. Contributions from each
process are shown in colored, stacked histograms indicated in the legend. The “pull” distribution is
shown in the lower panel, showing the difference between observed and predicted yields in units of
the expected total uncertainty.

6.10.2 Limits on SUSY Scenarios

As no significant excesses are observed, limits are set on the allowed space of SUSY models which
may still be consistent with the data. For each of the models considered, the SR which achieves the
best expected exclusion is selected; if the model is not allowed by that region it is considered to be
excluded. The SRs considered in this process are the single-bin tN_high, bC2x med, and bC2x_diag
regions, as well as the multi-bin regions tN_med, bCsoft_diag, bCsoft med, and bCsoft_high. The
bin-by-bin breakdown for the shape fit regions is shown separately in Table 6.17 and displayed in
Figure 6.28.

Figure 6.29 shows the space of excluded models in the Bino LSP scenario, where no other light
sparticles are assumed so that the stop may only decay via t — #X7. Modest excesses of data in the
tN_high and tN_med regions limit the exclusion to stop masses of about 900 GeV for LSP masses up
to about 350 GeV. Exclusions based on the results of other SRs defined in Ref. [7] are also shown.

Limits on the Bino LSP model with Wino LSP are presented in Figure 6.30. Signal models are
generated for a scan of pMSSM mass parameters corresponding to the left-handed stop (mgsr) as

well as the Bino mass My, with Ms = 2M;. As the left-handed stop is part of an SU(2) doublet,



6. A SEARCH FOR TOP SQUARKS 148
& 35 rrrrTrTrTTTTTT rrrTrTTrTTTT T T T T T T T T T T T & 40 T T T T T T T T T T T T T T T
c ATLAS “ c FATLAS . .
g f5=13Tev, 36.1 fo -o—l?ata %@'I_'otal SM o E 5=13Tev, 36.1 1" [It?ata ﬁ;li'i){?l SM
L 30tN_med tt 2L WttiL W 35F-hCsoft_diag . A
_ ) F [JW+jets [JSingle top
mtt+v [ JWH+jets 305 [ Diboson
[JSingle top [ Diboson E
25F —-m(t, ¥, X)) = (400,355,350) Gev
— — m(,%))=(600,300) Ge 205
E N
155 MMM
RN 10 X
AR L =
5 —
S, = ]
e ", :
g | | | | | | | ] el = | | | E
300 400 500 600 700 800 900 1000 0 0.005 0.01 0.015 0.02
E_In_1iss [GeV] Iepton pT/ Er-;“ss
(a) tNmed SR (b) bCsoft_diag SR
1%} T T T T T T T L B A 0 35 T~ "~ T T T T T T T T L B A
¢ 120aTLas _ «Data  :Total SM = £ ATLAS _ <Data  w:Total SM
2 [ (s=13TeV,36.1fb™" = = s F (s=13TeV, 36.1fb™" = z
i F bCsoft_med O @V @ 30F-bcsoft_high Ow miv
100 - [1W+jets [JSingle to £ - [JW+jets [JSingle top
L [ Diboson 25; [ Diboson
80 - E ~
F —-m(, X, ) = (600,205,200) Gev 20— m(, X, X)) = (800,155,150) Gev
60— A S E
C NS Nl 15F-
40; = 10
20 ; a s
C ; - — :—-l——- l 3
’\D- g; T T T ‘ T T ‘ T T T ‘ T T T ‘ T T T ’\D- ;
ST I
e I | L e R RN B R
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08 0.1

lepton p_ / Eqs

(c) bCsoftmed SR

lepton p__/ S

(d) bCsoft_high SR

Figure 6.28: Comparisons are shown between the predicted SM yields and observed data for SRs
where a multiple sub-regions are used in the exclusion fit.
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Figure 6.29: The expected and observed exclusion contours are shown for the simplified model
where BR(t — t)Z(f) = 100%, inspired by scenarios with a Bino LSP. The region inside the red
solid line is excluded at the 95% confidence level, with dotted red lines indicating the exclusion
for variation of the #* production cross section within its theory uncertainty. The expected limit
based on the prediction of SM yields is shown a a black dashed line, with the yellow band indicating
the corresponding experimental uncertainty. Exclusions for models with AM (£, )2(1)) > 250 GeV are
obtained with the tN_med and tN_highregions. Generally tN_high is the most sensitive region for
stop masses above 900 GeV. Exclusions for lower values of AM (¢, )2(1)) are shown for completeness,
but are obtained from other search regions defined in Ref. [7]. Results from previous analyses of
8 TeV [3] and 13 TeV [149] data are also included.
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production of sbottom pairs at similar mass scales is also considered. Stop masses up to 900 GeV
are excluded for LSPs between 100 GeV and 300 GeV, with limits roughly independent of the sign
of p. Models cannot be excluded which have 50 < myo /GeV < 100 for the full range of stop masses
considered. In this corridor, AM()%?, )H_L) ~ 50 — 100 GeV so that the acceptance is low for both
hadronic W-tagging regions (where the W boson is less boosted) and for the soft-lepton regions
(which targets lower lepton pr).

Results based on the combination of soft-lepton bCsoft signal regions and hard-lepton tN_med
regions are shown in Figure 6.31. Models are considered with a fixed Higgsino mass splittings
AM()Z?, )ﬁt) =5 GeV and AM()Z?, 5((2)) = 10 GeV, where stops are excluded up to 800 to 900 GeV
in the case of a 100 GeV chargino. Variations in the observed exclusions are observed depending
on the choice of pMSSM parameters controlling the stop handedness (f; ~ £, versus ip) and tan 3.
Stronger limits are set in the case t; ~ f1, as the stop decays more frequently via t — t>~<(1), where
looser selections can be made on the lepton, which has higher-momentum that that emitted in the
t— b)~(1i decay. Limits up to 400 GeV are also observed for the case when AM (i, >~((1)) < Myop and
the £ must always decay via  — b>~<1i.

Higgsino LSP models are also considered with mass splittings AM (>~<(1),>~<1i) varied from 0 to
30 GeV, with exclusions shown in Figure 6.32. The >~<1i mass is assumed to be 150 GeV. The

miss

shape fit in pff /EX' provides a broad expected sensitivity across Higgsino mass splittings, with

exclusions independent of AM (>~((1), ﬁ[) down to approximately 4 GeV. At even lower mass splittings,

Table 6.17: The number of events observed in each bin of the SRs where shape fits are used to
improve sensitivity to difficult models of #* pair production. Observed data is compared to the
SM prediction in each bin, which are labeled according to increasing values of the binning variable
(E%liss or pl&‘/Errrnm)

Signal region Fitted variable bin 1 bin 2 bin 3 bin 4
. Observed 21 17 8 4
tN_med ET'®
Total background | 14.6 £2.8 | 11.2+2.2 | 7.3£1.7 [3.16 £0.74
. ¢ Tmiss Observed 4 16 13 -
bCsoft_diag py/ET
Total background [1.69 +0.47| 9.3 £2.1 | 13.6 £ 2.8 -
’ . Observed 4 15 57 —
bCsoftmed py/ET™
Total background [4.92 +0.90| 8.9+ 1.3 | 52.9+6.2 —
Observed 1 1 15 -

bCsoft high p%/Emiss

Total background [0.67 £0.13|1.11 +0.22|6.98 £ 0.81 -
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Wino NLSP model: Etl, 5151 production, M = mp = 2xmpp (M, =2xM,)
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Figure 6.30: Expected and observed exclusion contours are shown for the Bino LSP / Wino NLSP
pMSSM model. The pMSSM mass parameters are scanned to evenly populate the grid of physical
stop and LSP masses shown here, with separate grids for the p > 0 and p < 0 cases. The main
effect of the sign of u is to alter the fraction of X9 decays to Xi via emission of a Z of Higgs boson.
As these decay products are not reconstructed, the exclusions in each scenario are similar. Stop
masses up to 900 GeV are excluded for LSPs between 100 GeV and 300 GeV. Models with light
LSPs and charginos near the LEP limit are allowed, independent of stop mass. For the majority
of phase space the strongest constraints from the the bC2x signal regions. Near the diagonal region
mg ~ my, + My the combination of bCsoft and tN_med regions are most sensitive, but only exclude

stop masses below 700 GeV. bb* production is also included, as £; ~ t1, in this model, with the b

mass indicated by the vertical gray dashed lines. Sbottom decays via b — bX5 and b — tﬁ[ can
produce signatures to which the stop search signal regions have good sensitivity.
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Higgsino LSP model: Eﬂ production, mg; = m§11)+5 GeV, m;g = mg‘;+10 GeV
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Figure 6.31: Expected (dashed) and observed (solid) exclusion contours are presented for several
variants of the Higgsino LSP simplified model. In (a), models are shown in which AM (t, )2(1)) > Miop-

Colors indicate different assumed pMSSM parameters: #; ~ i1, (blue), {; ~ tx (green), and #; ~ 1,
with large tan 8 (red). These assumptions alter the relative fraction of stop decays via t — t>~<(1),
t— b)ﬁt, and £ — tX9. In (b), models are shown with AM (f, >~((1)) < Myop, having BR(f — bﬁ[) =1.
In all models AM (X}, XI:) is fixed to 5 GeV.
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Higgsino LSP model: Eflproduction, mi = 150 GeV
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Figure 6.32: Higgsino LSP models are shown where Mgt = 150 GeV and the stop mass and

AM ()2(1), )Ncli) are varied. Colors indicate different assumptions of pMSSM parameter values: £; ~ t,
(blue), t; ~ tg (green), and t; ~ t; with large tan 8 (red). These assumptions alter the relative

fraction of stop decays via & — tX3, £ — bXT, and i — tX3, which are specified in the Figure legend.
The red “island” contour near (mgz, AM) = (700 GeV,15 GeV) is an artifact of an insufficient
number of simulated events and may be ignored.

models are still excluded due to the £ — X! and £ — X5 decay channels. A small excess of
events in bCsoft_high produces weaker-than-expected limits in the large mass-splitting scenario
AM (XY, X1) > 10 GeV.

Finally, limits are set on models in the “well-tempered neutralino” model with a Bino LSP and
Higgsino NLSP, as shown in Figure 6.33. Given the value of M7, The Higgsino mass parameter p is
set to reproduce the DM relic density, leading to mass splittings of AM()NC?, 5(8) ~ 20—50 GeV. Sce-
narios are considered both where the light stop is left-handed (with a corresponding light sbottom)
and right-handed. No dedicated SR was optimized for this model, with the best sensitivity coming
from the bCsoft_med and bCsoft_high regions, combined with tN_med. However, this scenario is not
well-covered by the existing SRs. The acceptance is low for tN_med because the ‘secondary’ leptons

(not from a top decay) produced in the cascade decays of the Xg,ﬁ[, and X3 lead these events to
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Bino/Higgsino mix model: Tlfl+ 5151 production, Am&g, %f) = 20-50 GeV
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Figure 6.33: Expected (dashed) and observed (solid) exclusion contours are presented for the “well-
tempered neutralino” scenario with a Bino LSP and Higgsino LSP with mass parameters set to
reproduce the observed dark matter relic density. Scenarios where the lightest stop is left- and
right-handed are considered, where a light bino is also assumed in the left-handed scenario. Stops
and sbottoms decay to all of the X?, 5(%, 928, and X3 states with branching fractions set by the
pMSSM parameters. In the case of a left-handed stop, exclusions reach up to 800 GeV in stop
mass but are limited to AM(Z,X7) > 300 — 350 GeV. In the right-handed case, somewhat weaker
exclusions are expected due to the lack of an accompanying sbottom state, but no observed limits
can be set due to small excesses of events observed in several SRs.

fail the one-lepton selection. For events where one lepton is produced in these cascade decays, its
pr spectrum is harder than the low-energy signal used to optimize the bCsoft Higgsino regions.
In the left-handed scenario (assuming also a low-mass sbottom), limits are set for stop masses up
to 800 GeV and LSP masses up to 275 GeV, while no models were excluded in the right-handed
case (no light sbottom). A complementary search in zero-lepton events sets limits of to 600 GeV on

right-handed stop production in this scenario [158].



CHAPTER 7

Quantum Interference in Top-Quark
Production

7.1 Theory Introduction

The LHC creates a large number of top quarks, most often through the process of ¢ pair production.
At LO in the strong coupling constant, this process can occur through parton-anti-parton annihila-
tion via an s-channel gluon, or via t-channel top-quark exchange from initial-state gluons, as shown in
Figure 7.1a. The cross section for top-quark pair production at 13 TeV, calculated at NNLO+next-
to-next-to-leading logarithm (NNLL) and assuming my.p, = 172.5 GeV, is'® [33,208-211]

oy = 831.76T19°77 (scale) + 35.06 (PDF+as) 2 (miop) Pb- (7.1)

However, top quarks may also be singly-produced via electroweak processes, leading to the three
distinct final states shown in Figures 7.1b-7.1d. Production of a single top-(anti)quark via the ¢-
channel exchange of a W boson (“t-channel single top”) has the largest predicted (NLO) cross section
of 21717 pb [212,213]. The tW-channel process has the next-largest cross section of 72 +4 pb [214],
while that for a single top quark produced via the decay of an s-channel W boson (“s-channel single
top”) is only 10.3 % 0.4 pb [215,216].

The ATLAS and CMS Collaborations have measured the production of ¢ pairs most recently
at 13 TeV [217-221], and have measured single top in the t-channel at 13 TeV [222,223] as well

18The quoted cross section is calculated using the Top++ program, with an uncertainty prescription using a set
of input parameters agreed upon by the ATLAS and CMS Collaborations [205]. The uncertainty due to imperfect
knowledge of the pdf is computed using the PDFALHC prescription, described in more detail in Section 7.5.4. The
top mass is varied up and down by 1.0 GeV, about the size of uncertainties reported by recent measurements of the
top-quark mass [206,207].
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(a) Top-quark pair production diagrams
I q t
| | >V\< | |
b t q b g 14

(b) t-channel single top (c) s-channel single top (d) tW-channel single top

Figure 7.1: Representative Feynman diagrams are shown for production of top-quark pairs (a)
and single top quarks (b,c,d) at leading order. t- and s-channel single top processes refer to the
intermediate W boson propagator, while tW refers to the final state particles.

as in the tW-channel at 13 TeV [224,225]. At 8 TeV, ATLAS established evidence for s-channel
production [226].

At LO, the only diagram contributing to the tW single top process is that shown in Figure 7.1c.
This assumes five active flavors of quark in the proton PDF; i.e. that the incomping b quark may be
obtained from the proton. The NLO correction to this process thus includes all emissions of extra
partons, including processes where a second b-quark appears in the final state, sometimes written
explicitly as “tWb”. In the four-flavor scheme, the initial state b quark in Figure 7.1c must come
from a split gluon, so that the LO contribution is already that of the tWb process. A difficulty
emerges from this observation: because the tWb single-top process shares the same final state as t£
pair-production the two must be considered together and their interference considered. The ME for

the full W+ ~bb final state has contributions from each of the diagrams of Figure 7.2 and can be
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(a) gg — tt (b) gg — tWb

Figure 7.2: Leading contributions to W W ~bb production from gluons are shown, due to diagrams
with two (a) or one (b) time-like top-quark propagators. Internal top-quark lines are shown doubled
and in red.

written schematically as
Mywwen|* = [Myzl® + 2R(MzMews) + [Mows|?, (7.2)

where we have neglected the contribution from diagrams without top quarks. The critical issue
is how to obtain accurate calculations for colliders of the inclusive W+ W ~bb process, particularly
in regions without two on-shell top quarks. The following sections review current state-of-the-art

calculations, motivating the need for new measurements in the non-resonant regime.

Calculations of the tt and tWW single top processes

The comparison of SM predictions with ATLAS data requires precise predictions of collider observ-
ables. As discussed in Section 2.3 this requires an MC parton shower, which describes the evolution
of high-energy interactions to Aqcp. While leading order calculations of the ¢ process matched to
a PS have been available for some time, the NLO corrections are known to be significant and are
required for precision study of the top quark at the LHC.Calculations involving the production of
top-quark pairs with NLO ME calculations matched to a PS are possible using the MCONLO [39] and
Powheg [41] approaches (the latter as the “hvq” process [227]). In these calculations only production
is calculated at NLO, where top quarks are treated as stable particles so that spin correlations of

their decay products are not automatically preserved. In the hvq implementation, these “on-shell”



7. QUANTUM INTERFERENCE IN TOP-QUARK PRODUCTION 158

events are subsequently “deformed” into events with top-quark decays, with off-shell effects that are
correct to LO. The ME calculation is performed using the four-flavor scheme (4FS).

NLO calculations of tWW are performed in the five-flavor scheme (5FS), with LO diagrams re-
quiring an initial-state b-quark, so that tWb diagrams are encountered at NLO. This causes the
NLO correction to the tW process to be much larger than the LO cross section, due to the resonant
enhancement from configurations where the mass of the second Wb pair is near my.,. To combine
an NLO ¢W prediction obtained in this way with the ¢f process described above, the overlapping
tt-like phase space must not be double-counted. T'wo schemes were initially proposed to produce a
well-defined tW prediction at NLO in Ref. [228]. The diagram removal (DR) definition of ¢/ omits
all contributions from amplitudes M,z so that the single top process includes only the third term
of Eqn. 7.2. The diagram subtraction (DS) definition includes all MEs of Eqn. 7.2, cancelling the
overlapping contribution from tt with a gauge-invariant subtraction term ®. The subtraction term
is constructed from the t¢ amplitude squared, calculated from the Wb decay products that have
been reshuffled to reproduce the top mass. After a final re-scaling by Breit-Wigner distributions

(BWs) to recover the original Wb line-shape, this produces

® = BWiny

Mz (Wb)[Feshutiied- (7.3)
The standard practice among LHC experiments is to use the DR definition of the process and assess
the full DR/DS difference as a systematic uncertainty. Since the proposals of DR and DS, further
ones have been suggested [176,229,230]. In particular, a second diagram removal scheme (DR2) was
proposed that neglects only the squared ¢¢ amplitudes from the single top calculation, so that the
tW prediction is given by the second and third term of Eqn. 7.2.

Both treatments of the tW process are approximate and it is unclear a priori whether one
should provide a better description of the real data when combined with corresponding ¢t simulation.
Comparisons shown in Figure 7.3 indicate the large difference in predictions between the two schemes
at kinematic extremes. Fig. 7.3b shows that the difference is negligible when tWW and ¢t are combined
and an inclusive phase-space is considered. However, in a region where the ¢t contribution can be
effectively vetoed, the difference between the two treatments may be tested. This is the goal of the
measurement described herein.

More recently, the complete NLO calculation of the pp — ¢+v, 1=, bb process has become avail-
able [231-235]. These ME calculations from OPENLOOPS have been PS-matched in the b_bbar_41
process recently implemented in POWHEG BOXRES [42,236]. This calculation includes full off-shell

effects, with top quarks produced at NLO and decayed at NLO. It also includes contributions from



7. QUANTUM INTERFERENCE IN TOP-QUARK PRODUCTION 159

c L o L -
-% E ATLAS Simulation Preliminary E

N 6L Vs=13TeV, 1-lepton selection -

[ E E|

g E — Powheg *WI(DR)

o

1.4 . . . Z 10°¢ —— Powheg tH+Wt(DS) 3
2 E --- Powheg W{(DR) ]

£ 10k -~ - Powheg W{(DS) |

12 - DS/DR B = E 3
100 TR 3

0 E

o 2, ]

Q £ 7

| | | o —
0.1 | Scale dependence I & ot ]
0.0 = o 2 =
] [ e ]

-1 3 1f oy .
_02 I I I : e
° 50 (III)UD 150 200 200 300 700 500

pr’ (GeV) ET™* [GeV]

(a) gg — tt (b) gg — tWb

Figure 7.3: Comparisons of the agreement of the DR and DS scheme as a function of kinematic
variables. At left, the ratio of predictions is shown as a function of the di-lepton mass for tWW events.
Various curves are shown for different choices of scale, with their relative difference shown in the
lower panel. The figure is reproduced from Ref. [228]. At right, the ATLAS implementation of the
two processes are shown separately (dashed lines) and together with the Powheg ¢t prediction (solid
lines). Relative differences between the DR and DS setups are shown, with and without ¢¢ included,
in the lower panels.

“cross-talk” diagrams, where gluons connect initial and final states. Exact spin correlations are
included as well as interference. The major technical accomplishment of the POWHEG BOX RES frame-
work is proper maintenance of resonance histories in the parton shower so that an NLO+PS accurate

calculation is achieved while simultaneously preserving the masses of top-quark decay products.

7.2 Measurement Strategy

As seen in the previous section, theoretical choices in the modeling of the tW process can lead to
large differences in predictions for LHC experiments. Previous measurements of the tW cross section
have been designed to minimize sensitivity to this effect [224,225,237-241]. However, the uncertainty
surrounding this effect can become large in the phase space important for BSM searches [142, 149,
156,158,242,243], as was shown in Chapter 6 in the context of a search for SUSY top-quark partners.
This motivates a new measurement of non-resonant top-quark production that could provide the

first constraints on interference models from LHC data.
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The strategy is to measure the tf + tWb process in a region that gives maximal sensitivity
to the interference effect. Instead of targeting tW in the inclusive phase-space where previous
measurements have been made, the analysis will employ the sophisticated tools developed by BSM
searches to effectively eliminate on-shell ¢ events. The analysis is conducted in the di-lepton channel
(targeting /¢~ vubb events), and measures a version of the mpy variable described in Chapter 6 in
the context of stop searches. However, as this analysis does not search for new BSM physics leading

to invisible particles, EX* is not necessary to include. We define

minimax

myp = min{max(mpe, Mprer ), max(mper, Mpr¢) } (7.4)

as the interference-sensitive variable to be measured. Without using EZ%, no neutrino momenta
need be minimized over, and it is no longer necessary to restrict to transverse masses. For tf
events with two on-shell tops, at LO the b quark-lepton invariant mass my, is bounded above by
\/M . Beyond this value, the relative contribution is much higher from ¢tWb events where
the second bW pair is non-resonant. A differential measurement of this variable is shown to be
sensitive to the interference effect. The measurement will be unfolded to particle-level to better

enable comparisons to new theoretical models of the interference effect.

7.3 Analysis of Reconstructed Events

7.3.1 Objects

The selection of reconstructed objects is identical to that described in Chapter 6, with only minor
exception. First, the use of lepton triggers requires that the “tight” lepton requirement (introduced
in Section 6.5) be applied. Second, the use of b tagging criteria is slightly more nuanced, with “tight”
and “loose” categories of b jets both defined. Jets are classified as originating from a hadronizing b
quark through the use of a multivariate classifier, which exploits the relatively long b hadron lifetime.
Figure 7.4a displays the output of the classifier for jets originating from b quarks, ¢ quarks, and the
remaining “light-flavor” quarks plus gluons. Figure 7.4b shows the corresponding rejection factors
(inverse of tag efficiency) for charm and light-flavor jets as a function of the b jet efficiency.

A requirement on the classifier corresponding to “loose” b jets is 85% efficient for real b jets
produced in top-quark decays. This gives a corresponding rejection rate of 27.3 for light-flavor jets,
3.25 for charm-initiated jets, and 7.97 for hadronic tau leptons. A subset of these jets also pass the
“tight” requirement, which is 60% efficient for b jets. The corresponding rejection rate is 1160 for

light-flavor, 36.8 for charm, and 171 for tau jets.
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Figure 7.4: At left, the output of the MV2c10 b tagging discriminant is shown for simulated ¢t
events, separately for jets that contain b hadrons, ¢ hadrons, or neither. At right, the charm and
light jet rejection factors are shown as a function of the tagging efficiency for real b jets. As c-jets are
more difficult to distinguish from b jets than are light jets, the charm content of the event sample
used to train the algorithm is enhanced, leading to improved rejection rates. In the interference
analysis, two working points are employed corresponding to 85% and 60% b jet efficiency. Figures
are reproduced from Ref. [107].

As lepton triggers are used to collect data, the corresponding pr requirements on selected leptons
are slightly more restrictive than in the analysis described in Chapter 6. The requirements on signal

objects are summarized in Table 7.1.

Table 7.1: The selection criteria for reconstructed objects are briefly summarized. Explicit definitions
of all working points are given in Section 6.5 of the text.

Object ‘ pr requirement |n| requirement Additional comments
Electron > 28 GeV < 2.47 TightLLH ID, FixedCutTight isolation
Muon > 28 GeV <25 Medium ID, FixedCutTightTrackOnly isolation

JVT for pr < 60 GeV and |n| < 2.4

Jet > 25 Gev <25 85% (loose) and 60% (tight) b-tag WPs
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7.3.2 Event Selection

This analysis targets the £~ v¢+bb final state produced by di-leptonic top decays, using a simple
selection. The only objects used in the analysis are leptons and b jets. Selections on EMSS were
investigated to exploit the undetected neutrino signature, but was ultimately not included in the
analysis. Requirements on events which pass the signal selection (or enter the signal region (SR))
are detailed in the following.

Events are only considered which pass a suite of single lepton triggers which, combined, ran
without prescale over the 2015 and 2016 data-taking periods. These items are summarized in
Table 7.2 (see Section 4.3 for a review of the trigger algorithms and naming conventions). Scale
factors are assigned to all simulated events according to the trigger lepton kinematics to correct the
MC efficiency to match that measured in data. Requirements on signal lepton pr are chosen so that

the trigger is fully efficient with respect to the offline identification criteria.

:I:’u1

pairs are considered, with addition requirements made on on those with same-flavor, opposite-sign

Events are required to contain exactly two leptons of opposite charge. All eTe™, utu=,e

(SFOS) lepton pairs. In these events the di-lepton invariant mass my+,- must be greater than
10 GeV to avoid contributions from light resonances. Events with |my+,- —mz| < 15 GeV are also
rejected to reduce the contamination from Z boson decays.

To reduce backgrounds from non-top quark processes, two tight b jets are required. This require-

ment leads to the single largest decrease in efficiency, but it critical to the removal of background

Table 7.2: The selection of trigger items, at least one of which is required to pass in order for an
event to be accepted. The most selective single electron items require calorimeter isolation criteria at
L1 Trigger (‘LIEM20VH’) as well as tight identification (‘lhtight’) and isolation (‘ivarloose’) criteria
in the HLT. The most selective muon trigger enforces isolation (‘ivarmedium’) in the HLT. In 2016
these un-prescaled triggers required leptons with pp > 26 GeV. Triggers with looser identification
and isolation requirements and higher pr cuts are also considered in the analysis.

Single-Electron ‘ Single-Muon
2015 Triggers

e24_lThmedium_L1EM20VH | HLT _mu20_iloose_L1MU15
e¢60_lhmedium HLT _mu40
e120_lhloose

2016 Triggers

€26_lhtight_nod0_ivarloose HLT _mu26_ivarmedium
e60_lhmedium-nod0 HLT _mub0
€140_lhloose_nod0
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contributions in phase space that is otherwise highly enriched in tWb events. With this tight se-
lection, the tf + bb process contribution also becomes important, as it can fake the tWb signal if
only two b jets pass the tight b tagging requirement. To reduce this background, selected events are
required to have no more than two loose b jets. Thus, even though tight b jets tagged at the 60%
efficiency working point are required for the analysis, any event which also has a third jet passing
the loose, 85% efficient b-tag is rejected. The full event selection is summarized in Table 7.3.
While the m{f}inimax distribution is the main interference-sensitive variable targeted in the anal-
ysis, others are also investigated. For example, the di-lepton pr and ERS were seen to produce
large discrepancies in the DR and DS schemes in Figure 7.3. Thus a tighter version of the signal
selection, the “interference SR”, is defined as events passing m}f}i“ima" > 200 GeV. This selection
dramatically reduces the population of ## events so that other observables may be investigated. The

next most sensitive distribution to the interference effect was found to be the leading lepton pr.

7.3.3 Signal Extraction

Selecting events with two high-pr leptons and b jets selects a sample of events that is overwhelmingly
dominated by the tf process. However, in regions of large m?}inimax this is no longer true, and a
careful estimate must be made of the non-top-quark contributions. The largest absolute background
is Z + jets, where a gluon splits to a pair of b quarks. This is efficiently reduced by selecting on the
invariant mass of the lepton pair (|my+,~ —mz| > 15 GeV), though the off-shell contribution is still
significant enough that it must be estimated from data. This is done through the use of events with
an inverted my+,- selection. The contribution from misidentified and non-prompt leptons (“fake

leptons”) is much smaller, but more difficult to model in simulation and so is also obtained in a

Table 7.3: The full signal selection criteria. The subset of selected events with mInmax > 200 GeV
also pass the interference SR selection.

Selection | Comments

Single lepton trigger | Individual items defined in Table 7.2
jet cleaning | veto events containing a jet failing the loose jet cleaning criteria
exactly two signal leptons | opposite-sign, and no additional baseline (4 (1), 5 (el) GeV) leptons
exactly 2 signal b-jets | b-taggedat 60% working point
veto third loose-ID b-jet | b-taggedat 85% working point
my+p- > 10 GeV | for same-flavor lepton pairs only
|my+o- —myz| > 15 GeV | for same-flavor lepton pairs only

myinimax > 9200 GeV | interference SR only
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data-driven manner from events with like-charge leptons. tf+ bb events are considered a background
in this analysis and are also subtracted from the signal process. When only two of the b jets are

minimax

identified, this background can have my; above the kinematic endpoint, faking the interference
signal. An event sample where three jets are b-tagged is enriched in this process and so is used to
estimate the size of the tf + bb background in the signal region. Backgrounds from diboson (VV)
production and ¢tV (V = W, Z) are found to be small and so are estimated from MC alone. This
technically includes fully non-resonant WW + bb events which also interfere with the t£ 4 tWb signal
process, though the cross section is so small that the effect is not considered. The background

estimation strategy is summarized in Table 7.4. Separate estimates are obtained for the inclusive

SR, in bins of m{féi“imax, as well as for the subset with mgzinimax > 200 GeV, in bins of leading lepton

pr-

Estimation of Z + jets backgrounds

As the signal selection uses all ete™, utpu=, et u pairs, Z + jets backgrounds are important to
consider. While these are generally only important for same-flavor leptons, a very small contribution
is also expected to different-flavor events from Z decays to taus'®. The quality of the MC description
of the process is assessed in a Z + jets CR, defined in the same manner as the SR, but selecting only

et

e and ptp~ events with |myry- — myz| < 15 GeV. The Z + jets MC sample may be divided
into Z 4+ b, Z + ¢, and Z+light components by checking the truth record for heavy-flavor partons.

The overwhelming majority of Z+jets events entering both the Z + jets CR and SR contain real

Selection ‘ Signal ‘ Z + jets CR ‘ Fake lepton CR ‘ tt +bb CR
Signal leptons =2 =2 =2 =2
Lepton charges opposite opposite same opposite
Lepton flavor - ee/ i - -
|me+e- —mz| <15 GeV veto require veto veto
b-tagged jets 85% eff. WP =2 =2 =2 >3
b-tagged jets 60% eff. WP =2 =2 =2 >3

Table 7.4: Overview of the control regions defined to estimate the backgrounds due to Z + jets,
events with fake leptons, and tfproduced in association with extra b quarks. “Z veto” denotes that
events are rejected which have a pair of opposite-sign, same-flavor leptons with reconstructed mass
within 15 GeV of the Z boson. Table entries denoted “~” imply that no selection is made for this
region.

9The predicted Z yield in the region of m‘b‘?nimax > 200 GeV comes nearly entirely from the same-flavor channel
(and not from Z — 77 — ep + EIFniss); the nominal SHERPA Z + jets MC predicts less than one ep event per bin in
this region.
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Figure 7.5: At left the individual normalization factors (blue crosses), derived per bin of mpjnimax,
are compared to several methods of combining the factors to decrease the per-bin statlstlcal uncer-
tainty on the Z + jets estimate. The green bin shows a linear fit to the binned NF's, while the results
of a coarser binning of the events used to derive the NFs into a single bin (black hashed band) and
3 bins (orange band) are shown. The 3-bin coarsification strategy (yellow band) is chosen for the
final Z + jets estimate. At right the same information is shown for the lepton pr distribution in the
high-m mm‘max Z + jets CR, where the linear scheme is employed.

b-hadrons, with the Sherpa MC predicting 1.240.6% (1.6+0.7%) of events with Z + ¢ and 1.0+1.0%
(2.24£1.2%) of events from Z+light in the inclusive signal region (the Z + jets CR).

The general approach used to estimate this background is to compare the predicted Z+jets
contribution to the Z+jets CR in MC to the observed data in the region. From this, a normalization
factor (NF) for the process is derived such that the MC yield multiplied by the NF matches the
observed data. With this approach, the estimate of Z-+jets in the i-th bin of a distribution in the
SR is given generically by

SR SR
N . Z+jets prediction — Mi Ni, Z+jets MC

where p; is the NF applied in the i-th bin. Note that NFs may be allowed to vary from bin-to-
bin to improve shape agreement or a single, global NF may be used when appropriate. Several
possible strategies used to estimate the contribution of Z+jets to the signal selection are compared
in Figure 7.5, including a coarser binning of the NFs in m}"imax 4 linear fit to the binned NFs,
and a global NF used across all bins.

Ultimately, the approach of using three distinct NFs for different ranges of m"™ma was settled

on, as it is found to balance good data MC agreement in the Z + jets CR with the corresponding
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statistical uncertainty on the background estimate. To estimate the Z+jets background as a function
of lepton pr in the interference SR, a linear NF is employed. The values of each of the NFs used
are provided in Table 7.5. Monte Carlo studies indicate that all contributions to the Z+jets control

regions from mis-identified leptons are negligible.

Estimation of fake lepton backgrounds

The background of processes entering the signal region due to the mis-identification of jets and
photons as leptons (“fake leptons” or “fakes”) is estimated by considering events with two same-
sign leptons, using the same strategy as Ref. [244].

The fake lepton CRs are defined with a selection identical to the inclusive and interference SRs,
except that the opposite-sign (OS) charge requirement on the leptons is inverted, requiring instead a
same-sign (SS) pair. The contribution of fakes is estimated by subtracting the prediction of prompt
SM backgrounds Ngéaled MC. % f.om the observed data in this SS region Nggta’ ‘ both in the i-th bin,
where the MC prediction of fakes is vetoed by requiring all reco-level objects to match to a prompt
lepton at truth-level. The ratio of the number of SS and OS events with fake leptons fgls(;ss is taken
from MC and can be applied to the observed data in the fake-lepton CR to give a prediction in the
SRs. This gives an estimate of the fake contribution to the ith bin

Fakes, ¢ _ pMC Fakes, 1%
Nos = fosyss X Ngg

MC Fakes
_ NOS

data, i t MC, i
B NSNéC Fakes < (ng Y- Nspgomp ‘). (7.5)

Table 7.5: Summary of the normalization factors extracted from the Z + jets control region. Esti-
mates are separately obtained in the ete™ and u™ ™ channels, with the inclusive NF shown only for
illustrative purposes. The first three columns show the NF's used to estimate the Z + jets background
in the inclusive SR, broken into sub-regions of m4™max, The fourth column shows the NF applied
to Z + jets in the interference SR, which requires mnimax > 200 GeV. Here the NF is presented as
a linear function of the leading lepton pr.

mymimax Selection | All flavors | ee channel | e channel
€[0,120) GeV | 1.23 +0.04 | 1.22 4 0.05 | 1.23 4 0.05
€ [120,220) GeV | 1.39 +0.03 | 1.35 4+ 0.04 | 1.42 4+ 0.04
€ [220,00) GeV | 1.35 +£0.04 | 1.36 £ 0.06 | 1.34+0.05

(—0.18 £0.05) - 22— | (=023 £0.07) - 2L | (=0.15 £ 0.07) - 2L

> 200 GeV H(1.58 £ 0.07) H(1.64£0.11) +(1.55 £ 0.09)
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Figure 7.6: The ratios of the OS-to-SS transfer factors derived for fake lepton process when using
the binned and global approaches. Transfer factors (TFs) are derived by comparing the non-prompt
MC prediction in the SR with opposite-sign leptons to the fake CR with same-sign leptons. The
global approach derives a single TF using all non-prompt MC events entering the SR and fake CR.
The binned approach derives a separate transfer factor in each bin of mi‘éinimax. The uncertainties on
the binned TFs (shown with blue error bars) are due only to limited MC statistics. The uncertainty
on the global TF (shown as a hashed band about unity) is due to MC statistics, plus a 20% fake
composition uncertainty. The green hashed band shows a linear fit to the binned NFs. At left the
normalization factors are shown in bins of m™™a* in the inclusive region, while at left they are
shown for events passing the interference criterion (m@"imax > 200 GeV) and binned in leading
lepton pr.

minimax with the same

This transfer factor from SS to OS events is computed independently of my;
factor fgISC/SS being applied to each bin of the unfolded distribution. Figure 7.6 shows that there is
no significant trend in mzr;i“imax; however as some dependence is seen with respect to the leading
lepton pr, a linear fit is performed to the pr-binned transfer factors to extract the final predicted
fake yields in the interference SR.

MC studies show that the fakes in both regions are dominated by electron conversions, with
smaller contributions from other sources. Fakes from simulation are categorized according to the
flavor of the fake lepton, in addition to its origin process, determined using the MC truth particle
record. Fake electrons are classified as coming from heavy flavor decays, photon conversions, or
other non-prompt sources. Fake muons are classified as coming from heavy flavor decays or other

sources. The “other” categories in each case are populated by various hadronic decays. A 20%

uncertainty is applied to f(l\)/lsc/ss to account for the differences in fake composition between the two
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regions. Table 7.6 provides a breakdown of the SS and OS yields by fake-lepton type, as well as a
comparison of the total fake MC yield to that derived from the data-driven procedure. Figure 7.7
compares the shapes of the fake estimates from data and simulation. They are found to be in close
agreement in nearly all bins, with the largest difference coming in the bulk of the tf core distribution
where the fakes contribute at the sub-percent level. The two estimates are found to agree well on

the leading lepton pr spectrum as well.

Estimation of tf + bb backgrounds

By construction of the mJ}™™a* variable, ¢f events can have mj}nimax

above the top mass bound
only due to energy resolution and off-shell top effects, both of which fall off rapidly with increasing
mpye. This supposes that the two reconstructed leptons and b-jets are indeed those from the tt decay.

The remaining tt events which enter the region of large m})’%i“imax do so because we fail to
reconstruct the correct b jets from the top-quark decay; these events fall into two further categories.
First, “mis-tagged” tf events can enter when one of the two identified b jets is actually a light jet — in
this case we both fail to reconstruct a real b jet due to efficiency or acceptance effects and additionally
mis-tag a light flavor jet as a b jet. Such contributions are heavily suppressed by the requirement
that both b jets be tagged with the tight WP. Second, tf events can be produced in association with
additional, real heavy-flavor jets (i.e. from an ISR gluon splitting to bb). This population of tf + bb
events enters the signal region with large mgt}i“imax when a b jet from a top-quark decay fails to be

b-tagged (due to the inefficiency of the tagger), while an additional real b jet, usually from gluon

Table 7.6: Number of events in opposite- and same-sign regions used to determine the OS-to-
SS transfer factor. Yields are broken into categories based on the origin of the faking lepton.
Additionally, the fake MC prediction in the same-sign fake CR and opposite-sign inclusive SR is
compared with the observed data in the region, used for the nominal (data-driven) fake estimate.

Component | 0OS | SS | (08/89)
Heavy flavor e 5.2+ 14 1.6 £0.7 3.2+ 1.7
Conversion e 524.6 £ 14.1 3404 £ 114 1.5£0.1
Other e 189 £ 2.1 2.0+ 0.6 9.2+31
Heavy flavor p 40.3 £ 4.0 3.8 £ 1.2 10.6 £+ 3.4
Other 99+14 0.5+0.3 21.2 £ 16.0
Total Fake MC | 598.9 £ 15.0 | 348.3 £ 11.5 | 1.7+ 0.1
Data-Driven ‘ 624.2 £ 149.1 ‘ 363.1 &= 25.0 ‘ -
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The data-driven fake estimates are compared to those predicted from the simulated

minimax

in the opposite-sign inclusive SR (top left) and same-sign fake-lepton

CR (top right). The comparison is also shown for the leading lepton pr distributions for the inclusive
SR (bottom left) and same-sign fake-lepton CR, (bottom right).
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Figure 7.8: The spectrum of all high—m{;}i“imax tt events passing the signal selection is shown in black,
as obtained from Powheg+Pythia MC simulation. The total is broken into three components, with
individual predictions overlaid in the top panel and fractional composition given in the lower panel
as a function of mIMmax ¢ entering due to resolution effects is shown in red and it only important
in the lowest bins of the observable. It is identified by selecting events with exactly two final-state
b-quarks in the truth record, each of which are truth-matched to the reconstructed b jets. Events
entering due to mis-tags are shown in blue, selecting events where two final-state b-quarks are found
in the truth record, at least one of which is not matched to the reconstructed b jets. Finally events
entering the region due to additional gluon splittings to bb pairs are identified as having > 2 truth
b quarks in the event, and are displayed in green. Gluon splitting and, to a lesser extent, mis-tags
dominate tt events at large values of the interference variable.

splitting, is tagged. The precise composition of the #f events entering the signal region is shown in
Figure 7.8.

Top-quark pair production in association with additional heavy-flavor jets has been found to be
poorly modeled in previous measurements [245], making it crucial to derive our tf + bb estimation
from data. Any mis-modeling of ¢f + bb in the region of large m"ma* could be conflated with the
interference effect, so it is crucial to derive a reliable estimation. Because the ¢ + bb process has a
distinct final state from the W11/ ~bb state that this analysis seeks to measure, the tf + bb process

is treated as a background (separate from the remainder of ¢ events) and is subtracted before the
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Figure 7.9: The reconstructed m3"ma* spectrum obtained from simulation is shown for t¢ (left)

and tW (right) events. The total contribution is shown in black, while the subset of events with
three truth b jets is shown in red. The fraction of such events (which are treated as backgrounds

minimax

due to the additional heavy flavor jets) is shown in the lower panels. For ¢t events at large m}}
the relative fraction of events with extra b jets is large, while it is only at the 5% level for the tW (b)

process. Also, notably the m?éi“imax spectrum is much flatter in mf}inima" for tW than for ¢t events.
tt+tWb process is unfolded.

For the purpose of this analysis, tf + bb is defined as the subset of simulated tf events which
contain at least 3 R = 0.4 anti-k particle-level jets with pp > 5 GeVand which have a b-hadron
ghost-associated to them. Only |n| < 5 is required of these jets. The complement of these events
are referred to as “tt plus light flavor” or often simply tf when the distinction is clear, as it is this
subset of tf events alone which enter the particle-level fiducial region. The fraction of simulated ¢t
and tW events classified as having extra b jets is shown as a function of m?}inimax in Figure 7.9.

The tf + bb background passing the signal selection is estimated from the MC prediction, which
is scaled by a global normalization factor to match the observed data in a dedicated ¢t + bb control
region. The ¢+ bb CR is defined to be identical to the inclusive SR (no cut on mMmax) except to
require at least three b jets that are tagged at the tight WP (recall that exactly two are required in
the signal region). This is a natural definition, as it captures the ¢f + bb process when both of the
b quarks from the top decay are reconstructed as b-tagged jets in addition to the third real b. It is
highly pure in real ¢t + heavy flavor events. We find that in subset of the SR with mg}i“imax>200
GeV, roughly equal fractions of tf + bb events are reconstructed as having either exactly two or

greater than two b jets.
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A single normalization factor is derived in the tf + bb CR and is applied to the MC tf + bb
prediction in both the inclusive and interference SRs. The derived NF and its variation by lepton

flavor channel is provided in Table 7.7.

Background subtraction

Schematically, the NF M€ is defined for a given process so that the relation

CR __ , MC CR CR
Ndata =p X Ntarget MC + N, ther

[0)

is satisfied, where Nc?a}t{a is the observed data in the SR, Nt%féet data 18 the MC prediction for the
background to be adjusted, and N(S;Eer is the predicted contribution of all other processes to the
CR.

Because NF's are derived for multiple backgrounds, some ambiguity is introduced in the treatment
of the Ngf}er term, specifically whether NFs for other processes estimated from data should be also
be included?’. This is resolved by applying NFs to the background iteratively, calculated in order for
tt+bb, Z + jets, and then fake leptons. With this method, no backgrounds entering the NGE, = term
used in the determination of the tf +bb NF are scaled by their respective NFs. In the determination
of the Z +jets NF, the corresponding Ngf}er term includes only the NF already derived for the tf+bb
process. Similarly, the Z + jets and tf 4+ bb backgrounds are both scaled by their respective NFs
before being subtracted from the fake CR. The impact of the choice to use such a strategy instead
of a simultaneous fit is small, due to the purity of the control regions. For example, the Z + jets
process’ contribution to the tf+bb CR is at the % level, and thus an order unity NF does not impact
the extracted tf 4 bb NF.

The yields in the signal region are shown in Table 7.8 in bins of mgzinimax. Table 7.9 shown

yields in bins of leading lepton pr, after a requirement is made that m5"™** > 200 GeV. The

3 b-tag region | All flavors | ee channel | ep channel | pp channel
mimma_inclusive | 1.49 +0.05 | 1.6140.13 | 1.51 4 0.07 | 1.38+0.10
mymmax > 200 GeV | 1.40 +0.04 | 1.41 4 0.06 | 1.39 +0.05 | 1.39 £0.05

Table 7.7: Summary of the normalization factors extracted from the ¢f + bb control regions. The
lepton flavor-channel breakdown is shown only for illustration, with the inclusive NF applied to all
events.

20In the case of the stop one-lepton analysis described in Chapter 6, the NFs for each process are applied to all
regions in a simultaneous fit. More pure CRs allow a simpler strategy to be adopted here.
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Figure 7.10: Data is compared to the predicted event yields for SM processes passing the signal
selection, shown in stacked histograms. The tW single top contribution is included as an unfilled
histogram, stacked above each of the other contributions. Totals obtained using both DR and DS
schemes are shown, in blue and orange respectively, with corresponding errors included on the total
prediction. At left, yields are shown in bins of mnimax while at right the leading lepton pr is
shown for events satisfying m5"™ma* > 200 GeV.

corresponding information is shown visually in Figures 7.10, with estimates from both DR and DS

models of the interference shown for comparison.
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7.4 Unfolding

The procedure of unfolding seeks to remove the dependence of observed cross-sections on the details
of the particular detector used to measure them. Experiments aim to measure the particles from
a high-energy reactions to investigate the the underlying physical processes which lead to their
production. A perfect detector would be able to exactly measure and identify all particles produced
in a proton-proton collision. However, realistic measurements of these processes are “folded” with
effects specific to the detector used to measure them. This section describes methods of removing
these effects, through the use of simulations of the underlying physical processes and of the detector’s

response to particle signals, to “unfold” measurements of reconstructed objects to particle-level?!.

7.4.1 Background information

To discuss unfolding, we first consider the measured and simulated inputs to the process. Let t;
denote a differential cross-section defined in terms of truth-level observables, which is also represented
in bins of some such observable. A measurement d; of this quantity may be attempted using a particle
detector, where experimental outputs are used to reconstruct proxies for the underlying particle-
level objects. In general, the reconstructed and idealized distributions will differ due to acceptance,
efficiency, and resolution effects. Acceptance denotes phase space that is inaccessible to the detector,
such as events with low-pr leptons that cannot be triggered. The impact of this on the unfolded
result should be minimal, so long as the particle-level selection is chosen to closely correspond to
the measurement region. Efficiency denotes the imperfect ability to reconstruct and identify the
event; b tagging and lepton identification are common sources of inefficiency. Mis-identification can
also lead to extra events entering the reconstruction-level distribution (i.e. tagging a charm jet
as a b), necessitating a fake factor correction. Resolution is the difference between the true and
measured quantities in fully reconstructed events, for example imperfect jet energy measurements
from a sampling calorimeter. The response matrix R;; encodes the relation between particle-level

and detector-level quantities:

di =) Rijt;. (7.6)
J

Though the reconstructed distribution d; is what an experiment measures, the unfolded distri-
bution ¢; is more useful for comparisons with theoretical models and measurements conducted with

different experimental apparatuses. Naively, it is not difficult to relate the two — multiplying the

21Tn this section, truth- or particle-level will be used to refer to the particles produced in proton-proton collisions,
while reconstruction- or detector-level will refer to observables calculated from the measured detector outputs.
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measured distribution d; by R~! should recover the unfolded distribution ¢;. Unfortunately it does
not work well in practice to use R~! as the unfolding matrix. Measurements are an intrinsically
probabilistic statements and small fluctuations in d; can lead to large, non-physical instabilities
in the unfolded yields when the inverse matrix is used. Instead, a regularization scheme must be
adopted.

The most basic approach is “bin-by-bin” unfolding, where all off-diagonal terms of R are ig-
nored. While this can be appropriate (it is the scheme used by Higgs differential cross-section
measurements [246,247]), it is not suitable when migration effects are important to consider. Two
further schemes are commonly used to regularize the process: the Bayesian iterative and singular

value decomposition (SVD) approaches.

Bayesian iterative unfolding

In the Bayesian approach [248], the unfolding matrix is written
ti =Y P(T; | M;)d;, (7.7)
J
where P(T; | M;) is the probability for a measured value in bin j to correspond to a true value in
bin ¢. This may be rewritten by using Bayes’ theorem

M | T)P(T)

p(r | ) = 2 b (7.8)

and by using conservation of probability to rewrite P(M) as a sum over true states to obtain

 P(M, | T)P(T)
PEIM) = S 0, [ TP (1) (7.9)

This gives the unfolding matrix as a pure function of the response matrix P(M | T') and some

particle-level prior P(T'). The approach is made iterative by updating this prior so that the unfolded

result after n iterations is

. P(M; | T,)P(t" "
WP =2, { AT } v o

where t(9) is usually taken as the prior from pure MC prediction. A small number of iterations in-
crease reliance on the simulated model, which may lead to large theoretical systematic uncertainties.
With a large number of iterations, the initial model becomes less important, but the statistical un-
certainty on the unfolded distribution may become large, due to increased reliance on the measured

distribution. The number of iterations is chosen to balance these effects.
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Singular Value Decomposition unfolding

While the Bayesian iterative technique described above is the nominal one used in the analysis, the
singular value decomposition (SVD) method [249] is also investigated as an alternate. This method
applies singular value decomposition to the response matrix and regularizes the inversion of the
matrix by neglecting the smallest singular values, which can amplify statistical fluctuations in the
measured distribution. The number of singular values retained may be tuned to control the degree
of regularization introduced in the unfolding matrix, in principle running from 1 to all n bins of
the unfolded distribution. The authors of Ref. [249] propose some criteria to select this parameter,
though in practice we test the effect of scanning all possible choices of the number of singular values

to be retained.

Efficiency and mis-identification effects

While the response matrix formalism can absorb all effects stemming from detector acceptance,
mis-identification, and resolution, it is convenient to treat them separately. Define the fake factor
fi to be the fraction of reconstructed events which are due to the targeted truth-level process.
Define the inefficiency factor c; as the fraction of truth-level events which hare reconstructed by the
detector. Acceptance effects should be small due to the choice of particle-level fiducial region. Then
we may define an unfolding matrix U where the particle- and detector-level inputs have already

been corrected for these quantities which satisfy

s=di f; (7.11)
ti =Y Usd;. (7.13)
J

The full machinery of the Bayesian iterative and SVD processes can thus be applied to the corrected
variables (L and t;, so that resolution effects are separately considered. The RooUnfold frame-

work [250] is used as the technical implementation of the various unfolding prescriptions considered.

7.4.2 Particle-level physics objects

Particle-level objects are built from the collection of stable truth particles, defined to have cr >
10 mm. Leptons (electrons and muons) are selected which are not produced from the decays of

hadrons. All photons satisfying AR(¢,y) < 0.1 are deemed to be final-state radiation and their
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four-vectors are combined with the “bare” lepton to form a “dressed” lepton. Jets are clustered from
particles using the anti-k; algorithm with radius parameter R = 0.4. b hadrons are not included in
the collection of stable particles, but are used to identify a subset of b jets that contain a b hadron
with pp > 5 GeV. This is done via the ghost-association procedure, in which b hadrons four-vectors
are re-scaled to have infinitesimal momenta and are included in the jet clustering procedure. A
b hadron is associated to a jet if it belongs to its collection of constituent particles. The full object
selection criteria, including kinematic acceptance, is given in Table 7.10. An overlap removal (OR)
procedure is applied to the b-tagged and non-b-tagged jets and the dressed leptons, to avoid double-
counting of particles among multiple objects. Baseline objects are used, with looser kinematic
requirements than those for the signal objects. The same procedure is followed for particle-level
and detector-level objects. Briefly, overlapping objects are eliminated in a multi-step procedure as

follows:
1. Non-b-tagged jets are removed which are within AR < 0.2 of a baseline electron.

2. Non-b-tagged jets are removed which are within AR < 0.2 of a baseline muon and have

pr(l)/prjet) > 0.7.

3. Leptons are removed which are within AR < min(0.4,0.04 + 12;;’;’;’) of a jet.

The choice of OR is inspired by Ref. [7] and is motivated in greater detail in Chapter 6.

Table 7.10: A summary of the definitions of particle-level objects used in the analysis. Requirements
are generally selected to mirror those made on detector-reconstructed objects. Lepton momenta are
dressed with nearby photons and b hadrons are ghost-associated to jets. Baseline and signal objects
are defined with the former used in the overlap removal procedure. Signal requirements are enforced
on top of those already specified for the baseline objects.

Object ‘ Requirements ‘ Comments
Electrons gizsne::ln:el;Tp 1>« ;87(}(?/\/ and || < 247 Dressed
Jets | gt B SN <28 ik r =04

b jet ‘ b hadron with pp > 5 GeV ‘ ghost-associated




7. QUANTUM INTERFERENCE IN TOP-QUARK PRODUCTION 179

7.4.3 Optimization of the unfolding parameters

A selection of possible binnings of the distributions to be unfolded were considered, where a can-
didate was chosen which minimized the average per-bin uncertainty while retaining maximal shape
information. A simplified setup was used where only the statistical and interference uncertainties
(the bias from unfolding DS tW with the DR, tW response matrix, expected to be the dominant the-
oretical uncertainty) were considered. Configurations with 4-12 bins of m}™a* in the interference
region (m}fl&i“ima" > 200 GeV) were investigated, with the bin limits chosen to yield a fixed number
of reco-level events in each bin. For each binning, the uncertainties were scanned for 1-15 iterations
of Bayesian unfolding.

Below mgzi“ima" < 200 GeV, the signal is dominated by ¢t events and the interference effect
becomes small. In this region a simple strategy is adopted taking fixed width bins of 20 GeV, except
for the [0 GeV, 20 GeV] and [20 GeV, 40 GeV] bins, which are merged because of the low number
of expected events. This choice is fixed during in the optimization of the high-m5"™2* binning.

The results of the optimization are shown in Figure 7.11 for the m?}inimaxdistribution, where the
two scan dimensions (bin multiplicity and unfolding iterations) have been linearized for readability.
The 4-, 5-, and 6-bin setups are all found to produce minimal average uncertainties for some choice
of iterations and thus the 6-bin setup is selected to preserve maximal shape information from the
unfolded distribution. The precise bin limits are shown in Table 7.11.

The strategy for binning the leading-lepton pr distribution is adjusted slightly for the interference
SR. A 3-bin scheme with boundaries at 100 and 150 GeV is considered, having a similar number of
events in each bin. Additional bins are added by splitting the most sensitive bin (characterized by
the ‘significance’ (DR-DS)/0+ot), up to 7 bins when the statistical uncertainties become very large.
The number of bins is selected to maximize the per-bin average of (DR-DS) /oot Figure 7.12 shows
the average value of this ‘significance’ as a function of the number of bins and iterations considered.
The 5-bin scheme is selected, as adding additional bins is found not to be helpful. The conclusion
is checked using toy pseudodata generated with both the DR and DS assumptions.

The final number of iterations is selected via the same procedure used to choose the binning,
though now with all uncertainties described in Section 7.5 included. Figure 7.13 shows the evolution
of the per-bin uncertainty as a function of the number of iterations used for both DR and DS pseudo-
data. The per-bin uncertainty is generally minimized using a single iteration of the procedure, so
this value is chosen. The resulting uncertainties are also cross-checked with the alternate SVD

unfolding method, which is found to obtain similar results. Figure 7.14 shows the analogous study
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Table 7.11: Bin limits used to unfold the m})’%mimax observable in the inclusive SR and leading lepton
pr in the interference SR, defined from the optimization procedure described in the text.

Signal Region ‘ Number of bins ‘ Bin limits

Inclusive | 15 bins [0 GeV, 40 GeV], then 20 GeV bins up to 200 GeV
200 GeV, 220 GeV], [220 GeV, 240 GeV], [240 GeV, 270 GeV],

in mz}}mlmax

Interference | 5 bins

[

[270 GeV, 310 GeV], [310 GeV, 380 GeV], and ;380 GeV
. [ [
in prp, [

]
0 GeV, 100 GeV], [100 GeV, 150 GeV], [150 GeV, 200 GeV],
200 GeV, 300 GeV], and ;300 GeV

©
~

r ATLAS Simulation Internal

Bayesian Unfolding with 0-10 iterations

and multiple bin configurations

o
w

o
(S}

©
=

average fractional uncertainty per bin

:T: H ‘

o

binning+iteration configuration

Figure 7.11: The mnimax distribution is unfolded for tt+tW (DR) events with a number of unfold-
ing configurations considered. The average fractional uncertainty per bin of the unfolded distribution
is shown for each configuration, calculated as the sum in quadrature of the components from limited
data statistics in the detector-level region and the non-closure tt+tW (DS) when unfolded with
response matrices and correction factors from ti+¢WW (DR). Both total (solid black) and stat-only
uncertainties (dotted red) are shown . Each unfolding configuration consists of the number of bins
considered and the number of iteration performed. The binnings are defined to select a constant
number of events per bin in the signal region for m;}}i“imax>200 GeV. The 2-dimensional scan over
number of bins and iterations is linearized, with each set of 10 contiguous bins corresponding to
scanning over the number of iterations performed for a fixed binning. Four iterations are generically
seen to minimize the uncertainty for all binnings. The best performance is found with the 4-, 5-,
and 6-bin configurations, with an average fractional uncertainty of 4% per bin with 4 iterations.
The 6-bin configuration is selected to preserve maximal shape information.
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Figure 7.12: The leading lepton pr distribution in the interference signal region is unfolded for
toy tt+tW events with various unfolding configurations considered. For a given unfolding setup,
displayed is the average ‘significance’ per-bin: the average difference in particle-level DR and DS
predictions divided by the per-bin uncertainty. Five possible binnings of the lepton pr distribution
are considered (from 3-7 bins), with the same distribution unfolded with 1 to 15 iterations, so that
the result for unfolding 3+n bins with m iterations is found in the (15n+m)-th bin of the histogram.
The red (blue) line displays results where the pseudodata is generated using the DR (DS) prediction.
Because the DS sample predicts fewer events in the SR the corresponding statistical uncertainties
are larger, resulting in lower significances. The 5-bin configuration is found to be optimal in cases
of both DR~ and DS-like observed data yields.

for the unfolded lepton pr spectrum in the interference region, where 3 iterations are selected.

The evolution of the central values of the unfolded m}}™™a distribution is shown in Figure 7.15
for 1 to 15 iterations with statistical uncertainties determined from an ensemble of toys. Also
illustrated separately is the ¢ + DS single top signal unfolded with the nominal (DR) response
matrix, demonstrating the that theoretical unfolding bias from the interference effect is much smaller
than the raw DR/DS difference. This is also seen in Figure 7.16, which shows the (quick) convergence

of the unfolded values over many iterations and the fact that the interference uncertainty is small

compared to the statistical contribution to the final measurement.

7.4.4 Response matrices, efficiency and acceptance factors

The nominal inputs to the unfolding procedure which were obtained after the optimization described
in Section 7.4.3. The response matrix, fake, and inefficiency factors for the nominal unfolding

setup using ¢tand DR single top events MC is presented in Figure 7.17 (top). The corresponding
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Figure 7.13: The per-bin m}™™m* uncertainties are shown using both the Bayesian iterative (top)
and SVD (bottom) methods, where the relevant regularization parameter is scanned (the number of
iterations or the number of singular values retained). Pseudodata in the signal region is considered,
generated from either t¢ and DR (left) or DS (right) single top MC. Uncertainties are broken into
statistical and systematic components, with all major uncertainties included. The statistical uncer-
tainty is larger for DS pseudodata as it predicts that fewer events enter the SR. Total uncertainties
in the interference-sensitive region are generally minimized after a single iteration, motivating the
choice to use one iteration when unfolding the data. The SVD method leads to similar results for
the proper choice of the regularization hyper-parameter.
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Figure 7.14: The uncertainties are shown in bins of leading-lepton pr, scanning over the number of
iterations employed. Pseudodata is generated in the signal region, generated from tf and DR, (left)
or DS (right) single top MC. Uncertainties are broken into statistical and systematic components,
with all major uncertainties included. The statistical uncertainty is larger for DS pseudodata as
it predicts that fewer events enter the SR. The total uncertainties do not depend strongly on the
number of iterations employed, with 3 iterations chosen to avoid unnecessarily inflating the statistical
component.
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Figure 7.15: At left, the reco- and truth-level DR distributions are shown as well as the unfolded
central values and their uncertainties after 1 to 15 iterations. The central unfolded values precisely
match the truth, indicating no technical bias in the unfolding machinery. At right, the reco- and
truth-level DS distributions are shown as well as the reco-level DS distribution unfolded with the
DR response matrix. Vertical bars indicate the statistical uncertainty associated with each iteration
of the unfolding.
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Figure 7.16: At left, the top panel shows the sum in quadrature of the statistical uncertainty
and the non-closure the ¢Z+tW(DS) when unfolded with response matrices and correction factors
from tt+¢tW (DR). Different colors indicate different numbers of iterations in the iterative Bayesian
unfolding. For comparison, the difference between the particle level predictions for the tt+tW (DR)
and ¢t+tW (DS) models is also shown in the black dotted line. The contribution from the statistical
uncertainty alone is plotted in the bottom sub-figure. At right, the relative change per bin is shown
as a function of the number of iterations when unfolding the DS distribution with the DR response
matrix.

information for the unfolding setup using DS single top events is shown in the bottom row. The
off-diagonal elements for both response matrices are generally small and in good agreement with
each other. There is a slightly larger fake factor for the DS sample at high m5™™max " inflated by the
softer population of b jets that may more easily fluctuate out of acceptance. Figure 7.18 presents
the analogous information for leading lepton pr in the interference region. Here resolution effects

are negligible, due to the cleaner observable.

7.4.5 Stress tests
tt shape injections

In order to check that the unfolding procedure is robust against Monte Carlo mis-modeling of the
tWb shape, stress tests are performed. The inclusive tWb process may be broken into tf and single
top constituents. The single top component is stressed by comparing the DR and DS schemes
of modeling the interference, which can disagree by factors of 2-3 in the interference region. The

robustness of the unfolding to DR/DS differences is further studied in Section 7.5. This section will
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Figure 7.17: The acceptance and efficiency factors are shown at left in bins of m&Mimax for events
passing the signal selection, which are derived from the nominal t£+tWb simulation. The response
matrices are presented at right. Off-diagonal terms in the response matrices are found to be gen-
erally small, with bin-to-bin migration dominated by the jet energy resolution. The top row shows
quantities derived using the DR interference scheme, while the bottom row is calculated using the
DS scheme. The difference in the unfolding inputs pictured here for the two schemes is relatively
small demonstrating that, while DR and DS give dramatically different predicted mm‘mm"”‘ spectra,
these differences do not lead to a bias in the unfolding model.
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Figure 7.18: The acceptance and efficiency factors are shown at left in bins of leading-lepton pr
for events entering the interference selection (mp™™a* > 200 GeV). The response matrices are
presented at right and the nominal tt+tWb simulation is use. Only results using the DR scheme are
shown, as the difference with respect to DS is found to be minimal.

focus on additional stresses to the tf component, which dominates the region of mg}i“imax < Miop-

Stress tests are performed to check whether a shift in the £ contribution can be properly unfolded,
by multiplying the MC predictions by Gaussian and sinusoidal shifts. The shifts are applied to the
bins dominated by t¢f (chosen here as those with 0 < m3inimax < 180 GeV) with the size of the
variation governed by the largest fractional uncertainty of all bins within that range o;#™%* (this
is roughly 25%). For the Gaussian shift, the height is taken to be ¢:#™*, with the mean set to
the midpoint of the range considered (90 GeV) and width set to 45 GeV so that a “2¢” range is
used. For the sinusoidal modification, the weights are set to deviate from unity with a period of
180 GeVand amplitude such that the peak-to-peak difference is o;#™3*.

For each variation, the resulting linear weights w; are multiplied by the original truth-level ¢t
distributions ¢; to obtain a weighted test distributions t; = w;t;. A test detector-level distribution
7 is then produced by applying the response matrix to . Figure 7.19 shows the differences in the
unfolded ; distribution and the weighted truth #; for the Gaussian and sinusoidal perturbations,
which provide some estimate of the robustness of the procedure against differences in the ¢ shape.
The differences are found to be small in magnitude, everywhere covered by the data-driven non-

closure uncertainty (see Section 7.5), and everywhere insignificant compared to the total uncertainty.
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Figure 7.19: The top panel reviews the tf unfolding stress tests with Gaussian shape injection.
At left, the mnimax distribution for truth W*+W~bb events with nominal MC (black), weighted
W+W=bb MC (blue), and the unfolded, weighted reco-level distribution (red). At upper right, the
Gaussian weights are shown which are applied to derive both the weighted truth- and reco-level
distributions for testing. At middle right, the difference between the unfolded, weighted reco-level
distribution and the weighted truth distribution are shown. At lower right a “pull” plot compares
this difference to the uncertainty in the unfolding due to data statistics. The lower panel displays
the corresponding plots for the sinusoidal shape injection. The differences are found to be small in
magnitude, everywhere covered by the data-driven non-closure uncertainty (see Section 7.5), and
everywhere insignificant compared to the total uncertainty.
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Figure 7.20: The leading lepton pr distribution is shown for events entering the signal region (NFs
are applied). A slight trend of harder leptons in simulation than data is observed, motivating a
check of the impact with a dedicated unfolding stress test.

Lepton pt re-weighting

In the inclusive SR, a minor trend is seen in the leading lepton pr where the data spectrum is
softer than that predicted by the MC simulation. This can be observed in Figure 7.20. While the
deviation is not significant compared to the uncertainty on the MC estimate, the impact on the
unfolding procedure was checked by re-weighting the predicted WWbb distribution to match the
observed data. The re-weighting test is summarized in Figure 7.21.

Re-weighting factors are computed in bins of lepton pr of 20 GeV width, ranging from 20 to
300 GeV, where the last bin includes overflow events. These weights are derived from the data and

minimax

MC distributions shown in Figure 7.20 and the correlation between lepton pr and my; leads
to the weights in bins of mBnimaXghserved in the top-right panel of Figure 7.21. These weights
are used to perform a stress test using a similar procedure to the ¢t shape injection tests discussed
above. Weights are applied directly to the truth-level distribution, denoted ¢;. This distribution is
folded, using the response matrix, to produce a weighted reco-level distribution, 7;. The bias due to
the re-weighting is then computed as the difference between the weighted truth distribution and the
unfolded, weighted reco-level distribution, shown in the right-center panel of Figure 7.21, in percent.

The right-lower panel of Figure 7.21 compares the size of the effect to the data-driven non-closure

uncertainty in each bin.
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Figure 7.21: At left, the minimax distribution for truth W+ W ~bb events with nominal MC (black),
weighted WWbb MC (blue), and the unfolded, weighted reco-level distribution (red). At upper right,
weights are shown which re-weight the nominal WWbb MC so that the leading lepton pr distribution
matches the observed data. The weights are used to derive both the weighted truth- and reco-level
distributions for testing. At middle right, the difference between the unfolded, weighted reco-level
distribution and the weighted truth distribution are shown. At lower right a “pull” plot compares
this difference to the data-driven non-closure uncertainty.

The size of the re-weighting effect is found to be everywhere less than 0.5% and is less than the
quoted data-driven non-closure uncertainty in all but one bin. In this bin (80 < m}f}i“imax < 100
GeV) the non-closure uncertainty is 0.07% and the re-weighting effect is 0.14%, while the total
(stat-only) uncertainty is 4.9% (0.5%) in that bin. We conclude that no additional uncertainty need

be considered to account for this small effect.

7.5 Uncertainties

Systematic uncertainties from a variety of sources are considered which affect the final unfolded
distributions. Uncertainties may affect the reconstruction-level signal extracted from the data, the
MC-based unfolding procedure, or both simultaneously. Uncertainties stem from the limited number
of simulated MC events, the calibration of reconstructed objects, accuracy of theoretical models,

and choices in the unfolding procedure.

7.5.1 Monte Carlo Statistical Uncertainties

Figure 7.5.1 illustrates the size of the MC statistical uncertainty. The MC statistical uncertainty is

calculated by generating an ensemble of pseudo-experiments where each bin of the response matrix
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Figure 7.22: At left, the top panel shows the input reco and truth-level distributions. The bottom
panel shows the the median over the pseudo-experiments per bin and the error bar is one-half the
inter-quartile range (IQR) over pseudo-experiments. For each pseudo-experiment, the entries in the
response matrix are fluctuated according to the MC statistical uncertainty. At right, the upper
panel shows the statistical correlations between bins induced from the unfolding.

is fluctuated within its uncertainty. Pseudo-reco and truth distributions are generated from this
response matrix by projections, to take into account correlations between the fluctuations. This
removes the need for fake and inefficiency corrections factors. The nominal response matrix is used
to generate nominal projected reco and projected truth distributions. The bottom plot of the left
figure in Fig. 7.22 show the median over the pseudo-experiments per bin and the error bar is one-half
the IQR over pseudo-experiments. The right plot further shows the statistical correlations between

bins induced from the unfolding.

7.5.2 Experimental Systematic Uncertainties

The following uncertainties correspond to variations in the reconstruction of experimental objects.
For each uncertainty, the complete analysis is repeated with the varied setup to produce new unfolded
distributions. These uncertainties can affect the reconstruction-level differential cross-sections (in
the “usual way” of modifying transfer factors and causing migration among bins of m}}"imax and
leading-lepton pr) as well as the fake factors and response matrix inputs to the unfolding process.

The majority of uncertainties considered correspond to the same sources described for the SUSY

search in Section 6.8.1 with the exception of the EXSS soft term, which is not relevant for the present
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analysis. Here we highlight additional experimental uncertainties considered in the measurement as

well as relevant modifications to those previously described.

Jet energy scale The same sources of uncertainties are considered as in Section 6.8.1. Additional

correlation information is retained, with a total of 19 parameterized variations considered.
Jet energy resolution Treatment is identical to that described in Section 6.8.1.

Electron efficiency The treatment of efficiency scale factors is identical to that described in Sec-

tion 6.8.1, with variations considered from reconstruction, identification, and isolation effects.

Electron scale and resolution Uncertainties on the scale and resolution are considered using a
simplified scheme, where all contributing sources are assumed to be fully correlated in 7get

and are summed in quadrature.

Muon efficiency The treatment of efficiency scale factors is identical to that described in Sec-

tion 6.8.1, with variations considered from reconstruction and isolation.

Muon scale and resolution Uncertainties are considered to account for mis-alignments in the ID

and MS as well as for uncertainty on the momentum scale.

Flavor tagging Uncertainties impacting the efficiency scale factors for light flavor, charm, and
b jets are considered where extended correlations are retained with respect to the scheme
described in Section 6.8.1. Sixteen independent variations are considered that impact light-
flavor jets, in addition to three for c-jets and six for b jets. A proper treatment of correlations
among tight-tagged, loose-not-tight-tagged, and un-tagged jets is provided in the context of the
“pseudo-continuous” calibration. For ¢ jets with pr > 140 GeV and b jets with pp > 300 GeV,
an insufficient sample of calibration events prevents the use of pseudo-continuous uncertainties.
For these jets (found in only a small fraction of the total population of selected events) a
simplified scheme is used where uncertainties are calculated under assumptions where the
uncertainties on tight and loose tagged jets are fully-correlated and fully-uncorrelated. For

each measurement the most pessimistic of the two approaches is adopted.

Pile-up re-weighting The same sources of uncertainties are considered as in Section 6.8.1.

7.5.3 Background Subtraction Uncertainty

Events enter the signal regions which stem from physical processes other than the W1/ ~bb target.

They must be subtracted from the SR distributions before unfolding the data.
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7 +jets and tf + bb backgrounds are estimated from data with dedicated control regions and are
described in Section 7.3.3. Uncertainties enter on these estimates due to the limited data statistics
used to derive the corresponding normalization factor. Experimental and theoretical systematic
uncertainties also affect the estimated SR yields for these processes, though only though variations
in transfer factors.

The estimation of backgrounds from mis-identified and non-prompt leptons is also estimated
from data in control regions, as described in Section 7.3.3. Uncertainty on this background enters
from the limited data statistics in each bin of the same-sign analogues of the SR distributions. An
uncertainty is also propagated to the background estimate via the flavor composition uncertainty
assessed on the transfer factor used to extrapolate from the same-sign to opposite-sign regions.

Scale variation uncertainties on Z+jets events are applied, yielding a small change to the pre-
dicted shape and thus the extracted binned normalization factors. These are computed by taking
the full envelope of the 7-point variations of the factorization and renormalization scales . The
maximum variation is chosen separately for every unique bin of the unfolded distribution, and no
correlation among bins is assumed.

Figure 7.23 shows the ratio of predicted Z + jets yields in the inclusive signal region using the ap-
proach of individual mﬁi“imax bins versus the nominal approach of deriving combined normalization
factors across multiple bins of m5"imax The difference is compared to the size of the uncertainty on
the nominal estimate due to (a) data statistics only in the yellow band, and (b) data statistics and
scale variations in the black band. Additional details on the methods can be found in Section 7.3.3.

Other backgrounds are minor and are taken entirely from MC. They are varied by the 3.2%

luminosity uncertainty as well as within their theoretical uncertainties.

7.5.4 Theoretical systematic uncertainties

Systematic uncertainties on the tt+tWb signal impact the magnitude and shape of the extracted
signal as well as the unfolded yields obtained from it. Uncertainties are assessed using the same
set of samples and general techniques described in Section 6.8.2, so that here we describe only the
choices particular the the present analysis.

In general, the distinction between tf and tWb processes in the region of large interference is
artificial, so often uncertainties are treated as correlated between the two. The tf + bb process is
treated separately, so that theoretical uncertainties on this component (defined in Section 7.3.3)

are considered to be uncorrelated with those on other signal processes. The sources of theoretical
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Figure 7.23: The ratio of the predicted Z + jets yields in the inclusive signal region is shown
in blue crosses, using two methods of estimation. The numerator of the ratio is given by the
prediction using an estimation strategy with a unique normalization factor employed for each bin of
minimax - The denominator estimate uses the nominal procedure of combining several adjacent bins
to determine average normalization factors across a broader region. (The bins are mﬁinima" <120,
120 < m}‘}?”imax < 220, and mg}i“ima" > 220 GeV). The yellow hashed band represents the fractional
uncertainty on the nominal estimate due to limited data statistics in the Z+jets control region,
while the black band also includes uncertainty due to scale variations. The specific procedures are
described in Section 7.3.3. (The scale uncertainty is derived from an envelope of 7-point variations
to pr/py. The large uncertainty in the second bin is due to a large weight (statistical fluctuation)
in one of the samples used to compute the envelope.)

uncertainty on the signal process are summarized as follows:

MC generator / NLO matching. Predictions from POWHEG and MG5_aMC@NLQ are compared, with
the uncertainty given as the symmetrized, full difference between samples. The contributions
to tt and tW are decorrelated, as the tWb process is calculated to a different accuracy in the

two sets of ME calculations.

Fragmentation / hadronization. Predictions from PYTHIA and HERWIG++ are compared, with
the uncertainty taken as the full difference between samples, symmetrized. The models are

fully correlated between ¢t and tW samples.

Scale variations. Low and high radiation samples obtained from scale variations (defined explicitly
in Section 6.3.1) are compared, with the uncertainty calculated as one half of the difference,

symmetrized. As variations account for missing higher-order diagrams and the tWb MEs
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are calculated at different orders for the ¢ and tW processes, the variations are taken to be

uncorrelated.

Interference. The DR and DS prescriptions are compared, with the full difference between pre-

dictions taken as an uncertainty.

PDF. The PDFALHC prescription is followed, using the internal eigenvectors obtained in the combi-
nation of the CT14, MMHT14, and NNPDF3.0 sets [251]. However, because the nominal ¢ and
tW samples use the CT10 PDF, which is not used in the PDF4LHC combination, the difference
between the CT10 and PDFALHC nominal sets is also be checked. The total uncertainty is then
taken as sum in quadrature of the full difference of the CT10 to PDF4LHC sets with the internal

uncertainty taken from the PDFALHC combination and is generally dominated by the latter.

Top + additional heavy flavor. The fragmentation / hadronization and radiation uncertainties
are applied to t£+bb predictions using the same methods described for the orthogonal tfsample.
Due to insufficient MC statistics, the MG5_aMC@NLOcomparison is replaced by one with a 4FS
SHERPAt + bb calculation.

The individual components of the top theory uncertainties are displayed in Figure 7.24 separately
for the tt+light, tf + bb and tWWb components.

Uncertainties on the theoretical cross sections calculated for each process are also considered and
are summarized in Table 7.12. Cross section uncertainties on ¢t and single top are included as they

lead to (small) changes in the composition of the inclusive W+ W ~bb sample.

7.5.5 Unfolding Non-closure

The same method introduced in Section 7.4.5 to test the robustness of the unfolding machinery to

signal injections is used to check the closure of the procedure in data. The unfolding procedure

Table 7.12: Summary of the theoretical cross section uncertainties considered.

Process ‘ Relative Uncertainty ‘ Reference

V+jets 5% [252]
174% 6% [252]
v 13% 2]

t 5% [33,205]

tw 5% [253]
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Figure 7.24: The fractional uncertainty due to each tt+light, tWb single top (both top tow), and
tt+bb (bottom row) theory source is shown in bins of the unfolded variables mj3™™a* (left column)
and leading lepton pr (right column). The uncertainties are computed directly on the data by

varying the response matrix used in the unfolding.
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inherently assumes that the data is similar to the reconstruction-level distribution, using this as the
basis of the procedure to correct the distribution for detector effects. The reliance on this model is
reduced by the iterative Bayesian procedure, whereby the observed data is used to adjust the prior
and improve the procedure’s estimate.

To assess the non-closure of the procedure due to differences between the extracted signal shape
and that of the MC distribution, the ratio of the two is used to a set of weights. These weights are
then applied to the truth-level distribution ¢; (this is assumed to produce a reasonable prior for the
purposes of this test, as the response matrix is not far from diagonal) to produce a test distribution
#;. The response matrix can then be used to fold #; into a test reco-level distribution d;. While
unfolding procedure precisely recovers t; from d; by construction, the difference between ¢; and the
truth distribution recovered from unfolding d; is used to estimate the bias in the procedure. This
assessment provides a data-driven non-closure uncertainty.

The method is illustrated in Figure 7.25 for the unfolded m3nima* and leading-lepton pr distri-
butions. A comparison of reco-level and truth-level distributions are shown. The folded, re-weighted
MC prediction is shown to give a better description of the data than that from pure MC alone. The
bias of the method for the test data set is found to be less than an 8% (5%) effect in all bins of

minimax

myy (leading-lepton pr).

7.5.6 Summary of all uncertainties

The composition of the uncertainty in each bin of the unfolded distributions is shown graphically in

Figure 7.26, with individual components grouped according to the definitions in Table 7.13.

Table 7.13: Uncertainty categories used in the display of systematic uncertainties for covariance and
correlation matrices.

Systematic group name ‘ List of uncertainty components included

Lepton electron/muon efficiency, resolution, scale

Jet JES, JER, n-intercalibration

b-tag b, ¢, light, and high-prextrapolation

Theory top generator, fragmentation, radiation

DR/DS interference uncertainty

Background subtraction | NFs/TFs from ZCR, 3bCR, and FCRs

XS/lumi Cross-section uncertainties for all backgrounds, luminosity
MC stat. limited MC stats for all samples

Non-closure data-driven non-closure

PDF PDF4LHC eigenvectors, CT10 to PDF4ALHC
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Figure 7.25: At left, the reco-level distributions for background-subtracted data d; (black points)
and the nominal MC prediction r; (blue). At right, the particle-level truth MC prediction ¢; (blue)
and the test distribution #; (black) re-weighted according to the relative difference in reco-level MC
prediction and data. The test distribution, folded with the response matrix (R;;t;, red) is also shown
at left, displaying better data agreement with respect to the pure simulation estimate. The unfolded,
folded test distribution (Unf[R;;;], red) is also shown at right for comparison with the initial test
distribution, with their relative difference used to assess a non-closure systematic uncertainty. The
top row shows the procedure applied to bins of m}féi“imax, while the bottom row corresponds to the
unfolded leading-lepton pr distribution.
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Figure 7.26: The fractional uncertainty due to each source is shown in bins of the unfolded variables
mpy ™ (left) and leading lepton pr (right). The uncertainties are computed directly on the data
by varying the response matrix used in the unfolding.

7.6 Results

The unfolded m}féi“imax spectrum is presented in Figure 7.27 alongside POWHEG predictions using three
approaches of interference modeling. The unfolded leading-lepton pr distribution in the region with

minimax

My > 200 GeV is shown in Figure 7.28. Figure 7.29 shows a further suite of comparisons to

minimax

alternative tt+tWb signal models in the mj) observable.

X2 tests

To quantitatively compare the unfolded data with various models of the interference a x? test

statistic is defined to be

K= D@ =y O (@ = mi), (7.14)

,J
where d; is the observed data, m; is the model prediction, and ¥ is the full covariance matrix. The
superscripts indicate that a single entry has been removed from each distribution for the purpose of
the x? calculation to account for the fact that the distributions are normalized. Entries corresponding
to the first bin are removed for each distribution, though the choice is irrelevant as the information

contained in the removed bin is fully redundant due to the normalization condition.
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Figure 7.27: The unfolded, normalized differential fiducial cross section in bins of m}™™ma is pre-

sented in the upper panel. Data points are indicated by points with black error bars representing
the statistical component of the uncertainty on the data. The gray band includes all sources of
uncertainty including systematics. Colored markers show predictions for three samples of events
generated with POWHEGHPYTHIA 8, with corresponding bands representing uncertainties from PDF
and scale variations. Red crosses (green diamonds) indicate the process generated with the Diagram
Removal (Diagram Subtraction) interference scheme for combining separate NLO calculations of the
tt and tW processes. Purple stars represent the NLO+4PS calculation of inclusive pp — £t1v,1-5,bb
using the b_bbar_41 process implemented in the POWHEG BOX RES framework. The lower panel shows
the ratio of predictions to data.



7. QUANTUM INTERFERENCE IN TOP-QUARK PRODUCTION 200

'S‘ B T T T T T T T T I T T T T I T T ]
(b} B — Data, stat. uncertainty _
Q . [ ] Full uncertainty

= 10 = [l Powheg+Pythia8 tH+WH(DR) 3

bla” E [ Powheg+Pythia8 tt+Wt(DS) ]

Olo B Powheg+Pythia8 ['vIvbb ]

o - [A]MG5_aMC+Pythia8 tt+Wt(DR2)

1072 E

C *41* - .

T W ot ]

108  ATLAS Internal e —

= — -1 * *

- Is=13 TeV, 36.1 fb [ ]

n pp - I'Tbb+X 7

i 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 |

g 2f ]

8 C LA N - :

= B %4 * A *

g 1:_ .......... *-O-I*A ........................ 1-0-}* ........................ "'I; ......................... - [ ...... _:

o - i

= ot . . . ]
0 100 200 300

leading lepton P [GeV]

Figure 7.28: The unfolded, normalized differential fiducial cross section in bins of leading-lepton pr is
presented in the upper panel. Data points are indicated by points with black error bars representing
the statistical component of the uncertainty on the data. The gray band includes all sources of
uncertainty including systematics. Colored markers show predictions for four samples of events
generated, with corresponding bands representing uncertainties from PDF and scale variations.
Red crosses (green diamonds) indicate the process generated POWHEG+PYTHIA 8 using the Diagram
Removal (Diagram Subtraction) interference scheme for combining separate NLO calculations of the
tt and tW processes. Purple stars represent the NLO+PS calculation of inclusive pp — ¢+v, 177, bb
using the b_bbar_41 process implemented in the POWHEG BOX RES framework. Blue triangles represent
the NLO calculations of the tt and tW processes using MG5_aMC@NLQ with the DR2 diagram removal
scheme. This calculation predicts zero events in the bin of largest lepton pr. The lower panel shows
the ratio of predictions to data.
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Figure 7.29: The unfolded, normalized differential fiducial cross section in bins of m?}inimax
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is

pre-

sented, compared to a suite of predictions from various MC generator setups. In (a), the nominal
POWHEG-+PYTHIA 6 prediction used to model reconstruction-level objects and extract the tt+tWb
signal is shown for both the DR and DS schemes. An alternative sample using the HERWIG++ par-
ton shower model is also displayed. In (b) samples produced with the MG5_aMCONLO generator are
displayed with the HERWIG++ and PYTHIA 8 shower models. Two variants of the PYTHIA sample are
shown using the diagram removal scheme with (DR1) and without (DR2) the interference ampli-
tudes removed from the calculation. The DR2 sample predicts no events in the bin with largest
miinimax - Rigure (c) shows the comparisons to a LO calculation using MG5_aMC@NLO. Variants are
shown where the interference is included (denoted W+ W ~bb) and neglected (tt+tWb).
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Pseudo-experiments are performed by generating sets of pseudo-data obtained by throwing a
random variable X (u, X)) from a multivariate Gaussian distribution with mean p and covariance X
set by the observed data yields and covariance matrix. For each pseudo-experiment, the x2 statistic
is computed for the pseudo-data as in Equation 7.14, producing an expected distribution, given the
measured data and its uncertainty.

A set of x? values are also computed for each theoretical model considered, taking into account
PDF and scale variations. For each model, the prediction is varied according to its per-bin uncer-
tainties, generating a distribution of x2 values. A p-value is then computed for each prediction, using
both the data and corresponding model x? distributions. Table 7.14 presents the x? and p-values
obtained for each distribution.

Comparing the various interference schemes considered (DR(1),DR2,DS, plus b_bbar_41) several
trends emerge. The DR1 scheme that is used by ATLAS and CMS for the standard tWW simulation
appears to significantly differ from the data in the region of maximal interference. When mijinimax >
200 GeV, this scheme over-predicts the number of events in the bins of highest m?}inima"and leading
lepton pr. The DS scheme does not display a significant trend different than data in this region
in either observable considered, but does appear to underestimate the relative contribution of the

tWb process as a whole to the region beyond the ¢t kinematic endpoint. Altogether, the two

Table 7.14: Results are shown for x? tests assessing the compatibility of the data with various
MC predictions. Three sets of values are displayed: one using data from all bins of m{féi“imax, a
second only using the bins m})“ei“imax > 160 GeV most sensitive to the interference modeling, and
a third using the leading-lepton pt spectrum in the region m})‘}f“i”‘ax > 200 GeV. Columns labeled
x?2/n denote the median value of the y? test statistic for each sample over the number of degrees of
freedom. The data and MC distributions for the statistic is used to calculate a p-value from toys,
denoted pg. PDF and scale uncertainties are considered for all simulated samples.

Model ‘ All mg}lmmax ‘ ngh mgémlmax ‘ pr (él) ‘
| X3/ | po | X3P/ ope | X/ ] po

Powheg+Pythia8 ¢t + tW (DR) 10/14 | 0.71 | 8.5/8 0.40 | 9.6/4 | 0.04

Powheg+Pythia8 ¢t + tW (DS) 10/14 | 0.77 | 6.6/8 0.56 | 2.3/4 | 0.64

Powheg+Pythia8 ¢+ 0~ vbb 5.9/14 | 092 | 2.0/8 | 0.95 | 7.3/4 | 0.10
MG5_aMC+Pythia8 ¢ + tW (DR1) 26/14 | 0.14 | 13/8 | 0.17 -

MG5_aMC+Pythia8 ¢t + tW (DR2) 36/14 | 0.02 20/8 0.08 11/4 | 0.02

Powheg+Herwig++ tf + tW (DR) 26/14 | 0.07 | 7.3/8 | 048 | 11/4 | 0.02

MG5_aMC+Herwig++ tf + tW (DR) 30/14 | 0.04 | 11/8 | 0.23 | 10/4 | 0.03

Powheg+Pythia6 tf + tW (DR) 14/14 | 049 | 11/8 | 0.23 | 12/4 | 0.01

Powheg+Pythia6 ¢ + tW (DS) 14/14 | 049 | 10/8 | 0.32 | 2.2/4 | 0.66
MG5_aMC+Pythia8 (LO) WWbb 12/14 | 0.68 | 8.2/8 | 0.42 -
MG5_aMC+Pythia8 (LO) WWbb, no int. | 28/14 | 0.05 | 22/8 | 0.005 -
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predictions generally bracket the data, justifying the DR/DS comparison used to assess systematic
uncertainties by LHC experiments. The diagram removal variant where interfering amplitudes are
retained (DR2) predicts large destructive interference that does not agree well with data for values
of myinimax > 160 GeV. Comparatively, the b_bbar_41 calculation provides a better description of

minimax

the inclusive my;

minimax

spectrum, and agreed particularly with the data for large values of my}
In the region of the distribution dominated by on-shell ¢ events the simulation predicts a slightly
harder spectrum than seen in data, though the size of the effect is covered by the data uncertainty.
The DR description of the leading-lepton pt spectrum is not as good as that given by the DS scheme.

Alternative samples used to estimated systematic uncertainties are found not to significantly
improve the predictions for the standard DR scheme. The HERWIG++ parton shower sample has
little impact in the mg}i“imax tail and appears to worsen agreement in the ¢t bulk region. The NLO
MG5_aMC@ONLO prediction may give a slight improvement with respect to POWHEG in the description
of t¢ events which migrate past the endpoint in the region from 180 GeV < minimax < 240 GeV.

minimax

Significant differences across the my; spectrum are observed comparing the LO MG5_aMC@NLO

minimax

prediction with data. The destructive interference for my; values beyond the tf kinematic

endpoint improves this agreement.



CHAPTER 8

A New Measurement of the Top-Quark
Width

The first measurement of top quarks in the pure off-shell and singly-resonant regime [8], described
in Chapter 7, poses the question of whether any further properties of top quarks may be learned
from this new data set. It is possible that the measured distribution could be sensitive to properties
of SM top quarks and also potential signatures of BSM physics. Both possibilities are explored in
the following chapter, which describes an extraction of the top quark width from the data obtained
in Ref. [8], as well as a limit on top decays to non-SM particles (BR(t — BSM)) and potential

constraints on BSM charged currents.

8.1 Top-quark width in the SM (and beyond)

The top quark was discovered nearly 25 years ago [254,255] and a broad program has been established
to measure its mass using a wide variety of methods [256-274]. Individual analysis channels as well
as combined measurements have reached sub-percent precision. Theoretical uncertainties of these
measurements are now comparable to Aqcp, raising questions of how the extracted mass parameter
of the color-charged particle should be interpreted®?. In contrast, direct measurements of the top
quark width have uncertainties of 50% or worse [259, 276,277]! Other measurements have been
recast as indirect measurements of the top-quark width [278,279], but their utility is limited by the

restrictive assumptions required to do so.

22For an excellent discussion of interpretations of the top quark mass extracted from measurements using MCs,
see Ref. [275]

204
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The top-quark width at NLO is given [1] by:

Grm3 2\ 2 2 9 2 5
pNLo I (g T ) (g g oMM ) g 23S (ST 2 ) (8.1)
8v/2m m? m? 3r \ 3 2
where the b-quark mass is neglected and terms of O(ag nj{) are omitted to significantly simplify

the expression. This was first computed in Refs. [280-282], where finite b-quark mass, W width,
and full NLO corrections may be found. Since then, the NNLO computation of the inclusive width
has been completed [283-285], as well as the fully differential decay rate [286,287]. The most
recent calculation [286] also includes finite W boson and b quark mass effects and NLO electroweak
correction and, assuming myo, = 172.5 GeV and ag = 0.1181, gives a predicted width equal to
1.322 GeV. Associated scale uncertainties are estimated to be less than one percent. Thus an
improved measurement of the top-quark width could provide a stringent test of the SM top sector.

The top-quark width may be modified in extensions of the SM where additional interaction of the
top quark are present. This can include the opening of additional decay channels of the top quark,
as well as modifications to the tWb coupling, and the presence of new radiative corrections. These
can occur in two-Higgs doublet models (2HDMs), SUSY models, as well as top-color technicolor. In
top color models, this may be induced either by mixing between the SM W boson and a new heavier
W' state or by tree-level contributions from vector-like quarks (VLQs) [288]. Similar ideas have been
considered in top flavor models, where a new SU(2) symmetry is introduced for the existing third-
generation particles of the SM [289-291]. These models can be combined with scenarios involving
SUSY and additional Higgs doublets to be more readily consistent with the observation of a 125 GeV
Higgs [292].

8.2 Previous measurements

Since its discovery at the Tevatron, the top quark’s width has been measured with two different
methods. The first “direct” category of measurements, made by the CDF [276], ATLAS [259], and
CMS [277] Collaborations, relies on kinematic reconstruction of a b jet and charged lepton from
the decay of one (anti-)top quark in tf events. These measurements have been conducted in both
“leptons—+jets” and di-leptonic tt decays. Mass templates are produced for various values of the
top-quark width and the best-fit value is extracted from the measured distribution. However, a
major shortcoming of this method is the weak dependence of the observable on the top-quark width
parameter. The width of the measured distribution (shown in Fig. 8.1 for the most-sensitive mea-

surement [259]) is the convolution of the BW width with the kinematic widening of the distribution
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Figure 8.1: The reconstructed lepton and b jet invariant mass for several values of the top-quark
width. This figure is reproduced from Ref. [259].

due to the unmeasured neutrino momentum in addition to fragmentation effects from the b quark.
As can be seen, the width of the measured distribution is ~ 35 GeV, and high-precision measure-
ments are required to constrain widths on the order of 1 GeV. This measurement has obtained a

value

r{Preet) — 1 76 + 0.33(stat.) T079 (syst.) GeV. (8.2)

A second “indirect” method of extracting the top-quark width has been performed by the DO [278]
and CMS [279] Collaborations, by combining measurements of the ¢-channel single top cross section
with the relative branching fraction BR(t — Wb)/BR(t — Wq). In the t-channel process,the NWA
may be applied to the final-state top quark so that the production cross section is proportional to

its width. Writing the cross section schematically as

I—‘in Fou
Ot-channel = L'i BRinBRout = 'y < T ) ( T t) (83)
t t

allows one to compare theoretical calculations with experimental limits to obtain the width. Taking
Iy to be the rate of proton-proton to single top quarks and BR .y to be the fraction of events where

the top decays to Wb one can write

BR(t — Wb)
BR(t — Wgq)’

measured

Ot channel — 1_\inB,Rfout = Fin (84)
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where in the last line it is assumed that the top quark must always decay to Wgq. Then one can

substitute I'j, for the theoretical expression to find

neasured
Ft — O-i—ch;nnel i F<t — Wb)

theory  BR(t—>Wb) *
Ot-channel BR(t—Wgq)

(8.5)

Using this method, Ref. [279] finds the most precise estimate of T'; = 1.3640.02 (stat.) T517 (syst.).

8.3 Inspiration from measurements of the Higgs width

A third method to measure the top-quark width is possible, which is inspired by methods currently
used to access the Higgs width. It is linearly dependent on I';, unlike the direct method described
above, and does not require the restrictive assumptions needed for the indirect method. The SM
predicts I', =~ 4 MeV, which is below the experimental resolution one could ever hope to achieve at
the LHC or any futuristic eTe™ machine.

It was suggested to study the Higgs boson width through the comparison of on- and off-shell

cross section [293-296]. The motivation is plainly seen from the BW expression for a resonance?

IRIVE
o(s) ~ (s — M2)2 + M2T?’

(8.6)

which (for narrow resonance I'/M < 1) implies that the on-shell cross section is independent of the
width, while the off-shell cross section is not. In the Higgs case, this is best illustrated in the h — 4/
decay channel, where there are large enhancements in the off-shell cross section at both 2my and
2my due to threshold effects in the decay and production, respectively. The differential cross section
in four-lepton invariant mass is shown in Figure 8.2. Here, after integrating the Higgs line-shape,

the cross section ratio depends linearly on I'y,

off-shell /Jon—shell mhFh

O49—+h—2219gg—h—22 ™ ( 3

s (8.7)

where we have written the off-shell cross section as being dominated at the on-shell ZZ threshold.

This measurement technique has interesting sensitivity to BSM contributions to the Higgs width,
and has been discussed extensively since being proposed [297-304]. In the originally proposed context
of four-lepton mass scans it has been pointed out that the procedure does not establish a fully
model-independent limit on I',. Counter-example models of BSM physics exist which might modify

the gluon-gluon fusion Higgs production loop, affecting the cross sections in a devious way that

23See the Resonances review and related chapters of Ref. [1] for an excellent discussion of the derivation and
applicability of this expression.
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Figure 8.2: Several cross sections are shown, differentially in the four-lepton invariant mass. The rate
of gg — h — 4¢ is shown in red, with the other lines corresponding to background pp — 4/¢ processes.
The purple line shows the large destructive interference between Higgs and non-Higgs contributions
for large masses. Beyond the maximum cross section at the Higgs mass, enhancements at 2my (due
to a threshold effect in the I'(h — ZZ) partial width) and 2m; (due to top-quark thresholds in the
gluon-gluon fusion triangle loop) are observed. This figure is reproduced from Ref. [295].

invalidates the constraint on I';,. However, this can be avoided by conducting a similar analysis in a
different channel (vector boson fusion (VBF) h — WTW ~, where the Higgs boson production and
decay are mediated by the same hWWW coupling) to establish more robust limits [297]. The method
has been used (in the four-lepton final state) by the CMS [305-308] and ATLAS [309] Collaborations
to obtain limits on the width.

The idea to utilize the same method to measure the top-quark width has been considered in the
past in the context of eTe™ [310] and proton-proton [311,312] collider measurements. However these
studies were only completed at parton-level and did not propose a physical observable that could
be used to perform such a study. A different idea has also recently been proposed to extract the
width in proton-proton collisions using b jet charge asymmetries in ¢-channel production, though

reconstruction effects were not considered [313].
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8.4 Samples of simulated events

The primary calculation used to model the W+W ~bb signal is the b_bbar_41 [236] generator im-
plemented in POWHEG BOX RES [42]. Tt includes NLO QCD corrections and matching with the parton
shower (PS) based on the POWHEG method [41,314]. The process is described in terms of exact ma-
trix elements for pp — ¢ v, 1~ 7, bb, dominated by top-pair topologies with leptonic W-boson decays,
with massive b quarks provided by the OPENLOOPS program [178]. The b_bbar_41 generator com-
bines for the first time: consistent NLO+PS treatment of top-quark resonances, including quantum
corrections to top-quark propagators and off-shell top-quark decay chains; exact spin correlations
at NLO, interference between NLO radiation from top-quark production and decays, full NLO ac-
curacy in tt production and decays; NLO accuracy in b-quark kinematics; access to phase-space
regions with unresolved b quarks and/or jet vetoes.

The nominal event sample was obtained using the NNPDF30_nlo_as_0118 PDF set and the input
top-quark mass value m; = 172.5 GeV. Additional samples were generated with a range of top-
quark widths Ty € {0.66,1,T$M 1.66,2} GeV (with m; = 172.5 GeV and?* T'$M = 1.3328 GeV)
to enable the extraction of the best-fit value from data, with a range of top-quark mass values
my € {171.5,172.5,173.5} GeV (with T’y = T'?M) in order to estimate the uncertainty due to the top-
quark mass, and a range of ag values in the PDF ag € {0.115,0.118,0.121} (with m; = 172.5 GeV
and Ty = I'PM) to explore the uncertainty due to variation of scale of the shower evolution. The
central renormalization and factorization scales are set to the geometric average of transverse masses
of the top quark and anti-top quark, and the value of hdamp is always set equal to the input value
of the top-quark mass. The samples include all possible combinations of different family final state
leptons (corresponding to the channel 7 setting). Events also feature additional weights due to
standard 7-point scale variation and due to PDF variation. Up to three hardest emissions are
kept with the allrad 1 setting, one from the production process and one from each of the top-
quark resonances, and matching to PYTHIA 8.2 [29] makes use of both the POWHEGHOOKS and
PowHEGHOOKSBBA4L [315] vetoes, and Al4 set of tuned parameters [173]. In the samples with
ag € {0.115,0.121} the SpaceShower:alphaSValue parameter of shower evolution in PYTHIA 8.2
is set correspondingly.

In addition, a LO calculation of the W+ W ~bb process is used from Madgraph5_aMC@NLO 2.6.4 with
up to 2 extra jets, matched to a parton shower implemented in PYTHIA 8.240. This sample of events

was simulated using the NNPDF23_nlo_as_ 0118 PDF set, the Al4 set of tuned parameters, m; =

24The value of FtSM is the NLO top-quark width calculated by b_bbar_41 from all the other input values.
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172.5 GeV, and T'; € {0.66,1,1.33,1.66,2} GeV. Alternative samples were produced with ag varied
as described above, as well as with alternative top-quark mass hypotheses m; € {170,175} GeV.

Event samples are analyzed and compared to data using the selection criteria of Ref. [8] as
implemented in the Rivet toolkit [316]. Briefly, leptons and jets are reconstructed at particle-
level with selections based upon the acceptance of the ATLAS detector. Leptons are dressed with
nearby photons and are required to have transverse momentum pr > 28 GeV and pseudorapidity
|n| < 2.47 (2.5) for electrons (muons). Jets are reconstructed with the anti-kp algorithm using a
radius parameter of R = 0.4 [102-104] and considered in the analysis only if pr > 25 GeV and
[n| < 2.5. They are b-tagged if a B-hadron with py > 5 GeV is found within the jet cone. Events
are selected which have two leptons, two b-tagged jets, with same-flavor lepton events vetoed if the
di-lepton mass my, < 10 GeV or satisfies |mg — mz| < 15 GeV.

The b_bbar_41 simulation produces events with different-flavor leptons and must be corrected
to account for same-flavor contributions. The ee and pp contribution is obtained by re-weighting
the generated e events which satisfy same-flavor myy requirements. Good closure of this technique
is found using the LO Madgraph5_aMC@NLO simulation, which includes all leptonic decays of the W
boson. Further, the contribution of di-7 events (with fully leptonic 7 decays) is found to be negligible

and is not considered.

8.5 Recasting the interference measurement

A technique similar to that used by the Higgs width measurements can be used to reinterpret the
analysis described in Chapter 7 as a limit on I';. To very briefly summarize the key aspects of
the analysis, a differential measurement of mIMmMa* was done in events with two charged leptons
and b jets. The final state is inclusively sensitive to contributions from ¢ and tWb diagrams, with
events with two on-shell tops obeying Tnb“‘[i’“i’““aX < \/m at LO. Larger values of m’g}i”ima" are
sensitive to off-shell and non-resonant events. The measurement was designed to assess the validity
of different schemes to model interference effects in this region. The b_bbar_41 simulation includes
exact interference effects at NLO and describes the data well. This allows the possibility of using
this MC to extract a value of the top-quark width.
minimax

There are two manners in which changes to I'; can impact the my; spectrum. First, a large

population of events beyond the y/m? — m2, endpoint in mj}"™** are due to ¢f pair production
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where one of the top quarks is off-shell. The cross section due to this contribution scales as

do 1
dmiy, (M, —mi)? +mil7

(8.8)

and thus is enhanced by a larger top-quark width. Sufficiently beyond the top quark mass endpoint,
this produces an overall linear scale factor to the signal cross section [317], in analogy to the situation
described in Section 8.3.

Second, the relative fraction of events with m3»™% ahove y/m? — m3, has contributions from
two classes of Feynman diagrams, with one and two time-like top quark propagators. The effect
of scaling I'; on the number of events predicted from each class of amplitudes will not be the
same. Thus, changes to I'; will scale each of the contributions (plus a third contribution from their

interference) by a different factor, producing an overall change to the shape of the distribution.

Extraction

As the interference measurement [8] makes many measurement of m5™™** beyond the \/m? — m%,

endpoint, the unfolded data in these bins may be compared to b_bbar_41 predictions for various
values of I'; to extract a range of allowed values to this SM parameter. This extraction is done

through the construction of a x2 test statistic, which quantifies the measured data values d; in bins

of myMimax with the corresponding predictions m; for some specific model. The statistic is defined
as
X° = Z(dz —m;) - VJl (dj —my), (8.9)
0,J

using the same method described in Chapter 7. Here V;; is the covariance matrix of uncertainties
which allows information from multiple bins of mg}inimax to be combined. Here both d; and m;
correspond to normalized cross sections and the bin index runs only over the region where m}}}inima’( >
160 GeV (past the kinematic endpoint \/M), as the bins with lower values are not sensitive
to variations in the width.

To evaluate the effect of variations in the width, b_bbar_41 simulation is used, with settings
identical to those used in the analysis described within Chapter 7, with the exception that each
of the lepton family combinations e® T ,e*7F and 7+ uF. Independent samples are generated with
various values of I';: 1.33, 0.66 GeV, 1.0 GeV, 1.66 GeV, and 2.0 GeV as described in Section 8.4.
Using the event selection and procedure described in Chapter 7, the predicted m}féi“imax spectrum for
each value of top-quark width is obtained. To smoothly interpolate predictions as a function of Ty,

minimax

yields in each bin of my) are fit to obtain a parameterized prediction m; = F;(T'y). Quadratic
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functions are found to be a sufficient choice for the F;, which can in principle be non-linear due to
the changes in the shape of the distribution with varying I';. After these fits, we obtain a prediction
m;(T;) and thus, given the nominal model and observed data, can write the x? purely as a function
of the top-quark width: x? = x?(I'y | d,m). Since this is a polynomial?® in the width parameter, it

is trivial to minimize the x2 and extract the corresponding best-fit width I,.

8.6 Uncertainties

The unfolded data and covariance matrix from Ref. [8] includes statistical and systematic uncertain-
ties necessary to unfold the data (including experimental systematics as well as theory uncertainties
on the unfolding model). To obtain an uncertainty on the width that is extracted using the proce-
dure above, an additional set of uncertainties must be considered on the (W*W ~bb) signal model:
namely, due to the PDF and corresponding value of ag, the factorization and renormalization scales,
and the value of the top quark mass. For each systematic m}®", the difference is computed with

minimax

7o in each bin of my; , assuming the SM value of I';. This

i

respect to the nominal prediction m

relative difference is then applied to the nominal predictions for all values of I'; to obtain

mi* (0 = T5)

myar(rt) — mr,lom(rt) : m“om(Ft = FSM)’
i — Lt

3 3

(8.10)

assuming that the two effects are uncorrelated. A width can then be extracted for each of the varied

var
2

signal models my**(T';) using the same prescription as described in Section 8.5.

To calculate the PDF uncertainty, the matrix element calculation is repeated for each of the 100
eigenvector components of the NNPDF PDF set to obtain weights for each simulated event. Each of
these 100 eigenvectors is used to re-weight the mj}™™a* distribution and to extract a corresponding
width. The uncertainty on I'; is then computed as standard deviation of the set of values obtained
for each variation [318]. The affect of altering the value of ag in the PDF is also considered,
in addition to a coherent variation in the parton shower for initial-state radiation (Var3c) [173].
Independent events are generated with ag = 0.115 (0.121) in the PDF and corresponding values of
0.115 (0.140) in the shower for the up (down) variations. This uncertainty is computed as one-half
of the difference between the results obtained with the two variations. The effects of scale variations
are considered by calculating event weights corresponding to varied ur and s scales, up and down
by a factor of two (not considering un-physical variations where the scales are altered in different

directions) The uncertainty is computed as the envelope which covers the difference between each of

25Because nonlinear effects are small, it is practically a parabola.
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Figure 8.3: The full mg‘}i“imax distribution recalculated for systematic variations of the PDF set
(left) and renormalization and factorization scales (right). The displayed values are the ratio of the
varied yields to those of the nominal sample. For PDF uncertainties, the uncertainty is computed
as the RMS of predictions, while the envelope is used for the scale variations.

the “seven-point” variations and the nominal prediction. Finally, alternate samples are generated
with the top quark mass set to 171.5 and 173.5 GeV , with the corresponding uncertainty set to
one-half the difference. Figure 8.3 displays the relative size of the PDF and scale uncertainties.
Uncertainties due to variations of ag and my, are assessed by generating independent sets of
events. Because b_bbar_41 events are not perfectly unweighted even very large samples of events
suffer from a relatively poor effective number of events beyond \/m7 — m3, in the m"imax distri-
bution. To maximize the statistical power of the full set of simulated events and to ameliorate the
impact of statistical fluctuations on the uncertainties which are not estimated with event weights,
a fit is performed to the yields, parameterized in as, Mmiop, and mi™™max The fit model assumes

a linear dependence on the ag and my., parameters, which is derived separately in each bin of

m})’%i“imax so that

mi(as, me) = mi (@™, mSM) 4+ @; (o — aSM) + by (my — mSM) (8.11)

with the nominal value also allowed to float in the fit, so that the three parameters m, @, and b are
obtained from the five variations (nominal, plus up and down variations for ag and myp,), separately
in each bin of m5"™max_ After this procedure a second step is performed that allows bin-to-bin cross-

talk for the systematic variations to further reduce the un-physical statistical variation. This step
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minimax

requires that the variations across all eight bins of m}}; vary quadratically in the observable?S.
The original distributions for all b_bbar_41 samples in addition to the parameterized predictions
after the first and second fits are shown in Figure 8.4.

The calculation of the effect of uncertainty on the data itself is computed from the full covariance
matrix though the use of “toys” (also “pseudo-data”). The unfolded results of Ref. [8] specify a
probability density function corresponding to a vector in the measurement space of bins of mijinimax,
Uncertainties on the yields are generically correlated. For example, though statistical uncertainties
due to the limited number of events observed in bins of the reconstructed mrb’%i“imax distribution are
uncorrelated among bins, a non-diagonal response matrix implies that this is no longer true for the
particle-level, unfolded distribution. Thus using the most probable values extracted from the data
(d;) as well as their covariance matrix V;;, we can generate a large data set of toy data samples
that encodes these relative probabilities. This is simply a multivariate Gaussian with mean d and
covariance V. To reflect the uncertainty in the data, the width is extracted for each toy data set,
the distribution of which is shown in Figure 8.5. The median I'; is the nominal extracted value, with
the (potentially asymmetric) 68% and 95% confidence intervals also obtained from this distribution.

Finally, the uncertainty due to the limited number of generated MC events is assessed by similar
means, independently varying the original predictions m; each simulated sample, and performing
new interpolations to extract a new value of I'; from the resulting x? distribution. The ensemble
of extracted values of I'; is also shown in Figure 8.5. A summary of the uncertainties on the width

extracted using both signal models is presented in Table 8.1.

For the MG5_aMC@NLO signal model, an identical set of uncertainties are assessed, employing the

Table 8.1: Uncertainty on the top-quark width extracted for data, with individual contributions
shown from experimental, theoretical, and statistical sources.

Uncertainty [GeV] b_bbar 41 | MG5_aMC@NLO
Experimental +0.27/-0.26 +0.20
PDF +0.06 +0.04
Scale +0.10 +0.06
Theory | my +0.03 +0.03
Qg +0.06 +0.04
Combined +0.14 +0.10
Simulation Stats. 40.04 +0.04
Total +0.30 +0.22

26 In the case of the MG5_aMC@NLO prediction, samples are generated with 170 GeV and 175 GeV top-quark masses,
instead of the 1 GeV up/down variations taken as the nominal uncertainty. As a result, the fitted variations are
re-scaled by a factor of 2.5 GeV/1 GeV.
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Figure 8.4: The full mp3mimax distribution is shown for variations of ag in the PDF and parton
shower (top left) as well as the top-quark mass (top right). These predictions are obtained with
independently-generated sets of events and are simultaneously fit (see the text for details) to obtain
a parameterized prediction of the effects of myo, and ag, shown in stages in the lower two plots, for

minimax

the range of my;

bin-to-bin correlation for systematic variations is shown at bottom left (right).

values considered in the width extraction. The yields before (after) allowing
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Figure 8.5: In black, the extracted I'; values are shown for an ensemble to 100 million toy data sets.
The median is the nominal extracted value of I'y = 1.28 GeV, with 1o uncertainties of 0.27 GeV
up and 0.26 GeV down. Also pictured in blue is the uncertainty due to the limited number of
generated MC events in the nominal samples generated for all considered values of I';, leading to an
uncertainty of 0.04 GeV. Values are shown for the b_bbar_41 signal model.

same estimation methods, with the following modification: the NNPDF23_nlo_as 0119 PDF set is
used as the nominal value for this sample. The top-quark mass uncertainty is assessed using samples

with m; = 170, 175 GeV, interpolating to obtain the same 1 GeV variations as used above.

8.7 Results

Comparisons of the b_bbar_41 and MG5_aMC@NLO models to the data are shown in Figures 8.6 and
8.7, respectively. As in Ref. [8], the b_bbar_41 model is found to model the data well, while some
slope is seen in the MG5_aMC@NLO prediction. A width of 1.28 £0.30 GeV (1.33+£0.29 GeV expected)
is extracted, from the data, as is shown in Figure 8.8. This result is more precise than the previous
best direct measurement of (1.767555 GeV) [259].

The value extracted using MG5_aMCONLO is 1.18 4 0.22 GeV (1.33 £ 0.23 GeV expected). The
dependence of the fractional yields in this region are found to depend more strongly on the width
for the MG5_aMC@NLO model than for b_bbar_41. As a result, the uncertainty on the extracted width
is found to be narrower for the MG5_aMC@NLO sample.

The extracted width can be compared to SM prediction in order to obtain a bound on the

branching fraction of the top quark to new physics channels 'y, (¢ — BSM). Using the b_bbar_41
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Figure 8.6: The m"ma* spectrum predicted using b_bbar_41 is shown for various values of the
top-quark width. Data from the unfolded ATLAS measurement are included for comparison. The
gray band shows the theoretical uncertainty for the simulated sample corresponding to the predicted

SM value of the width.
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Figure 8.7: The m})‘;i“imax spectrum predicted using MG5_aMC@NLO is shown for various values of the

top-quark width. Data from the unfolded ATLAS measurement are included for comparison.
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Figure 8.8: Observed and expected top-quark widths for the b_bbar 41 and MG5_aMC@NLO signal
models.

signal mode, we constrain the width to be less than T'+t95% = 1.88 at the 95% confidence level. Thus

we find a corresponding limit

[+95% _ pSM

BR(t — BSM) < W - 29% (812)

The expected value is BR(t — BSM) < 25%.

8.8 Further constraints on BSM physics

Model-specific BSM constraints are also possible for processes which have a significant effect in the
off-shell region defined by high m‘g}i“ima". For example, a charged Higgs H™ produced via its bt H
coupling and then decaying via 7v would preferentially enhance this region. However, limits from
this measurement are not as strong as direct searches [319-321] because of the rate penalty from
requiring the 7 decay to e or p with sufficient transverse momentum to pass selection.

From the direct width extraction procedure presented above, constraints may be placed on BSM
theories which allow yet-undetected top-quark decays. However, if a new particle coupling to the top
quark is sufficiently heavy, it may have little or not contribution to the width. This is accomplished
in models including additional charged Higgs particles H* or a W’'% that couples preferentially to
third-generation fermions. Such processes may still modify the m}3"™# spectrum when produced in
association with a single top quark and thus can be constrained from data using a similar approach
as was taken to measure the top-quark width.

Signal models are studied using the MG5_aMC@NLO Monte Carlo generator interfaced to Pythia
using the same settings described above. Events from the bbHEW T process are simulated, where

the H* is produced via a coupling to top and bottom quarks ¢4 and decays via HT — 7tv, with

coupling strength gg-,. We assume that the new particle is narrow, so that interference effects with
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Figure 8.9: The parton-level m3nimax distribution for WHW=bb and HtW ~bb events is compared.
Events are shown which pass the two charged lepton and two b quark selection for the width extrac-
tion analysis. The charged Higgs is assumed to only couple to third generation particles and is forced
here to decay HT — 7T v, with the 71 subsequently yielding a et or u™. A charged Higgs contri-

bution would significantly increase the number of observed events in the region my;

> Mtop-

the top quark may be neglected. For charged Higgs masses my+ > my, only single-top production

modes are relevant and both the signal acceptance and shape in my;

minimax

are found to be largely

insensitive to my+ over the studied range.The shape comparison is shown in Figure 8.9, where the

mnimax ohservable is plotted for WHW ~bb events as well as HTW ~bb. Here the charged Higgs

mass is set to 250 GeV. As the charged Higgs events have a much longer tail for mgzi“imax > Myops

which should cause an observable difference in the measured m5™™ma* tail probed in Ref. [8].

MG5_aMC@NLO is used to calculate the cross section for the HTW ~bb process as a function of the

charges Higgs mass. In addition to the mass dependence, this requires an assumption on the value

of gpwp. Figure 8.10 shows the mass dependence where this coupling has been set equal to the SU(2)

coupling so that o(HtW ~bb) = o(WTW ~bb) when mpy+ = myy+. The cross section falls rapidly

as mpy+ approaches myop, after which the top decay closes and only the single-Higgs production
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Figure 8.10: The cross section to produce HTW ~bb events is presented as a function of the charged
Higgs mass. The gg4, coupling leading to Higgs production is taken to be identical to the SU(2)
weak coupling gy so that o(HTW~bb) = o(WHW ~bb) when mpy+ = my+. The cross section
can be obtained for other coupling values by rescaling (o(HtW~bb) < g%,,). For charged Higgs
masses below the top-quark mass, the dominant production process is through tt diagrams, while
single-top diagrams dominate for larger Higgs masses.

channel remains open.

A constraint can be placed on H* /W’ production taking b_bbar_41 simulation as the SM back-
ground prediction, where nominal values are set for each of the configurable parameters. A similar
X2 (d;, m;) construction is used as above, with the model m; to test consisting of contributions from
the b_bbar_41 background prediction b; and the bbHEW T signal, with a contribution controlled by
signal strength parameter u:

mi(p) =b; +u-s; (8.13)

The distribution of the test statistic under the background-only hypothesis u = 0 is determined from
an ensemble of pseudo-experiments where the data is varied within uncertainties. The excluded
signal strength p*! is the value such that x?(d;, m;(p = p*)) is larger than x2(d;, m;(u = 0)) for
95% of the toy experiments described above.

Using this method we set limits on the g, coupling as a function of the charged Higgs mass,
shown in Figure 8.11. For a mass of 250 GeV, the coupling is constrained to be less than unity,

while the coupling is ust be less than the weak coupling go/v/2 if mpy+ = Myop. For large values of
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Figure 8.11: The value of the coupling between a W'* (or H*), top, and bottom quark gy, that
is excluded at the 95% confidence level, as a function of the W’ mass. Limits are obtained from the
data presented in Ref. [8] treating the W’ in the NWA and assume that BR(W' — 7v) = 100%.
See the text for a discussion of these assumptions for large W’ masses.

gmw a more careful treatment is required, as the decay width I'+_,,; becomes significant enough
that (a) this second decay channel should be considered, and (b) the NWA may no longer be a good
approximation. As an example, for the excluded value?” of g = 0.8 for my+ = 200GeV we find
T+ /my+ ~ 10% and BR(HT — 77v,) ~ 90%. This largely justifies the assumptions, while for
mp+ = 250 GeV the width is 20% the mass and BR(HT — 77v,) &~ 50% so that a more nuanced
analysis should be adopted.

These results present a complimentary strategy to charged Higgs searches by the ATLAS and
CMS Collaborations [319-321]. The current most stringent limit of o(bbHTW ™) x BR(Ht —
7Tv,) < 0.2 pb for my+ = 200 GeV comes from an ATLAS analysis of 13 TeV data [319]. The
recast limit is weaker than dedicated analyses, as it relies on fully leptonic tau decays significantly
decreasing the signal acceptance. However, the technique could be easily extended to hadronic tau

decays, presenting a simple and powerful alternative to conventional search strategies.

27This corresponds to an excluded H+W ~bb cross section of about 5.0 pb.



CHAPTER 9

Conclusions and Outlook

The paradigm of naturalness suggests that the top quark will play a central role in explaining the
light mass of the recently-observed Higgs boson. Thus, the main work described in this dissertation
has explored how the top quark may be used to shed light on the nature of this new physics. This
has been completed in the form of a direct search for new particles associated with SUSY, as well
as with a measurement of top-quark properties, sensitive to new physics effects.

A search for pair-production of supersymmetric partners of the top quark using events with one
isolated lepton dramatically increased the experiment’s sensitivity to stops, with respect to previous
searches. In the minimal simplified model interpretation where only a stop and stable LSP are
introduced (with the 7 — XX decay considered) stops are excluded up to masses of about
1TeV. This represents a significant improvement with respect to the previous best limits, obtained
with the 8 TeV Run 1 LHC data, which excluded stops up to a mass of about 650 GeV. This scenario
has also been tightly constrained in the experimentally challenging regime where the mass difference
A(mz,mysp) is small and the associated decay products have low transverse momenta.

Strong constraints were also set on models motivated more directly by naturalness, where the
LSP is part of a Higgsino multiplet. A broad analysis was designed to maximize sensitivity to all
possible decay modes of the stop in this scenario, with particular effort towards the identification of
soft leptons from Higgsino cascade decays. Following improvements over the 8 TeV analysis, limits
in the Higgsino scenario are significantly more robust. These limits on the allowed stop mass values
are now largely independent of SUSY model parameters that may, for example, reduce the relative
fraction of decays in the most-extensively-studied ¢ — X7 mode. Further, the sensitivity is largely
independent of the Higgsino mass splitting A(mili,mﬁ)) down to values as small as 2 GeV.

In the course of the stop analysis, the theoretical uncertainty associated with the modeling of

222
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interference between tt pair production and tWb single top production was found to be large. A
two-prong approach was taken in response to these studies. First, the search regions most sensitive
to this effect were redesigned to use a data-driven background estimation technique that reduced
the size of the effect. Second, a new measurement (Ref. [8]) was designed to push forward progress
in understanding the theoretical origins of the effect. The resulting differential measurement of the
mINmax ghectrum in events with two leptons and b jets provided a first direct test of the two
standard theoretical schemes used to approximate the effect. Neither of these standard schemes
described the data well, though the conventional practice of assigning their difference as an uncer-
tainty appears justified. However, a recent state-of-the-art NLO+PS calculation of the ¢TI~ vibb
process was also directly compared to data for the first time, with excellent agreement observed. The

success of this next-generation MC tool will pave the way for its expanded use in future top-quark

measurements and searches where precise modeling is critical.

9.1 Perspectives on Measurements of Top-Quark Production

Having completed a period of intense analysis of top-quark processes, it is a natural opportunity to
reflect on this work and to consider the future of such measurements and what exciting prospects
may lie ahead. As both analyses of the mg[}inimax differential distribution, as a constraint on tt —tWb
interference and on the top-quark width, were performed for the first time there are likely many
related directions that one could explore.

First, the width extraction in Ref. [9] was a re-interpretation of the existing ATLAS measurement
so that the analysis itself was not optimized for sensitivity to this parameter. Despite this, a world’s-
best direct constraint was obtained and the top-quark branching fraction to new physics channels
was limited to be less than 29%. While an interesting first result, the BSM models discussed in
Chapter 8 typically lead to effects on the order of five percent. Thus, it will be critical for LHC
experiments to conduct a fully optimized analysis in the future.

One important lesson from this work was that the constraining power on I'y,, came dominantly
from measurements of mgzinimax in the region just beyond the on-shell ¢£ kinematic endpoint: roughly
160-220 GeV. In contrast, sensitivity to the interference term is maximized at the largest measured
values of the m"™a* spectrum, where the analysis is dominated by a different set of uncertainties.
Improving the precision on the extracted width will depend on the reliability of models of b-quark

minimax

hadronization and fragmentation, as these effects allow on-shell t¢ to fluctuate above the my)

kinematic endpoint. Fortunately, MC shower programs continue to provide improved descriptions
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of data, driven by theoretical advances as well as an ever-increasing set of LHC measurements
for comparison. In tandem, important experimental uncertainties related to the determination of
the jet energy scale and resolution should improve as the full Run2 data-set allows for enhanced
determinations. Thus, there is reason to believe that an improved understanding of experimental and
theoretical factors would bring increased precision to a dedicated width measurement. A sub-10%
measurement would serve as an interesting theoretical target.

At the same time, the full Run 2 data-set presents an interesting opportunity to better understand
the interference effect, and to provide more useful comparisons for new MC programs. While neither
of the traditional DR nor DS schemes for modeling the interference agreed well with the data, the
difference between the two predictions in the interference-sensitive region was typically at the 2o
level. While already useful for relative comparisons of these two schemes with the NLO+PS ¢*1~vbb
prediction, a more precise measurement might provide further evidence towards the use of one scheme
over the other.?® For the largest values of mnimax that drive the sensitivity of this measurement
to the interference effect, the largest uncertainties come from data statistics, ¢t + bb modeling,
and the impact of interference on the unfolding procedure. Each of these uncertainties should be
reduced in a future analysis: data statistics will see a v/N improvement with a 13 TeV data-set now
collected that is ~ 4 times larger than that analyzed in Ref. [8]; ¢ + bb modeling has improved
significantly following intense interest from the experimental [322-327] and theoretical [328-332]
communities (driven by its importance as a background for t#(H — bb) measurements); a dedicated
DR-versus-DS uncertainty is no longer necessary with an NLO+PS calculation of the interference
effect available. Understanding top-quark processes with high precision relies on a diverse program

of top-quark measurements, and will aid in the continued quest to identify subtle BSM phenomena.

9.2 Perspectives on Searches for Natural Supersymmetry

Following the impressive suite of analyses of LHC data to date, there has been no clear experimental
indication for the presence of SUSY. A large variety of searches have been conducted, severely con-
straining the space of SUSY models that are consistent with present experimental results. However,
for the reasons described in Chapter 3, SUSY remains an attractive property of BSM theories, and
in particular the argument for TeV-scale SUSY remains compelling. If TeV-scale SUSY has indeed

been realized in nature, current null results may be explained either by sparticle masses that are

28Fven given the superior description of b_bbar_41, the relative agreement of DR and DS schemes remains inter-
esting as they can be combined with separate, widely-studied calculations of the ¢t process in the on-shell regime.
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beyond the reach of present collider searches or a SUSY mass spectra that yields experimentally
difficult signatures.

If SUSY is simply beyond the reach of present analyses, it is useful to investigate the improve-
ments anticipated for future LHC searches. This has been explored in detail in a number of studies
motivating upgrades to the ATLAS detector in addition to other future collider scenarios. Ref. [333]
studied the gluino pair-production process, comparing results obtained at the end of Run 3 (300 fb~1)
with those of the full HL-LHC program (3ab~!). For the case of a massless LSP, the 10x larger
data-set improves the excluded gluino mass from 2.4 TeV to 2.9 TeV. The corresponding limit with
36fb~! of 13 TeV data is 2.1 TeV [334]. Ref. [335] projects an increase in the mass reach for top
squarks in the massless LSP scenario of m; < 1.6 TeV with 3ab™!, focusing on the zero-lepton final
state. This is a 600 GeV increase with respect to the Run2 analysis [336], which was conducted
with a factor of 100x less data. For direct Higgsino production, limits have been set as a function
of the Higgsino mass splitting A(mﬁ),mﬁ), with chargino masses up to 150 GeV excluded (for
Am ~ 4 to 5GeV) with the 36fb~! data-set [337]. With 3ab~! the reach is projected to extend
as far as 350 GeV (for Am ~ 2 to 3 GeV?Y) [117]. The excluded sparticle masses are compared for
each data-set in Table 9.1.

The message of these projections is that the upgrade to a pp collision center-of-mass energy of

V8 = 14TeV and HL-LHC integrated luminosity of 3ab~! (or more) will promise to open up new

Table 9.1: Actual and projected excluded sparticle masses are shown as a function of the collected
data-set for benchmark SUSY signatures. In all scenarios the LSP is assumed to be massless. See
the text for a description of the description of the experimental signatures considered as well as
references to each analysis. Analyses for which no projections are available are marked as ‘.

| Period | 2015+16 | Run3 | HL-LHC
Data-set | [c | 36fb~! | 300fb~! | 3ab~!
| /s | 13TeV | 14TeV | 14TeV
?h“mgo 21TeV | 2.4TeV | 2.9TeV
g — qqXi
(PrOJe‘cted.) @asses ?top ; L0TeV B 1.6 TeV
exclusion limit t — tX1(0¢)
Higgsino B
(2 5. sy | 150GeV 350 GeV

29While technically the quoted mass reach is highly dependent on the mass splitting and thus the quoted Higgsino
mass exclusions are not directly comparable, it is reasonable to assume that with a further optimized analysis the
HL-LHC sensitivity will extend to larger mass splittings.
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parameter space for a range of interesting sparticle masses. However, the message is also that each
subsequent improvements to the analyses, measured in hundreds of GeV of sparticle mass probed,
comes at progressively longer intervals of time. The 13 TeV data-set increased by a factor of ten
from 2015 to 2016. The next factor of ten will not likely come before the end of Run3 in 2023.
The final factor of ten is projected as the ultimate HL-LHC goal to be attained perhaps near 2038,
requiring fifteen further years of operations.

It is critical that the large program of SUSY searches in place continue as the integrated lumi-
nosity accumulates over the operational lifetime of the LHC to make maximal progress towards a
discovery of SUSY. However, the long time-scale associated with these searches highlights the impor-
tant of the second possibility to consider — what if the production cross section for TeV-scale SUSY
particles is significant, but the specific signature has not yet been accessed by current searches?
This may be because most such events are difficult to reconstruct, identify, or trigger on, as is the
case with small-mass-splitting Higgsinos. Or it may that the analysis would be perfectly tractable
except that no one has conducted it yet, either due to technical difficulty or lack of imagination.
Various models of R-parity violating SUSY may enter the latter category.

A compelling scenario in the context of stop searches is the well-tempered neutralino (Bino LSP
with light Higgsino) scenario introduced in Section 6.3.2. This model provides a DM candidate
satisfying the relic density constraint, as well as including a light Higgsino and a light stop, thus
fulfilling all three of SUSY’s most idealistic promises: to unify the gauge couplings, to provide a
DM candidate, and to solve the hierarchy problem. The combined exclusions in this scenario are
shown in Figure 9.1, based on the zero- and one-lepton stop analyses (Refs. [336] and [7]). It is
observed that viable models remain where the Higgsinos are as light as 250 GeV and the stop as
light as 500 GeV.3? The future direction of stop searches must include renewed efforts to access this
and similar phase-space to ensure that such attractive models are covered where possible.

Finally, supersymmetric theories should continue to be considered regardless of whether they
provide a DM candidate, which may only be suggested (but not required!) to be a weak-scale particle.
In fact, supersymmetric theories with axion DM provide a novel target for future LHC searches (see
Ref. [338] for example). Decoupling this requirement opens a larger range of interesting models
into consideration, including the R-parity violating B — L MSSM models discussed in Section 3.4
and investigated further in Appendices A and B. These theories predict a range of long-lived BSM
particles that may be targeted with specialized analysis techniques and often require non-standard

trigger strategies. Further, effective lepton-number violating operators in B — L MSSM theories lead

30Perhaps even lighter stops remain feasible, as 500 GeV is the lightest mass considered in this exercise.
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Figure 9.1: Combined exclusions in the well-tempered neutralino scenario from the zero- and one-
lepton stop searches [7,336].

the LSPs (inferred in R-parity conserving (RPC) SUSY searches as EX%) to decay in combinations

of charged and neutral leptons. This could suggest a broad program of converting existing RPC

searches into RPV-targeted ones by looking in “four-lepton plus X” events with moderate FEXss.

Related strategies have been considered in the past by ATLAS [339], targeting electroweakino and

gluino production. Other interesting signatures to pursue in the future may include stop production

and exotic decays of the Higgs boson.



APPENDIX A

A Bino LSP in the B — L. MSSM

In Section 3.4.1 the B— L MSSM was introduced, which extends the MSSM with three right-handed
neutrinos, one of which has a sneutrino partner that develops a VEV and breaks SUSY. This also
leads to VEVs for the left-handed sneutrinos, which directly lead to RPV (lepton-number violating)

terms.

A.1 Random Parameter Scan

In a series of results, the possible LHC-energy phenomena predicted by this model have been studied
by Ovrut and collaborators [11,58,61,340-343]. In the absence of a complete description of the SUSY-
breaking mechanism that would dictate the soft SUSY-breaking mass terms, the phenomenology of
the model is tested with a random scan and statistical evaluation of these parameters. The soft
masses are scanned at the SUSY-breaking scale (typically taken to be several TeV to avoid the
development of a new hierarchy) and the one-loop RG equations are used to run the parameters to
the electroweak scale. With this technique, the physical masses are not distributed with complete
randomness, but rather encode the physical information of the RG equations. The most striking
effect is that this causes the Bino to be the LSP more than any other sparticle, despite its respective
SUSY-breaking scale mass parameter being randomly thrown in the same manner as each of the
others. The full distribution of LSPs obtained in the scan conducted in Ref. [11] was shown in
Figure 3.2 in Chapter 3. All points in the random scan are required to break electroweak symmetry,
satisfy all experimental lower bounds on sparticle masses, and to reproduce the observed Higgs
boson mass. The population of points satisfying each of these criteria is shown in Figure A.1. The

distribution of LSPs found in the scan was shown in Figure 3.2 of Chapter 3 and the masses of the
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Figure A.1: The population of all studied model points obtained in the random parameter scan,
colored according to whether they pass each of the electroweak symmetry-breaking, sparticle bounds,
and Higgs mass criteria. Points are plotted versus two S-terms corresponding to different sets of
squared soft mass terms and are defined in Ref. [343].

LSPs that are majority-Bino are shown in Figure A.2.

A.2 Decays of the Bino LSP

Due to the presence of RPV terms, the Bino LSP may decay. These decays proceed via the emission
of electroweak gauge bosons as illustrated in the vertices shown in Figure A.3. The lepton number
violating terms are generated by the development of a VEV by one of the sneutrinos and are thus do
not generally maintain the principle of lepton flavor universality apparently respected by the SM.
Thus, the RPV couplings associated to each of the vertices in Fig. A.3 may attain a different value
for each lepton generation.

From this information the partial widths may be separately calculated for each of the 3 x 3 =9
decay channels via each lepton flavor and electroweak boson. These widths are shown for the

case mgo > 100GeV in Figure A.4. If all amplitudes for RPV processes are small, and since

X
no other decay modes for the Bino are possible, the Bino could live for a significant time before

decaying. Thus the partial widths for each decay channel are shown in units of millimeters in
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Figure A.2: The mass of the LSP for points in the random scan where the particle is a neutralino
with majority Bino component. All soft masses are scanned in a range from 200 GeV to 10TeV,
resulting in a lightest (heaviest) Bino LSP of 8 MeV (2792 GeV). Note that a significant number of
Bino masses are smaller than the M; lower bound of 200 GeV due to RG running and cancellations
among contributing terms.
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Figure A.3: Lepton number violating vertices present in the B — L. MSSM allowing the decay of the
Bino LSP.
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Figure A.4: The partial decay widths are shown as a function of the Bino mass seperately for
the decay modes corresponding to each of the three electroweak boson decay channels, in the case
that the Y% is greater than 100 GeV. The reciprocal of the widths are expressed to give “partial
decay lengths”, comparing the size of the contribution relative to that needed to produce promptly
reconstructable objects in the detector (roughly 1 mm). Note that the lengths add as 1/lsor = >, 1/1;
to produce shorter overall lifetimes. Values of the lifetime are shown separately for each assumption
on the neutrino mass hierarchy.

Fig. A.4, roughly corresponding to the scale at which prompt object reconstruction is relevant for

collider experiments?!.

A.3 Low Mass Bino LSPs

In the case of Mo, greater than the mass of the electroweak bosons, the calculation is straightforward,
with analytic expressions for the decays given in Ref. [58]. For Bino LSP’s lighter than the Higgs
boson mass, the widths may be calculated in a similar manner, simply by ignoring the Higgs channel,
whose off-shell contribution is negligible due to its very small width. For practical purposes, this
is also true for Bino particles in the range my < mgo < Mz, with the width dominated by the

on-shell W channel. In the case of an even lighter Bino, a numerical calculation is used to evaluate

31Note however that the total decay length is not computed additively from the partial decay lengths Ipartial =
CTpartial ~ 1/Tpartial, but rather as 1/ltot = >, 1/1;, since it the reciprocal of the total width.
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the amplitudes. This is necessary because the on-shell approximation is no longer valid and instead
the full electroweak bosons’ line-shapes must be taken into account. This calculation is done using
MG5_aMC@NLO 2.6.4 [27] with a trick used to avoid having to implement the specific details of each
B — L MSSM point in model space.

Consider the RPV decay Y% — W=t - e~ U,) proceeding via the emission of a virtual
W boson. This is similar to the structure of the SM process p~ — v,(W~*) — e~7,.) with the
following important differences: the muon mass is fixed while the Bino mass is a free parameter to
be scanned; the coupling structure associated with the W emission is the weak coupling instead of
an RPV one, and; a massless neutrino is emitted instead of a 7. Thus the second (SM) process
may be used to obtain results for the first process, making the appropriate substitutions. Namely,
for this process the muon and muon neutrino masses must be reset in the program to the desired
Bino mass and the tau mass, respectively. Further, the weak coupling in the SM process must be
replaced by an effective RPV coupling, using the scaling relation I' oc g2 between the width I' and
Bino decay coupling g.

The extension to all possible W decay channels is straightforward, while the generalization to Z-
and h-mediated decays is more subtle. In the latter cases both couplings in the u= — Z/N(W_(*) —
e~ 7, ) process must be replaced either by the Z boson’s coupling to the various fermion-anti-fermion
pairs and the relevant Higgs Yukawa and gauge couplings. In addition to coupling effects, the
mass and width of the intermediate boson lead to differences in the relative rates of the off-shell
decays. These can be accounted for by directly altering the value of the W mass and width in the
MG5_aMC@NLO configuration. For the case of the intermediate Z boson the masses of the subsequent
decay products can become relevant (most notably the Z — bb decay) at low Bino mass, so the
individual partial widths are calculated separately and combined. The case of Higgs decays is
complicated by the fact that the Higgs decay products may also be off-shell, as in the h — WTW~
and h — ZZ decays, so the relative rates as a function of the Higgs virtuality is taken from Ref. [2].

Figure A.5 shows the dependence of the partial width for decays corresponding to each elec-
troweak boson on the Bino mass. Here the partial width corresponding to all W boson-mediated
decays (for example) is written as

o swe = gé%ﬁwe}—(mx%,mwy Lw,me) Z 912/V—>ff' (A1)
VAN

where the coupling dependence and kinematic dependence have been factorized. Note that if the
massless approximation for the boson decay products is poor then the kinematic function F must be

separately computed for each decay mode yielding a more complicated equation than the one given
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Figure A.5: The dependence of each Bino partial width on the Bino mass, with coupling contribu-
tions factorized out. See the text for detailed definitions and explanation.

above. In such cases in Fig. A.5, we have combined the separate functions into a single effective
function by means of a coupling-weighted average. Separate functions are provided for each of the
decays via W/Z/h. Because the neutrinos are mass degenerate, the only differences amongst the
three sets of X% — Zv; and X% — hy; decays are due to the values of the RPV coupling which
may vary for each point in model space considered. In the case of Y% — Wiﬂf there is also a
weak dependence on generation that enters via the charged lepton mass. The small size of the effect
is shown by presenting the kinematic function for a massless lepton as well as for a massive tau.
Tables A.1 and A.2 show the relative branching fraction of the electroweak bosons to each fermion
pair for the case of an intermediate Z and h particle as a function of the Bino mass (an effective
proxy for the off-shell boson mass). As the W boson decay products are all essentially massless
the on-shell SM values remain valid. The partial widths for the case where no on-shell decays are

allowed are shown in Figure A.6.
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Table A.1: Branching fractions for decays of the virtual Z boson for the Z — ff process for several
values of the Y% mass. The reference values for on-shell Z decays (mgo, > mz) are taken from

Ref. [1].

Z9 branching fractions for Z° — ff decays (in %)

Process Mgy > Mo | My, = 60 GeV | Mgy = 30 GeV
70 = eFeF 3.4 3.4 3.6
70 = ptuT 3.4 3.4 3.6
Z0 - 7+ 7F 3.4 3.4 3.4
AR 20.0 20.3 21.3
70 > un 11.6 11.7 12.4
70 = ce 12.0 12.0 12.2
70 — dd 15.6 15.8 16.6
Z0 = 53 15.6 15.8 16.6
Z9 — bb 15.1 14.3 10.3

Table A.2: Branching fractions for decays of the virtual Higgs boson for the h — ff process for
several values of the Y% mass. These values are adapted from the Higgs branching fractions presented
as a function of mass, published in Ref. [2]. Decay modes which contribute < 0.01% for all values
of the Bino LSP mass are suppressed.

hY branching fractions for h® — ff decays (in %)

Process Mgy > Myo | Mgy =60 GeV | Mg, =30 GeV
hY — bb 58.9 84.2 87.0

h° — cé 2.9 4.1 4.4

O — 7 ELF 6.3 8.0 6.9

hO — ptpuT 0.02 0.03 0.02

hY = gg 7.8 3.5 1.7

hY — WEWT 21.0 0.02 < 0.01

ho — 7020 2.6 0.01 < 0.01

R — 4y 0.23 0.07 0.01

he — Z0 0.15 < 0.01 < 0.01




A. A Bino LSP IN THE B — L MSSM 235

10!

counts in bin-Normal Hierarchy

log, [Partial Decay Length/mm]

Py

0 i i

log, [Partial Decay Length/mm]
O
counts in bin-Inverted Hierarchy

~ I],‘i ~ ZU ~ hU
X9 — 7 X9 = X9 =

— 0
150 30 40 50 60 70 20 30 40 50 60 70 20 30 40 50 60 70 80 10
My, /GeV My, /GeV Mgy /GeV
B B B

Figure A.6: The partial decay widths are shown as a function of the Bino mass seperately for the
decay modes corresponding to each of the three electroweak boson decay channels, in the case that
the X% is greater less than 80 GeV. The reciprocal of the widths are expressed to give “partial
decay lengths”, comparing the size of the contribution relative to that needed to produce promptly
reconstructable objects in the detector (roughly 1 mm). Note that the lengths add as 1/liot = >, 1/1;
to produce shorter overall lifetimes. Values of the lifetime are shown separately for each assumption
on the neutrino mass hierarchy.

A.4 Lifetimes and Branching Fractions of the Bino LSP

Combining the information computed above for each range in Bino mass, we obtain the statistical
spread in Bino lifetime as a function of the Bino mass in Figure A.7. The relative decay rates
to each of the channels is given in Figure A.8 for the high-mass Bino and in Figure A.9 for the
low-mass Bino. If the Bino is heavier than the W boson it will decay promptly in the vast majority
of simulated points in B — L MSSM parameter space. For small values of tan 8 in this scenario it
decays mostly via W and Z bosons, while for large tan S the Higgs mode can also become large.
For a Bino mass below the W boson, there is a large spread in decay lengths, reaching as large

as tens of kilometers when m

%0 approaches 20 GeV. However, for a large number of points with

mgo, 2> 40 GeV the lifetime falls in a range from 1 mm to 0.3m that corresponds to the region in

which displaced vertex searches are most powerful. Here displaced lepton and jet signatures have
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Figure A.7: The lifetime of the Bino LSP in each of the points in B — L MSSM model space
considered is shown as a function of the Bino mass. Results are presented separately for masses
below (left) and above (right) the electroweak scale. Here the normal neutrino mass hierarchy is
assumed. For high-mass Binos the vast majority of decays are found to be prompt, while for the
low-mass case there a large spread in values. For a wide range of Bino masses, a large fraction of
models considered produce decays between 1mm and 0.3m that provide an interesting target for
displaced-decay collider searches.

the potential to be identified with large acceptance and to lead to searches that are essentially free
of background. For these low-mass Bino LSPs the Higgs channel is completely suppressed due to its
narrow width, with decays occurring dominantly in the Zv channel. Finally, the branching fraction
as a function of lepton generation is shown in Figure A.10, separately for each electroweak boson
decay channel. The relative fraction of each leptonic decay mode is given once per point under two

sets of assumptions on the value of sin? f23 as well as for both the normal and inverted hierarchies.

A.5 Experimental Outlook

These studies demonstrate that the Bino LSP is a viable candidate for direct detection at the
LHCacross a wide range of masses. For very low masses of the Bino LSP, the existing search
program for R-parity conserving SUSYscenarios should be sensitive to final states with this new
“detector-stable” particle. Such searches may also be sensitive in the case of prompt Bino LSP
decays to neutrinos (that is, X% — Z% and x% — h%). A similar idea to this is discussed for
the case of a Wino LSP in Appendix B. Generally, a diverse set of searches for RPV decays using

prompt objects should also be pursued. In particular, maximal sensitivity could be obtained by
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Figure A.8: The branching fraction of the Bino LSP is shown for three ranges of masses greater
than the W boson mass. Branching fractions are shown for four categories of tan 3. The median
(solid, darkened horizontal line), inter-quartile range (shaded box), and maximum and minimum
values obtained (extended dashed lines) are shown for each population of events. Depending on the
phase space each of the three decay modes may contribute substantially.

taking advantage of the unconventional signatures produced in Bino LSP decays, such as W-lepton
resonances. Finally, the calculated distribution of possible lifetimes makes it abundantly clear that
searches for displaced leptons and jets are an invaluable tool, particularly when the Bino LSP is
lighter than the W boson.

The Bino presents an attractive candidate to the experimentalist, as it is by far the most prevalent
LSP in the space of models considered in the present analysis. As has been shown, it may also be
arbitrarily lighter than the soft SUSY breaking scale, due to canceling contributions from unrelated
soft mass terms. On the other hand, pure Bino pairs cannot be produced directly from SM particle

decays, so that experimental prospects will in general depend on the detailed spectrum of heavier
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Figure A.9: The branching fraction of the Bino LSP is shown for three ranges of masses less than
the W boson mass. Branching fractions are shown for four categories of tan 5. The median (solid,
darkened horizontal line), inter-quartile range (shaded box), and maximum and minimum values
obtained (extended dashed lines) are shown for each population of events. Generally the Z boson-
mediated decay is most significant (typically near the 90% level) and in all cases the Higgs decay
mode is suppressed to an extent so as not to appear.
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Figure A.10: The relative branching fraction of the Bino to each generation of charged and neutral
lepton is shown separately for each electroweak boson decay channel. First and third generation
fractions are plotted on the z- and y-axis, respectively, with the second generation fraction given
as the complement. Model points are displayed under various assumptions on the neutrino mass
hierarchy as well as sin? f3. There is a strong correlation between the mass hierarchy and the relative
branching fractions in the case of W and h-mediated decays, while the correlation is much weaker
in the case of the Z. In particular, electron-flavor decays are essentially absent in the Higgs channel
for the normal hierarchy, while the tau channel is absent in the inverted case. While notable, this
difference has little experimental consequence at a collider where neutrino flavor cannot be measured.
The correlation is potentially helpful in the W boson decay channel, though the lepton-universality
preserving scenario remains a possibility in this channel under all assumptions considered.
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SUSY particles. However, this makes the prediction of a long-lived Bino LSP intriguing, as it
is a process with no SM background. This enables Bino LSP searches to be conducted without
regard to the potentially complicated mechanism responsible for their production. Hence, searches
for displaced leptons and jets (independent of other activity in the detector) present a completely

orthogonal method of probing otherwise challenging spectra of sparticle masses.



APPENDIX B

Limits on RPV Scenarios from RPC
Searches

The B — L MSSM was introduced in Chapter 3 and studied in further in Appendix A in the case of
the Bino LSP. This Appendix is devoted to exploring the effectiveness of using traditional searches
for (R-parity conserving) SUSY to constrain the allowed space of B — L MSSM models. The idea
is that the R-parity violating operators allowing the LSP to decay in the B — L MSSM can often
lead to an abundance of final-state neutrinos, producing relatively large- B final states that may
contribute to invisible-LSP signal regions.

As an example we consider the case of charged Wino pair production. The phenomenology of
this scenario was detailed in Refs. [58] and [61]. Briefly, the Wino neutralino and chargino are
government by a common mass parameter My and do not mix significantly with the other charged
and neutral states. This leads to two nearly-degenerate charged and neutral states with a mass
splitting of = 160 MeV [133] producing a lifetime of about 200ps (¢r ~6cm). In the MSSM the
neutral state is assumed to be lightest, with chargino searches (Ref. [141], for example) based on the
“disappearing track” signature of the charged particle passing through several layers of the inner
tracker before decaying before any hits are left in the outermost layers. In the B — L. MSSM the
chargino may decay via four lepton number violating operators shown as vertices in Figure B.1, via
emission of a vector or Higgs boson in addition to a lepton. Similar decays of the neutralino are
possible, without a corresponding photon channel. These decays were found in Ref. [61] to occur
promptly enough that the chargino would decay via this RPV coupling even if it were the NLSP
with a LSP Wino neutralino.

We investigate the production of one neutralino and chargino. The cross section of this process

has been calculated at NLO plus NLL precision in the limit that all other sparticles are decoupled

241
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Figure B.1: Lepton number violating vertices present in the B — L MSSM allowing Wino decays.
Top row: decays of the chargino. Bottom row: decays of the neutralino.

with the Resummino program [344, 345], and varies from 5.2pb at m,, = 150GeV to 1.3fb at
My, = 1TeV. The branching fraction of charginos and neutralinos are shown in Figures B.2 and B.3,
respectively. To minimize the number of free parameters we assume that BR(Y, — WH(F) =1 for
the remainder of the analysis but allow the chargino decay to vary.3? If the chargino decay proceeds

as Xi — W*v and the W boson decays leptonically the resulting process is
= (X1 = Wy o (o) (X = WEF S (F00F) ~ (205 Fouw, (B.1)

yielding three leptons (none of which form a Z boson) and missing energy. In fact, this is a fairly
generic signature of the Wino LSP scenario. If the chargino instead decays to a Z boson, a similar
signature to that of the )~<1i — W*v — ¢*vv process is produced instead by )Zli — Z0F = oy
with the invisible Z decay providing the missing energy.

A similar signature was studied by the ATLAS Experiment [4] in the context of electroweakino
production with slepton-mediated decays. The relevant diagram for the R-parity conserving SUSY
search is shown in Figure B.4, alongside a mapping onto the RPV signature. Due to the similarity

of the signatures the ATLAS result may be recast as a limit on the B — L. MSSM scenario.

32The branching fraction to the ¢*¢~v final state via the decay X3, — W*(F) was found to be dominant
in preliminary studies related to the work presented in Ref. [61]. Though no longer fully realistic, the scenario
continues to present an interesting case study and the results are anticipated to largely translate to the closely-related
(Z — £+£7)v final state.
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Figure B.2: The branching fraction of the Wino chargino is shown for a range of masses. Branching
fractions are shown for four categories of tan 5. The median (solid, darkened horizontal line), inter-
quartile range (shaded box), and maximum and minimum values obtained (extended dashed lines)
are shown for each population of events. Depending on the phase space each of the four decay modes
may contribute substantially.

B.1 The ATLAS analysis

The search described in Ref. [4] targets a variety of signatures, though here we focus only on the
three-lepton signal region targeting SUSY scenarios where no SFOS lepton pair is consistent with the
Z mass. The selection for the slepton-mediated regions (labeled as SR3-slep-a through SR3-slep-e
in the ATLAS paper) is briefly summarized here. Three leptons are required, two of which must
have pr larger than 25 GeV, while the third may have pr;20 GeV. These thresholds are selected so
that lepton triggers may be used to collect events. No selection is made on the number of b-tagged
jets. Events are required to have missing transverse energy EX > 130 GeV and transverse mass

mr > 110,GeV (significantly above the W boson mass), and to have a SFOS lepton pair with
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Figure B.3: The branching fraction of the Wino neutralino is shown for a range of masses. Branching
fractions are shown for four categories of tan 3. The median (solid, darkened horizontal line), inter-
quartile range (shaded box), and maximum and minimum values obtained (extended dashed lines)
are shown for each population of events. Depending on the phase space each of the three decay
modes may contribute substantially.

~ T ¢ X

RPC RPV

Figure B.4: The electroweakino production process and slepton-mediated decay in the RPC SUSY
scenario is compared to an B — L MSSM-inspired process violating R-parity.
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3¢ exclusive signal region definitions
MSFOS E}niss ]7? Nnon-b-tagged jets m?i" ]7»?” -F“ Bins
[GeV] [GeV] [GeV] [GeV] | [GeV] | [GeV]
20-30 SR3-slep-a
<81.2 > 130 - 30 > 110 SR3-slep-b
20-50 SR3-slep-c
>101.2 > 130 | 50-80 > 110 SR3-slep-d
> 80 SR3-slep-e

Figure B.5: The signal selection criteria for slepton-mediated electroweakino decays are presented
for the ATLAS three-lepton analysis [4].

Signal channel ~ Region Nyps Nexp <eo>gi5 [fb] S% Sf,‘:’p p(s=0) Z
slep-a 4 22408 0.19 6.8 4.71%3 0.23 0.72
slep-b 3 2.8+0.4 0.14 5.2 51119 0.47 0.08
slep-c 9 54409 0.29 105 6.81%5 0.09 1.4
slep-d 0 14404 0.08 3.0 3.6%08 0.5 0
slep-e 0 11402 0.09 3.3 3.6753 0.5 0

Figure B.6: The electroweakino production process and slepton-mediated decay in the RPC SUSY
scenario is compared to an B — L MSSM-inspired process violating R-parity.

|+ —myz| > 10 GeV. All events passing this selection are categorized into five regions according
to whether my+,- is above or below the Z boson mass, and depending on the third lepton pr. No
requirements are made on any hadronic activity in the event. The signal selection are summarized
in Figure B.5.

Figure B.6 presents the number of observed and expected events for each of the five signal regions.
As no significant excess was found, the analyzers proceeded to set model-independent limits for each

Any signal model that predicts more than S%

region, given in the column denoted S% obs

obs* enter any

of the five signal regions defined in the analysis can be excluded at the 95% confidence level.

B.2 Estimation of the RPV Signal

The chargino-neutralino signal process is simulated with MG5_aMC@NLO 2.6.2 [27] with up to two
additional jets, interfaced to the PYTHIA 8.240 parton shower [29]. In the generated sample, the
neutralino is forced to always decay through the XY — WEeF channel, while equal parts are gener-
ated of the X* — Z¢* /he*E /W*v processes. Events are also generated assuming lepton universality
in the RPV coupling structure, with results re-weighted to vary this assumption. All electroweak

bosons are decayed with Pythia and all decay channels are considered when computing acceptance
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(i.e. not only W — fv and so forth). Notably, all Higgs decay channels are included. The common
Wino mass is scanned from 150 GeV to 1TeV in steps of 50 GeV, and each sample is normalized to
the NLO+NLL cross sections computed with Resummino [344, 345].

Particle-level are passed to a fast simulation of the ATLAS detector using the DELPHES pack-
age [346]. A custom configuration of the simulation is used, based on the standard one, updating
important parameters to reflect the analysis criteria as well as updated efficiencies and resolutions
for the physics objects of interest. This setup is validated by comparing against the public results
of Ref. [4]. To do so, a grid of signal samples is produced identical to the slepton model investi-
gated in the paper (using an identical setup to the software used to generate the RPV model) and
signal yields compared. Figure B.7 shows excellent agreement between the exclusion reported by
Ref. [4] and that derived using the fast detector simulation. At high Wino masses, the full analysis
excludes models corresponding to a cross section roughly 20% larger than that of the emulated one.
The source of this discrepancy was investigated and several theories were not borne out, including:
lepton selection and efficiency, with the discrepancy persisting even with super-optimistic lepton
acceptance; ERsS resolution was tested by varying the selection and noise of the ERS constituent
objects to little effect; multi-region combination effects were ruled out, as the sensitivity was driven
by one signal region at high-mass. The results were also verified by comparing the number of events
remaining after a series of nested signal selection criteria. This comparison was available for only a
single signal model point reported by Ref. [4] and is shown in Table B.1. In any case, the emulated
results herein were found to be generally conservative and agreement was found within 10% or so
for a range of validation methods.

Figure B.8 shows the number of baseline (20 GeV) leptons for all generated signal events, for
a range of Wino masses. After all signal region selections are enforced, the missing transverse
momentum, dilepton mass, transverse mass, and third lepton pt were plotted in Figure B.9. The
signal regions populated by each of the models specified by the various Wino mass parameters are

determined by the third lepton pr and m,+,- distributions.

B.3 Results

Following the validation of the signal generation and detector simulation, we present results for the
B — L MSSM models considered. For the lighted Wino mass considered in the analysis, 150 GeV,
we check the number of expected events in each signal region against the number of BSM events

excluded by the ATLAS analysis. Based on the truth information in the chargino decay, the signal
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Figure B.7: A comparison is shown between the grid of signal models excluded by the ATLAS [4] and
emulated analyses. The ATLAS observed exclusion is shown in solid red, while the emulated analysis
result is shown in blue. The dotted and dash-dot lines show the emulated exclusions obtained by
re-scaling the signal cross sections by factor of 1.16 and 1.5, respectively.
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Figure B.8: The number of baseline leptons as defined in the ATLAS analysis [4] is shown before any
further selection for a variety of signal models. Distributions are shown as normalized histograms

for a range of Wino masses considered.
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Figure B.9: The number of baseline leptons as defined in the ATLAS analysis [4] is shown before any
further selection for a variety of signal models. Distributions are shown as normalized histograms
for a range of Wino masses considered.

is re-weighted to the emulate the yields of points with non-universal decays to leptons and the three
massive bosons.®> This leaves BR(Xi — WPm + X), BR(Xi — Z° + X), BR(Xi — ¢/ve + X),
and BR(fﬁi — 7/vr + X) as free parameters, with the branching fractions to H and p set by
conservation of probability. To avoid scanning all four parameters simultaneously, two are fixed
while the other two are scanned. Figure B.10 shows the case where lepton universality is assumed
and decay rates to the electroweak bosons are varied. Figure B.11 shows the case where decay rates
to the different lepton flavors are scanned while charginos are assumed equally likely to decay to all
bosons. For each branching ratio configuration shown in the figures, the ratio of events predicted
to events excluded by ATLAS is shown, using the most sensitive signal region for each model point.
As all ratios are greater than unity, a Wino mass of 150 GeV is excluded by the ATLAS analysis for
all of the branching ratio configurations studied.

Following this, higher-mass Wino particles are considered so that, for each set of branching ratios,

33Photon decays are ignored as they were found to be negligible in Figure B.2.
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Figure B.10: The ratio of predicted events in the B — L MSSM model to number of events excluded
by the ATLAS analysis [4] is shown as a function of the chargino branching fraction to the various
electroweak bosons, for a Wino mass of 150 GeV. Decays to leptons are assumed to occur at equal
rates, and the maximum value is taken over all signal regions, separately for each combination of
branching ratios. All models considered predict more events than the exclusion limit and thus the
Wino LSP is completely excluded in this scenario for a mass of 150 GeV.

the Wino mass is obtained for which the model can no longer be excluded. These are presented in
Figures B.12 and B.13 for the cases of universal lepton and boson decays, respectively, as considered

for the 150 GeV Wino masses.
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Figure B.11: The ratio of predicted events in the B — L. MSSM model to number of events excluded
by the ATLAS analysis [4] is shown as a function of the chargino branching fraction to the various
flavor of leptons, for a Wino mass of 150 GeV. Decays to electroweak bosons are assumed to occur at
equal rates, and the maximum value is taken over all signal regions, separately for each combination
of branching ratios. All models considered predict more events than the exclusion limit and thus
the Wino LSP is completely excluded in this scenario for a mass of 150 GeV.
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Table B.1: The number of events passing the signal selection after a sequence of iterative require-
ments is presented for the ATLAS analysis and the emulated one, for a SUSY signal with 800 GeV
Wino and 600 GeV Bino decaying via sleptons. Categories not included in the ATLAS cut-flow and
those not emulated in the fast analysis are denoted at '—’. All requirements are enforced sequen-
tially up to the my+,- requirement, after which all selections are exclusive. Agreement within 10%
is found for all regions except for SR2-slep-a which is not relevant for the Wino masses considered
in this analysis.

Selection ‘ Full Analysis ‘ Emulation
All events 172 172
Trigger 254 -
Three leptons 25.1 25.2
Event cleaning 23.5 -
b jet veto - 24.8
SFOS pair - 24.7
mT > 101 GeV 14.4 15.3
ERiss > 130 GeV 10.2 10.7
Mmp+y- < 81.2GeV 2.10 -
mp+e- > 101.2 GeV 6.80 -
pass Mmy+y— - 9.4
SR2-slep-a 0.11 0.15
SR2-slep-b 1.99 2.18
SR2-slep-c 2.53 2.79
SR2-slep-d 3.01 3.08
SR2-slep-e 1.25 1.20
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Figure B.12: The largest excluded Wino mass in the B — L MSSM model considered is shown as
a function of the chargino branching fraction to the various electroweak bosons, assuming decays
to leptons at equal rates. The maximum value is taken over all signal regions, separately for each
combination of branching ratios. Masses up to 610 GeV (100% Higgs branching fraction) to 760 GeV
(100% Z boson branching fraction) are excluded.
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Figure B.13: The largest excluded Wino mass in the B — L MSSM model considered is shown as
a function of the chargino branching fraction to the various electroweak bosons, assuming decays
to leptons at equal rates. The maximum value is taken over all signal regions, separately for each
combination of branching ratios. Masses up to 560 GeV (100% tau branching fraction) to 710 GeV
(0% tau branching fraction) are excluded.
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B.4 Conclusions

For the B — L MSSM model considered, we find that the ATLAS analysis [4] excludes Wino masses
from 150 GeV up to 560 GeV to 760 GeV depending on the model assumptions. Constraints are
weakened in the case where the chargino decays predominantly to 7 leptons, due to the fact that
hadronic tau decays are not directly reconstructed, and to Higgs bosons, which do not produce
invisible momentum as is the case with Z and W boson decays. The strongest exclusions are found
when the branching fraction to 7 leptons is zero and the branching fraction to Z bosons is large,
driven by the invisible Z decay. Only a single type of analysis was considered in this study, with
potential increases in sensitivity coming from additional channel. In particular, two-lepton and
four-lepton analyses show promise for enhanced exclusion. Ref. [339] specifically targets lepton-
violating SUSY in the four-lepton signature. For high-mass Wino LSPs, additional analysis efforts

may further improve constraints by directly reconstructing visible Wino decays.
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