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Abstract

With the LHC turning on, the Tevatron running better than ever, and dark matter
direct detection experiments pushing to ever higher sensitivities, we are on the cusp
of a new era in particle physics. Over the next decade, these experiments will likely
discover the mechanism responsible for electroweak symmetry breaking, and may well
uncover the identity of particle dark matter.

This thesis addresses some topics in the phenomenology of TeV-scale physics which
we may hope to probe at these experiments. Chapter 1 serves an an introduction,
reviewing physics at this scale and motivating phenomenologists’ excitement and
expectations. Chapter 2 discusses ways to incorporate dark matter particles into a
particular model of electroweak symmetry breaking, making sure that they remains
stable against anomalous decays. Chapter 3 discusses an interesting class of dark
matter models which would leave a striking signal at direct detection experiments.
Chapter 4 discusses a new collider based probe of electroweak symmetry breaking,
designed to look for models that approximate the Standard Model at the electroweak
scale, but which deviate from it at higher energies. Chapter 5 discusses another
collider based measurement, this one designed to measure the polarized tops one
expects from the decay of certain new-physics states. Finally, chapters 6 and 7 present
two new jet algorithms, useful for interpreting messy collider data and looking for

signals of new physics. Chapter 8 contains the conclusions.
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To Pliny the Elder.

It is astonishing to what an extent the weakness of the mind will proceed, urged on

by a little success...to give full scope to its impudence!

That harmonical proportion, which compels nature to be always consistent with

itself...makes the earth one ninety-sixth part of the whole universe.

-Pliny the Elder, The Natural History [1]



Relation to Previously Published Work

Chapter 2 comes from ref. [2], chapter 4 from selections of ref. [3], chapter 5 from
ref. [4], chapter 6 from ref. [5], and chapter 7 comes from ref. [6]. Chapter 3 is derived

from work in progress with J. Ruderman and L.-T. Wang.

vi



Contents

Abstract . . . . . .o
Acknowledgements . . . . . ..o

Relation to Previously Published Work . . . . . . ... ... ... ... ..

1 Introduction
1.1 The Standard Model and its Extensions . . . . . . . . . . . . . ...
1.2 The Role of the Phenomenologist . . . . . . ... ... ... .....

1.3  Overview of Research Presented in this Thesis . . . . . . . . . . ...

2 Anomalies in Fermionic UV Completions of Little Higgs Models
2.1 Introduction . . . . . . . ...
2.2 The problem with T-parity . . . . . . . ... .. ... .. ... ....

2.2.1 Linear UV completions . . . . . . .. .. ... ... .. ....
2.2.2  Anomaly free groups . . . . . . ...
2.2.3 Anomalies in Moose Models . . . . . ... .. ... ... ...
2.3 WZW Terms in Multilink Moose Models . . . . . . . ... ... ...
231 T-parity . . . . ..o

2.4 Conclusions . . . . . . .

3 Semielastic Dark Matter
3.1 Imtroduction . . . . . . . . .

3.2 Model . . . . ..

vil

1ii
v

vi

11
11
13
13
13
17
20
20
22



3.3
3.4

3.5

3.2.1 Fields and Potential . . . . . . . . .. ... ... ... 25

3.22 Masses . . ... 26
Relic Abundance Constraints . . . . . . . . .. ... ... .. .... 28
Masses and Couplings . . . . . . . . . . . ... 30
3.4.1 Benchmark Point . . . . .. .. ... ... ... ... 31
Conclusions . . . . . . . . . . 31

New Physics Signals in Longitudinal Gauge Boson Scattering at the

LHC 33
4.1 Vector Boson Fusion as a Probe of New Physics . . . . ... ... .. 34
4.2 Theoretical Setup . . . . . . ... 36
4.3 Polarization Measurements . . . . . . . ... ... 38
4.3.1 Leptonic Polarization . . . . . . . ... ... ... 39
4.3.2 Hadronic Polarization . . . ... ... ... ... ... .... 41
4.4 Conclusions . . . . . . . .. 44
Measuring the Polarization of Boosted Hadronic Tops 47
5.1 Introduction . . . . . . . ... 47
5.2 Looking Inside a Top Jet . . . . . . . . . ... .. ... ... 49
5.3 Top Polarimetry With Subjets . . . . . .. ... ... ... ... ... 52
5.3.1 Choosing a Polarimeter . . . . . . . . ... ... ... ..... 52
5.3.2  Operation of the algorithm . . . . . . ... ... .. ... ... 54
5.3.3 Implementation . . . . . .. ... ... o7
54 Examples . . . . ... 59
5.4.1 Tops from a resonance . . . . . . . . ... ... ... ... .. 60
5.4.2 Tops from cascade decays . . . . . . ... ... ... ... 60
5.5 Conclusions . . . . . . ... 61

viil



6 Jet Trimming 63

6.1
6.2

6.3

6.4

6.5

7 Jets
7.1
7.2

7.3

7.4
7.5

Introduction . . . . . ... 63
Trimming QCD Jets . . . . .. .. ... . oo 66
6.2.1 The Effects of Contamination . . . . . ... ... ... .... 67
6.2.2 QCD Jets vs. Boosted Objects . . . . ... .. .. ... ... 70
Implementation . . . . . . . ... ... 72
6.3.1 Jet Trimming . . . . . . . .. . ... 73
6.3.2 Comparison to Previous Methods . . . . . . ... ... .... 75
Results . . . . . . . o o 7
6.4.1 Heavy Resonance Decays . . . . . . . ... ... . ... .... 79
6.4.2 Longer Decay Chains . . . . . . . . ... ... ... ...... 81
6.4.3 Dijet Backgrounds . . . . ... ... oL 82
6.4.4 Jet Area . . . ... 83
Conclusions . . . . . . . . .. 84
with Variable R 91
Introduction . . . . . ... 91
New Recursive Jet Algorithms . . . . . . . ... ... ... ... ... 93
7.2.1 Brief Review. . . . . . . .. 93
7.2.2  Variable R Algorithms . . . . . . .. ... ... ... ... 95
7.2.3 Introducing VR Algorithms . . . . ... ... ... ... ... 96
7.2.4 Event Topologies with VR-symmetry . . . . .. .. ... ... 97
Jet Reconstruction Performance . . . . . . . . .. ... ... 100
7.3.1 Resonance Decays Without Background . . .. .. ... ... 101
7.3.2 Longer Decay Chains . . . . . . . .. ... .. ... ...... 103
7.3.3 Three-Body Gluino Decay . . . . .. ... ... ... . .... 104
Resonance Decays With Background . . .. .. .. ... ... .... 107
Conclusion . . . . . . . . .. 111

1X



Conclusion 113

Distinguishing anomalous vertices through spin measurements 117
WZW terms for general G/H chiral Lagrangians 119
B.1 Computation . . . . . .. .. .. ... 120
B.2 Parity in models with chiral symmetry . . . .. .. .. ... ... 121
Effective Jet Radii 123
Valid VR Parameter Range 127
Angular Distributions in Decays of Polarized Tops 129

Scattering Amplitudes for Longitudinal Gauge Bosons and Partial

Wave Unitarity 131
Overview of Jet Algorithms 135
Gauge Mediation in a Model of Dark Matter 137



Chapter 1

Introduction

The Standard Model (SM) of particle physics was first proposed and analyzed over
40 years ago [7, 8, 9, 10, 11, 12]. Since that time, much progress has been made in
better understanding how it works and measuring its parameters. However, aside
from the discovery of non-zero neutrino masses [13], we have seen no conclusive signs
that nature deviates from the model. Thus, we are left in an unsatisfactory situation:
experimental evidence confirms the SM over and over again, but we still have yet
to produce and measure the Higgs particle, which provides much of the plumbing
necessary to keep the SM self-consistent, and we have little understanding of particle
dark matter (DM), which we believe comprises over 20% of the observable universe.
Moreover, the SM possesses certain theoretical traits which modern field theory tells
are are less than desirable (e.g. fine tuning).

Fortunately, we are on the verge of a new era of discovery in particle physics.
Many new experiments are coming online which can probe the SM at unprecedented
energies, and look with incredible precision for the signatures of new particles. Over
the next decade we can expect to discover the SM Higgs (or probe whatever else does
its job), and it seems likely that we will detect or severely constrain particle dark

matter. This thesis presents several results results in particle physics phenomenology



relevant to this exciting era. In this introduction we will first review the SM and
motivate some of its extensions, discuss the various tasks of the phenomenologist
(building models, proposing measurements), and describe how the research presented

here makes progress along these lines.

1.1 The Standard Model and its Extensions

Just about all of the experimental data in particle physics (except for the neutrino
masses) can be explained within the context of the SM [14]. While there remain
various anomalies, usually at the 3o significance level, there has been no smoking gun
signal of new physics. This is surprising, both because of the SM’s simplicity, and
because it does not address modern theoretical concerns.

The SM calls for three generations of leptons and quarks assigned an anomaly free
set of charges under an SU(3) x SU(2) x U(1) gauge group. In addition, it posits an
SU(2) x U(1) complex scalar doublet, the Higgs doublet H, whose potential induces it
to acquire a symmetry breaking VEV. This simple setup is able to correctly describe
phenomena at energies separated by many orders of magnitude.

However, many physicists are uncomfortable with the current state of affairs. The
main problem is that the SM Higgs is supposed to be a fundamental scalar. Because
of this, no symmetry of the theory protects the Higgs mass from loop corrections
(see Fig. 1.1) cutoff by the Plank scale. Naively, these corrections are much larger
than the tree-level mass assigned to the Higgs in the SM. Therefore, if the SM is
really correct, then the parameters of the theory must be tuned against each other
with an incredible, seemingly unnatural, precision. This concern is known as the
hierarchy problem. The search for its resolution drives much of the current research

in TeV-scale particle physics'.

LOf course, the SM presents us with many other unresolved questions (the hierarchy of Yukawa
couplings, the strong CP problem, etc.), but the hierarchy problem provides a strong enough moti-



Figure 1.1: A loop correction to the SM Higgs mass.

Many solutions have been put forth which solve the hierarchy problem, with vary-
ing degrees of success. Supersymmetry [15] supposes there is a symmetry between
fermions and bosons, so the chiral symmetry which protects the mass of fermions in
turn protects the mass of the Higgs. Other theories suggest the Higgs mass is stable
at the electroweak scale because it is the pseudo-Goldstone boson of an approximate
symmetry [16, 17, 18]. Some theories even remove the Higgs altogether, breaking
SU(2) x U(1) with the condensate of strongly interacting fields, in analogy to the
chiral symmetry breaking of QCD [19, 20]. This is not a comprehensive list (other
scenarios of electroweak symmetry breaking are discussed later in the text), and al-
ready most of the theories here have run into tension with experimental data?. The
point one should take away is simply that most considerations of naturalness hint
that the SM picture of electroweak symmetry breaking is not the full story, and most
attempts to construct a more appealing theory require new physics states near the
TeV scale.

Now, understanding the nature of electroweak symmetry breaking would on its
own be sufficient motivation for studying physics near the TeV scale. However, we
have reason to believe DM also has a mass at, or slightly above, the electroweak scale,
making things even more interesting. To see why, one starts with the assumption

that early on in the universe DM was in thermal equilibrium with SM fields and

vation by itself, so it will be our focus here.

2The tension between new models of electroweak symmetry breaking, which usually require states
near the TeV-scale, and precision data, which excludes most new states below ~ 10 TeV, is known
as the little hierarchy problem [21, 22].



the various particle species could annihilate into each other. As the universe cooled
and expanded, DM continued to annihilate into SM species (with the reverse process
eventually kinematically forbidden) until its density became so low that annihilation
essentially stopped and the DM number density became fixed. Solving the Boltzman
equations in detail for this process tells one that the product of DM’s annihilation

cross section and its velocity is roughly

(ov) ~ O(107? GeV?) (1.1)
where
_ IMP?
(ov) ~ 32mm? (1.2)

for m, the mass of the DM particle and M the matrix element of its dominant anni-
hilation channel. Remarkably, from Eq. (1.2) one finds that if DM is weakly coupled
then it naturally lives near the electroweak/TeV scale. This is the so called WIMP
miracle. It provides a strong hint that DM is somehow tied up with electroweak

symmetry breaking, and deepens the mystery of physics at the TeV-scale.

1.2 The Role of the Phenomenologist

Now, the greatest difficulty confronting science in understanding physics at the TeV
scale is clearly experimental. The Tevatron, LHC, and the many DM direct detection
experiments are marvels of ingenuity. They do the hard work. However, experimental
data must be interpreted and synthesized to wring out the signs of new physics. This
is the responsibility the phenomenologist.

In general, phenomenology adopts a two-pronged bottom-up approach to under-
standing physics. Part of the time phenomenologists make models, conjuring up new

particles and couplings either because they make a model more palatable, or because



they help explain a new signal (and, sometimes, they do both). The rest of the time
phenomenologists propose experimental measurements which could lead to signs of
new physics. These might, for instance, take the form of selection cuts to isolate
interesting events at colliders, or they might entail looking for specific recoil spectra
at direct detection experiments.

With the LHC already collecting data, the Tevatron driving the SM Higgs into
ever smaller mass windows, satellite experiments reporting excesses, and DM direct
detection experiments excluding a growing region of parameter space, we are entering
a era which will require phenomenologists muster all the aforementioned skills. It

promises to be a lot of fun.

1.3 Overview of Research Presented in this Thesis

The research presented in this thesis touches upon many of the topics presented in
the preceding pages. To reiterate, the main concerns of particle physics at the TeV
scale include understanding the nature of electroweak symmetry breaking (i.e. finding
the Higgs or whatever else does its job), and discovering particle dark matter. The
principle responsibilities of the phenomenologist include model building and proposing
experimental measurements.

The research presented here begins, in chapter 2, with a study on embedding DM
in a particular model of electroweak symmetry breaking. The model at hand is a lit-
tle Higgs [23, 24] model. These models basically take the idea of a pseudo-Goldstone
Higgs, but they use a special symmetry-breaking group structure to push any new
physics states to the ~ 10 TeV scale, so there is less conflict with precision data.
Many realizations of the little Higgs mechanism rely on what is basically a scaled up
version of QCD: just as QCD confines to break the approximate SU(3) x SU(3) sym-

metry of the light quarks, these little Higgs models use a new set of fermions charged



under a strong gauge group whose confinement breaks part of the symmetry of the
theory. Now, it was realized that the group structure of some little Higgs models
contains an unbroken Z, symmetry, and that fields odd under this party are naively
stable against decays. Thus they would be natural candidates for particle DM. How-
ever, one must be careful because the symmetries of this theory are realized through
the transformations of fermion fields, and while fermions may exhibit a symmetry
classically, the symmetry can be broken quantum mechanically. Indeed, at a classical
level QCD has a parity, but it is broken by quantum effects®. If quantum effects break
the Zs symmetry of a little Higgs theory then states odd under that symmetry will
no loner be stable against decays and can no longer be considered candidates for DM.
Chapter 2 studies under what circumstances little Higgs theories constructed out of
strongly coupled fermions can be endowed with a Z, parity unbroken by quantum
effects, allowing them to accommodate a DM candidate.

Chapter 3 also focuses on DM models, but with an eye toward new recoil spectra
which could show up at direct detection experiments. To understand why this is
interesting, it is useful to consider recent efforts in DM model building. As discussed
in Sec. 1.1, we have good reason to believe DM is weakly coupled and has a mass
at the electroweak/TeV-scale. Turning DM annihilation diagrams on their side, one
finds that they describe the elastic scattering of DM off of ordinary SM matter. This
is the motivation for using sensitive direct detection measurements to search for DM,
and has been the standard paradigm for ~ 30 years. However, over the last 5 to 10
years, various experimental hints from direct detection experiments have suggested
that this scenario is too naive. These anomalies can be explained if one supposes DM
scatters inelastically [25, 26], transitioning to a different state as it collides with SM
particles. Furthermore, satellite data hints that DM couples preferentially to light

leptons, suggesting it decays/annihilates through a GeV-scale dark-sector [27, 28].

3These effects give rise to, for instance, the mg — v decay.
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Figure 1.2: Sample DM direct detection recoil spectrum showing elastic scattering
(blue), inelastic scattering (red), and a combination of the two (green).

Remarkably, the mass splittings between DM states in this scenario are at just the
scale (~ 100 keV) one would expect if the splittings came from the dynamics of a
GeV-scale hidden sector. In these scenarios DM’s recoil spectrum becomes modified,
turning on only at a finite recoil energy, rather than exhibiting scattering at all
energies (contrast the red and blue curves of Fig. 1.2). Now, most of these inelastic
DM theories focus on scattering mediated by GeV-scale states, simply assigning DM a
TeV-scale tree-level mass. Yet, given that they are at the same scale, one suspects that
the mass scale of electroweak symmetry breaking is non-trivially related to the DM
mass. In chapter 3 we discuss a class of models which makes this connection, using the
VEV of a scalar to set the mass scale in the Higgs sector, and for DM. Remarkably,
we find that in such a scenario the elastic scattering rate can be comparable to the
inelastic rate, yielding a distinct recoil spectrum (see the green curve of Fig. 1.2)

visible at the next generation of direct detection experiments.



Chapter 4 switches gears from dark matter and focuses more on electroweak sym-
metry breaking. The motivation for the research presented in this chapter is the
observation that all the constraints from precision data hint that we will discover a
particle which looks very much like the SM Higgs. Now, the particle we find at the
LHC/Tevatron may not be the SM Higgs. It could, for instance, be a composite state
from dynamics above the TeV scale. However, should we discover such a particle
and measure its quantum numbers and couplings, they would probably be very close
to those of the SM Higgs, and given the messy environment of the LHC it would
be difficult for physicists to claim they have seen unambiguous signs of phenomena
beyond the SM based on, say, a 20% discrepancy in a particular Higgs decay channel.
This is a problem, because without any additional handle we would have to wait
for experiments to directly produce new physics states, and these could be out of
the reach of our most powerful colliders. Chapter 4 proposes a new measurement
designed to detect new phenomena from beyond the SM physics which could subtly
alter the couplings of the Higgs to gauge bosons. In particular, we propose mea-
suring the shape of the angular distribution calculated from the decay products of
gauge bosons produced in vector boson fusion. Because it measures a shape, rather
than a rate, this measurement is not susceptible to the large experimental uncertain-
ties which normally accompany the measurement of Higgs couplings. Unless we see
more obvious signs of new physics, this sort of measurement might our best shot at
understanding electroweak symmetry breaking using collider data.

Chapter 5 continues along these lines, proposing another collider measurement
relevant to the investigation of electroweak symmetry breaking. Here the starting
point is the top quark. In most new-physics models of electroweak symmetry breaking
the top quark is accorded special treatment. This makes intuitive sense: the top has
a large O(1) coupling to the SM Higgs, so models which somehow replace the Higgs

usually include large couplings between the top and the new-physics states which



take its place. Furthermore, new-physics models often come with chiral couplings,
so exotic new states might preferentially couple to tops of a particular handedness.
Now, the top is special for another reason aside from its prominent role in physics
beyond the SM: because the top is so heavy it has a very short lifetime, and it decays
before hadronization can wash away information about its handedness. By measuring
the top decay products one can recover information about a top’s handedness, and
in turn infer its coupling to new physics. Chapter 5 proposes such a collider-based
measurement focusing on the very energetic tops we expect from the decay of heavy
new physics states.

Finally, chapters 6 and 7 discuss a more general tool useful in collider physics: the
jet algorithm. To appreciate the utility of jet algorithms, it is important to understand
that what one observes in a collider, and how this is used to extract physical param-
eters. Most of the time physicists calculate scattering amplitudes between a small,
finite number of particles (e.g. gg — gg). While, in principle, one could keep going
to higher multiplicities, these become suppressed by higher powers of the coupling
constant, and are eventually negligible. However, a subtlety arises when one con-
siders higher particle multiplicities where additional states are taken to be collinear
with existing states and/or soft. In this scenario, there is no longer a systematic
suppression of the amplitudes for diagrams at higher multiplicities. Physically, this
means that the amplitude one calculates in, for instance, a 2 — 2 process, is roughly
correct as long as one takes a blurred view of the final state, grouping collinear and
soft particles together to approximate the two final states one can calculate. These
groups of particles are known as jets. In practice, the grouping procedure mentioned
above can be quite complicated. Often it is unclear how radiation should be summed
in a detector, and which final states should be associated with which finite parton
configurations. Jet algorithms provide a systematic, well defined, grouping procedure,

allowing one to compare measured data to calculation and partially mitigate these



uncertainties.

Chapter 6 presents one such algorithm designed to exploit the hierarchy of scales
in an event to better group the measured radiation into jets. The basic idea behind
the algorithm presented in this chapter is that in a hard scattering event the radiation
emitted by final state particles tends to be much harder (i.e. it has a higher transverse
energy) than the radiation emitted from the initial states and from other, softer
collisions happening at the same time in the detector. While most jet algorithms
cluster using an angular measure to group radiation, this algorithm also tries to
reduce the soft radiation contaminating a jet by removing the parts of a jet which
seems to come from physics at a lower energy scale.

Chapter 7 takes another, complementary, approach to improving jet clustering.
As will be discussed in the chapter, most jet algorithms cluster radiation by angular
distances, measured in a coordinate system designed to account for the fact that
the center of mass of the hard scattering is not fixed at a hardon collider. While
such a coordinate system is necessary to ensure measurements do not reflect the
initial conditions of the scattering, they make it difficult to select the appropriate
angular size of a jet. The algorithm presented in this chapter attempts to choose the
appropriate angular size of each jet more judiciously, based on the kinematics of the
event at hand. Through a more accurate choice of jet size the algorithm is able to
improve jet reconstruction, and extend the reach of hadron colliders in uncovering

new physics.

10



Chapter 2

Anomalies in Fermionic UV

Completions of Little Higgs Models

We consider fermionic UV completions of little Higgs models and their associated 7T-
parity-violating anomalous vertices. In particular, we investigate strategies to avoid
such parity-violating anomalies. We show that it is unlikely a QCD-like UV comple-
tion could be used to implement a model with anomaly-free global symmetry groups.
This is because the vacuum state is unlikely to achieve the necessary alignment. How-
ever, we will see that certain multi-link moose models, although anomalous, possess
a modified form of T-parity that leads to a stable particle. Finally, we briefly discuss

a discriminant for detecting anomalous decays at colliders.

2.1 Introduction

Little Higgs [23] theories are accorded pride of place among composite models of elec-
troweak (EW) symmetry breaking. These models solve the ‘little’ hierarchy problem
and are not immediately ruled out by precision EW measurements. Continuous ad-
vances in model building [29, 30] have given rise to a parity (7-parity, analogous to

R-parity in SUSY) that helps little Higgs theories better satisfy precision EW data

11



by excluding many dangerous tree level interactions. Another welcome consequence
of such a parity is the presence of a stable dark matter candidate in the spectrum,
the lightest T-odd particle (LTP). A recent set of papers [31, 32] have shown that
quantum anomalies violate T-parity by the inclusion of Wess-Zumino-Witten [33, 34]
terms in the full lagrangian. While these terms are suppressed, and therefore do not
introduce problems with precision data, they render the LTP unstable. One may
wonder how generic this instability is in little Higgs models. Is it possible to find UV
completions of little Higgs models where the stability of the LTP is not spoiled by
anomaly terms? In this short paper we consider several possible means of achieving
this.

In section 2.2 we investigate the conditions under which WZW anomalies may be
completely removed from a little Higgs theory. The quantized nature of the WZW
term leads one to hope that through some discrete choice of model parameters this can
be achieved. We begin with models based on anomaly-free global symmetries. Here
we find that in QCD-like UV completions of such models the condensing fermions
cannot achieve the desired symmetry breaking pattern due to problems of vacuum
alignment. In addition, we consider moose models and their WZW terms for distinct
choices of link direction. We find that these models will always have anomalous terms,
although these may possess a parity.

The parity of anomalous terms in multi-link moose models is the focus of sec-
tion 2.3. Here we discuss the parity of WZW terms as a relabeling symmetry of the
UV theory. We consider this parity in the context of a Minimal Moose [35] like model
and show that it can lead to a stable LTP.

Finally, in our appendix we discuss a simple way by which the anomalous vertices
can be distinguished at the Large Hadron Collider (LHC). Here we also summarize

some results relevant to computing WZW vertices.

12



2.2 The problem with T-parity

Hill and Hill [31, 32] recently pointed out that T-parity is violated in little Higgs
theories by WZW terms [33, 34]. They convincingly show that such terms will be
present in most little Higgs theories discussed in the literature if one imagines a QCD-
like UV completion. In what follows, we explore how general this conclusion is and

what sort of structures may give rise to a theory free of WZW terms.

2.2.1 Linear UV completions

The most straightforward way to avoid anomalous vertices in a coset model is to UV
complete the theory into a linear sigma model of fundamental scalars. WZW vertices
arise because of anomalies from condensing fermions; remove the fermions and you
remove the anomalies. However, such an approach reintroduces the hierarchy problem
composite Higgs theories were created to solve. It is possible to avoid this problem

by utilizing a supersymmetric linear sigma model as detailed in Ref. [36]

2.2.2 Anomaly free groups

Another way to avoid WZW terms is to consider a little Higgs theory with global
symmetries that are manifestly anomaly free. Indeed, models based on the SO(N)
and Sp(N) groups have been developed [37, 38], some of which have tree level T-
parity, and a fermionic UV completion of one such model has been carried out [39].
While it is possible to use fermions to implement the UV global symmetry of these
theories, whether or not the vacuum will realize the IR coset remains a question
of vacuum alignment. In what follows we aim to convince the reader that with a
QCD-like theory the vacuum will not align itself into the necessary pattern.

For simplicity, consider the coset space SO,(N) x SO,(N)/SO,(N). The global

symmetry of this group is anomaly free; if one could realize this symmetry with

13



fermions then T-parity would not be foiled by anomalies. Here the L x R structure is
needed in order to implement a form of T-parity exchanging L < R. A QCD-like UV
completion of this model (shown in Fig. 2.1) would consist of quarks transforming as
a fundamental and an anti-fundamental, respectively, under some strong gauge group
(we take all the fermions to be left-handed Weyl fermions and use the L/R-subscripts
to designate their position in the moose diagram). As specified, this setup will have
a larger global symmetry than we desire: SU,(N) x SU,(N). One can try to amend

the situation by introducing Majorana masses,
LDOUYIMP ), +pr My, (2.1)

where M ") are proportional to the identity in flavor space (we suppress flavor indices

to avoid clatter).

Figure 2.1: A simple-minded attempt to produce a chiral lagrangian with the coset
SOL(N)xSOx(N)/SOp(N) from a fermionic QCD-like theory is unlikely to succeed.

We would like the condensate to be (1, 17) o 1 so as to break the global symmetry
to the diagonal subgroup. The low energy theory is then described as usual in terms of
the pion fields U = exp(2im) which span the coset space. Under the global symmetries
U transforms like U — LUR, as dictated by the structure of the condensate. We
need to choose M™™ ~ Ag so that SU(N) is strongly broken. Treating the M%)

as a set of spurions transforming as

M® — L*M® LT M® — RM®RT (2.2)

14



we see that the only mass term we can write down for the chiral lagrangian is
Liass = Tr (UMPUTM®) (2.3)

which indeed gives mass to all the pions associated with the SU(N), but not the
SO(N) generators. Raising the mass terms, M;jL’R) — 00 we decouple all the un-
wanted goldstones and are left with an SO, (N) x SO,(N)/SO,(N) coset space.
However, there is something wrong with this picture. As M®® — oo all the
underlying quarks become heavy and decouple, so how is it that we still have any
goldstones left? This is in odds with the persistent mass conjecture [40]: very heavy
fermions cannot form a massless goldstone boson. The resolution to this apparent
contradiction is that we are dealing with the wrong goldstones because we have chosen
the wrong symmetry breaking pattern. To see this note that the condensate (¢, 9%) # 0
is not the only way the vacuum can align itself. The confining strong group must
be such that it allows for (¢,¥7) # 0 and (Yx¥}) # 0. If this were not the case
we would not be able to write the Majorana mass terms to begin with. This new
configuration is the correct alignment. The low energy theory then contains two pions
fields U, r = exp(2im, ») each spanning the coset SU(N)/SO(N). It is possible to

write a mass term for each independently,
Lyass =Tr (UMY +MPUS) + L—R (2.4)

The paradox is now resolved. As M®“® — oo our pions decouple; none are left in the
spectrum. Therefore, adding Majorana masses will not get us the desired symmetry
breaking pattern. Indeed, by continuity, this argument seems to imply that the
addition of even a small Majorana mass term will misalign the vacuum (although the
existence of a phase transition is possible).

Having put the idea of using fermion masses to achieve the desired symmetry
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to rest, one could consider trying to enforce an SO(N) global symmetry by adding
scalars with a Yukawa coupling to the confining quarks: y hy, '. The Yukawa
coupling, y must be very large or else we are only softly breaking the global SU(N)
symmetry. Unfortunately, such a setup seems problematic as well. If the scalar’s
mass is much heavier than Ag, we should integrate it out and generate a 4-fermion
operator. This, however, will be suppressed and hence constitute only a soft breaking
term. Keeping the scalar mass lighter than Ag will require fine-tuning because of the
large Yukawa. This solution will not work without additional ingredients.

Alternatively (or in some sense, equivalently), we can consider 4-fermion operators,

2

Lo GVt + LR (2.5)

Such terms possess a chiral symmetry which forbids fermion masses and the correct
alignment of the vacuum seems more plausible. Once again unless we fine-tune M ~
Ag, this term will only lead to a soft breaking of SU(N). However, in analogy with
walking technicolor[41], one can imagine a strongly interacting theory which gives
rise to large anomalous dimensions for such 4-fermion operators. In that case, the
breaking of the global SU(N) can be strong without any fine-tuning.

Both of the solutions proposed in the last two paragraphs (a finely tuned scalar
or a strong theory with operators of large anomalous dimension) seem difficult to
implement in standard QCD-like theories, and to the best of the authors’ knowledge
no realistic examples of these mechanisms are known. However, if one considers
supersymmetric QCD-like theories, then the situation is considerably more hopeful.
Indeed, one can then naturally stabilize the scalar or, alternatively, have operators
with large anomalous dimensions (such as the gauge duals of fermions in the bulk of

AdS). It may be interesting to construct an explicit example of such a theory.

IThe scalar can also be charged under the strong group. In that case, the strong group could
also be SU(N).
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Although we have not proven a no-go theorem, we hope we have convinced the
reader of the following: it seems unlikely that a natural, non-supersymmetric strongly
coupled theory can give rise to a chiral lagrangian with a coset space of SO, (N) x
SOR(N)/SOp(N). Similar considerations apply to any other global group with only
real representations, e.g. Sp(IN) groups. A counterexample to this conclusion would

constitute a very welcome addition to the model builder toolkit.

2.2.3 Anomalies in Moose Models

In light of the preceding discussion, to consider fermionic UV completions it seems
natural to work with SU(/N) moose models. If we ignore problems with the Higgs
quartic coupling [42], such moose theories are easy to UV complete?. Each link
becomes two Weyl fermions condensing at a high scale. If we construct these models
with identical strong groups for each link, the only freedom we have in is in selecting
the representation of the condensing fermions (N vs. N), which in turn determines the
direction of the link fields. This freedom can be used to cancel gauge anomalies, and
one might hope that such arrow adjustments are sufficient to avoid the anomalies
violating T-parity. However, because the WZW terms are sensitive to the global
symmetries of a theory they cannot be removed through a choice of link direction.

Let us begin by by considering the action of T-parity on a moose model. In a

2The problem of generating a large quartic coupling in such theories is by no means simple. In
[42], the author cogently argues that one will not generate a sufficiently large quartic in theories
based on deconstruction. The solution offered in [43] relies on having large number of sites and
the authors find that the EW scale is parametrically v? ~ f2/N? where f ~ 1 TeV is the “pion”
decay constant and N? is the total number of sites (two extra dimensions). However, this scaling is
essentially the same (albeit in one additional extra dimension) as the one worked out in the original
little Higgs paper [23]. In such constructions, with d extra dimensions, the EW scale is given
by v? ~ f2/N?. Therefore, adding extra dimensions does not help much because parametrically
v? ~ f2/(total # of sites) and in realistic models the number of sites is ~ O(1). Other ways of
generating a large quartic include large Yukawa coupling to matter [35] or integrating out a heavy
scalar with cubic coupling to the higgs [44].
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coset space with the structure G/H, and Lie algebras defined as

Lie(H) = h, Lie(G) = h + k, (2.6)

a theory with WZW terms over a symmetric space (one where the commutator of two
elements in k lies in h) can be split into parity eigenstates as detailed in [45]. This

parity is defined as the transformation,

mw — —T, Ah - Ah, Ak - —Ak (27)

Moreover, in models where G = SU(N) x SU(N), all WZW terms have negative

parity under this transformation [45]. We can therefore say that this parity takes

szw(ﬂ-; Ahy Ak) — _LWZW<7TJ Ah; Ak) (28)

Now, for illustration purposes, consider an SU(3) moose model such as the one con-
sidered in ref. [35] but with only two links for simplicity. This is shown in Fig. 2.2.
We gauge the SU(2) x U(1) subgroup of each SU(3) where SU(2) sits in the upper-left
hand corner and U(1) corresponds to the Ty generator. We can schematically write

the Lagrangian for this ? as

L~ Ekin(ﬂu A) + Ekin(ﬂ—m A) + szw (7717 A) + szw(ﬁm A) (2-9)

where 7, , are the pions associated with the two links and A are the gauge fields, A,

3The relative sign between the WZW terms is crucial. It can be derived by noting that the two
7 fields transform oppositely under the left and right groups, and that the gauged groups here are
anomaly free. We thank Hsin-Chia Cheng for pointing out a sign error in an earlier draft of this
paper that lead to the wrong conclusion regarding the existence of an LTP.
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on the left and right sites. The usual definition of T-parity takes

Uy = QUL ,Q, Apjn — Agy. (2.10)
where
10 0
Q=01 o (2.11)
00 —1

and we have labeled the Goldstones either d (for block-diagonal) or h (because some

combination of these will become the Higgs):

. d|h
U =¥l 1 (2.12)

ht|d
T-parity takes Ly, to itself. However, as we have just seen, in an SU(3)xSU(3)/SU(3)

model the WZW terms flip their sign under the action of T-parity,

Loz (M, Ap, Ag) T28Y L, Ay, Ay) (2.13)

An example of this is found in the famous ‘Cheshire Cat’ term with five pion fields

that goes to minus itself under 7 — —m. Thus, as pointed out by Hill and Hill [31, 32],

such terms violate T-parity as defined in Eq. (2.10), independent of the direction of

the arrows on the links. This happens because reversing the direction of our links

can cancel gauge anomalies, but cannot remove the global anomalies associated with

WZW terms. As can be seen in Fig. 2.2, there are anomalous global symmetries
present in moose models.

Despite this conclusion, the existence of WZW terms does not necessarily forbid

a parity of the theory. As we shall see in the next section, when the two links have

opposite orientation, a modification of T-parity remains intact and ensures a stable

19



particle.

T ™
G [——Gm
=
T2
Gro [—Gro
Local symmetry Global symmetry

Figure 2.2: The symmetries of the two link moose

2.3 WZW Terms in Multilink Moose Models

There is, however, more to the story of anomalies in multi-link moose models. Al-
though these models contain WZW terms, when we include multiple links placed in
opposite directions we find a parity of the WZW sector! A theory with this parity
has interesting phenomenological implications, the most striking of which is that the
LTP is stable. We will begin by describing the parity of WZW terms defined for
symmetric spaces, and then show how an extended version T-parity acts to ensure a
stable LTP. The example we consider is the two-link model from the previous section,

but our arguments can be generalized to physical models with four or more links.

2.3.1 T-parity

We can now exploit the previously defined parity in our multilink moose model to
define a new T-parity under which the full theory is invariant. In this case the

direction of the link fields is important. As a simplified example, consider a theory
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of two links positioned in opposite directions. This theory will have the following

kinetic terms,

2

Lun(mi,mA) = f2Te|0UL — AUy + iU, A,
) (2.14)
+  f2Tr|0Us — iAgUs +iUs A,
Defining the vector and axial combinations,
Ayja = L(AL + Ay) (2.15)
V2
we can write the kinetic term as,
i 7 2
Luin(71, T2, A) = f2Tr|0U, — —=[A,, U] — —={A,, U,
\/5[ v } \/5{ A } (2 16)
i 1 2 ’
v OPTe|ou, — LA U] + LA U ‘
f 2 \/§|: 14 2:| \/5{ A 2}
We identify the antisymmetric pions
1 dy | h
M= 5(m = m) = e (2.17)
2 | d,

as the light pions whose mass is protected by collective symmetry breaking. The d,
are eaten by the axial gauge-fields and h4 serves as the SM’s higgs doublet.

Now, we define T-parity as,

Uijp = QU QY Apjr — Agj (2.18)
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Under this parity, the WZW terms transform into themselves,

£wzw(7Tl; AL, AR) +£wzw(ﬂ'27 Ag, AL) (219>

TEEY Lynem, gy Au) + Law(m, A, Ag)

so the entire WZW sector is left invariant. This parity guarantees the stability of an
LTP. Under this parity, the would be SM Higgs field h,, as well as the heavy pion
dg, are even. The Higgs’ partner, hg is odd and if lighter than the heavy gauge fields,
can serve as the LTP. Otherwise, the lightest of the heavy guage-fields is the LTP.
This modified T-parity can be easily generalized to the more realistic four-link
moose models that include plaquette operators. To see this it is instructive to con-
sider the UV perspective of such a theory. The extended version of T-parity we have
discussed manifests itself as a relabeling symmetry of the full Lagrangian. A relabel-
ing of condensing fermions and gauge fields in the UV tells us that a relabeling of
Goldstones and gauge bosons must be possible in the IR, guaranteeing the preserva-
tion of some form of discrete parity. A forthcoming paper will discuss a more realistic
scenario with plaquette operators, along with the issues one encounters when one

includes SM fermions.

2.4 Conclusions

We have investigated both the conditions for, and phenomenology of, WZW terms in
little Higgs models with T-parity. One way to preserve T-parity is through a linear
UV completion of the chiral lagrangian into a theory with fundamental scalars (which
would likely necessitate supersymmetry). In this paper we explored the possibility of
a QCD-like UV completion free of anomalies. We found that unless one resorts to
non-standard fermionic UV completions with supersymmetry, or operators with large

anomalous dimensions, it is unlikely that anomalous terms can be avoided. Even
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in moose models with multiple links WZW anomalies cannot be removed. However,
in models with multiple links the WZW terms do possess a slight modification of

T-parity shared by the entire Lagrangian which permits a stable LTP.
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Chapter 3

Semielastic Dark Matter

3.1 Introduction

By now, there is overwhelming evidence supporting the existence of particle dark
matter (DM)!. Many models of DM have been constructed, most of which incorporate
DM into a superstructure added on top of the SM (e.g. the LSP in the MSSM).
However, recent efforts? to give dark matter a more intricate phenomenology have
called for a separate dark sector, composed of new gauge groups and light (GeV-
scale) degrees of freedom.

Most of these models employing a dark sector focus on the connection between DM
and the SM mediated by light fields. If this was the entire story it would be somewhat
surprising, because it does not explain the EW/TeV mass scale for DM which relic
abundance calculations (i.e. the WIMP miracle) have led us to expect. Here we will
consider the simplest mechanism to naturally generate the electroweak/TeV scale in
SM and for the DM particles: a singlet which couples to the SM-Higgs/DM fields

and get a TeV-scale VEV3. We will see that such a scenario can yield a remarkable,

1See Ref. [46, 47] for comprehensive reviews and references

2See, for instance, Refs. [25, 48, 27, 28, 49, 50, 51, 52, 53].

3Models which connect DM to the visible sector via such a singlet were considered in Refs. [54,
55, 56, 57].
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distinct recoil spectrum, visible at the next generation of direct detection experiments.

This paper is structured as follows. In Sec. 3.2 we will introduce an explicit
NMSSM-like model realizing the scenario we propose. Sec. 3.3 contains a discussion of
the constrains imposed on the model from considerations of relic density. In Sec. 3.4
we discuss the masses and couplings of the model in various limits, and present a

benchmark point 4. Sec. 3.5 contains our conclusions.

3.2 Model

Here we will provide an explicit realization of the scenario described in the introduc-
tion. We will take as our starting point the NMSSM [58, 59, 60], where a singlet S
couples to the two Higgs multiplets of the MSSM and whose VEV set the size of the
p-term. To this we will add an additional singlet coupling to a pair of fields charged

under a dark U(1) field, along with a light dark-sector similar to that of Ref. [51].

3.2.1 Fields and Potential

In detail, the relevant terms in the superpotential for our scenario are

1 1
W D ASHy - Hy, +nSUV, + 5553 + pNRR, + K\IJQRg (3.1)

where H; and H,, are the two Higgs doublet fields, S is the NMSSM singlet, ¥ and
V. will compose our DM candidate, R and R, are GeV-scale dark-sector Higgs fields,
and N is a GeV-scale singlet’. Here the non-remormalizable term is necessary to

generate a small splitting between the DM mass eigenstates. The relevant soft terms

4The reader is cautioned that these results are preliminary.
®As discussed in Ref. [51], N is necessary to marry of fermionic states in the dark-sector so that
there are no massless degrees of freedom.
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are

1
Vot D Y m?|®,[* + <>\AASHd - H, +nA, STV, + gmﬂsi‘* + pA,NRR, + h.c.) .
(3.2)
We will assign R, R., ¥, and ¥,, a unit charge under a dark U(1) gauge group®.

As discussed in Ref. [50], assuming a kinetic mixing of the form
Lo —% / POWy W, (3.3)

for Wy and W; the hypercharge and dark supersymmetric field strengths, one finds

that the dark-D terms contribute

Vo3 5 [on (0P = [0l + [RP — |RJ?) +]° (34)
where
/02
§=e(Dy)=¢ (—M + §y> (3.5)

is an effective FI term induced by the supersymmetric kinetic mixing and &y is the

hypercharge FI term.

3.2.2 Masses

Upon minimizing the dark-sector potential one finds R, develops a VEV

(Rc) = \/% <€ - n;i%) =, (3.6)

6The relative sign of the charge for each field is fixed by demanding Eq. (3.1) remain gauge
invariant.
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where g, is the dark gauge coupling. This higgses the dark photon, giving it a mass

My, = GaUr. (3.7)

The other light dark-sector states also live at the GeV-scale. While their precise
masses will not affect the phenomenology we study, we note that there can be O(1)
corrections to the masses coming from the SM SUSY breaking mediated to the dark-
sector by the singlet and the W fields. We discuss these corrections in Appendix H.
Turning to the TeV-scale fields ¥ and V., one finds two fermionic states separated

by a small splitting

2
Vs Uy

= 1+—=1. 3.8

n=25 (1 5%) &

In what follows we will assume that the supersymmetry breaking soft terms relevant

to the behavior of ¥ and W, (4,, m§, and m3, ) are small compared to their super-

symmetric counterparts. Under this assumption, the four scalar degrees of freedom

divide into two sets above and below Eq. (3.8) separated by a relatively large splitting

A .
(1 1) F 5 o3y sin(26) (3.9)
where v, is the singlet VEV, while within each set there is a smaller splitting

2
Sm? = ﬂn% (3.10)

where v, is the VEV of the dark Higgs. In what follows, we will label the scalar mass

eigenstates y; for ¢ : 0 — 3 in order of ascending mass.
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3.3 Relic Abundance Constraints

Demanding that this model reproduce the observed relic abundance of dark matter
places strong constraints on the different couplings and VEVs. In what follows we

will use that

M]?
~ 3.11
(ov) 32mm2 (3.11)
where (ov) is taken to be
3
(0v) ~ 3 x 10*%% ~ 2.5 x 1070 GeV 2. (3.12)

Here we will only consider contributions to annihilation from the x(xo initial state.
Of course, since Yo and y; are split by a small mass, a more calculation of relic
abundance would account for these additional channels. However, no major new
final states become accessible/enhanced when considering this channel (or any other
channel with other TeV-scale initial states), so the estimates presented below should

still be correct to within O(1) factors.

Singlet VEV

If dark matter is to be at the TeV scale then, barring some conspiracy, it is kinemat-
ically allowed to annihilate into all the scalars and pseudoscalars of the Higgs sector.

Assuming all of these are light compared to m,, one finds

1 /5m,\> A
scalars 2 — X 313
(V) scatars 2 T ( v? > + 47Tm§< ( )
and
1 /my\? A\
seudos > — X . 14
(V) pseudos 2 1Y (vg ) + 47Tm§< (3.14)
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Constraints on the annihilation into protons tell us we must have a relatively low

(< 1/3) annihilation rate into higgses, so we find

m 1/2
> 6T < x ) . 1
vs 2 6 TeV T TV (3.15)

Note that, even if the real-scalar singlet state was beyond the kinematic decay thresh-
old we would still be forced to live with a large v, because of the constraints from the

decay into pseudoscalars (Eq. 3.14). This would tell us

m 1/2
. >925T ( X ) 16
vg 2 2.5 TeV TV (3.16)

Finally, we note that while there are constraints on A, they are far less severe:

m 1/2
< X
A <06 (1 TeV) (3.17)

Splitting

The non-renormalizable operator used to generate the small splitting leads to

My Oy o o

LD o2 XoTe (3.18)
which contributes
dm,, )2
(ov) ~ (O 87T;‘4) : (3.19)

Therefore, we find a non-trivial constraint on the mass splitting between our dark

matter states:

dmy, om 1 GeV\?
X <104 -1 X <1 2
p S0 GV = (100 keV)( v ) ~ (8:20)

r
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Dark gauge coupling

Finally, when we account for the annihilation rate due to the dark gauge coupling we

find

(o0) ~ 5 Jd (3.21)

SO

(35 () = -

3.4 Masses and Couplings

It is convenient to study this model in a limit where it becomes amenable to ana-
lytic approximations. One finds that regardless of whether one starts in a PQ or
R-symmetric’ limit the result is the same: if the model is to yield an acceptable
electroweak symmetry breaking vacuum with a large vy and exhibit a recoil spectra
visible at the next round of direct detection experiments it must possess a small A,
k. Furthermore, unless the elastic scattering is mediated by the singlet, it will be

difficult to see. Under these assumptions one finds

2 4
1 GeV
O ~ 1.2-1073* cm? (mx) ( i ) max [gHaHﬁ,ghozh,s]z (3.23)
Vg m?
where
gy = 1.2tan 3 — 0.5¢cot 3, g, = 1.7 (3.24)
and
5 o
.~ Ay, (A — K sin(20)) (3.25)
’ K (4/<ws + \/§AK)
—2\vy, cos(2(3) (3.26)

aps &
1o B A, + Ak, + 2\ / sin(2/3)

"See [61, 62, 63, 64, 65, 66, 67, 68] for more detailed discussions of the NMSSM in these limits.
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The masses of the CP-even Higgs states are, at lowest order,

m; ~ m?cos*(203) (3.27)
1
m? ~ 2k%0? + EHAKUS (3.28)
and
2 o _Us
mi & Sn(27) <m\vs + \/5)\14,\) (3.29)

It is important to note that while Eq. (3.24) might suggest that the coupling of
the singlet to nucleons can be freely adjusted through the choice of tan 3, one finds
from Eq. (3.26) that this reduces the H/S mixing by a corresponding amount, and

in fact the coupling cannot be made arbitrarily large.

3.4.1 Benchmark Point

Using the relations from above, the astrophysical /nuclear parameters of Refs. [69, 70,
71, 72] and setting A = 2.5-107%, k = 6- 1073, tan3 = 15, g4 = 0.35, n = 0.2,
and € = 107°, one arrives at a scenario with m, ~ 21 GeV, light enough to mediate
a significant amount of elastic scattering. The recoil spectrum resulting from this

choice of parameters is shown in Fig. 3.1.

3.5 Conclusions

Here we have presented results from a scenario which naturally extends the latest
generation of DM models, which focus on scattering mediated by GeV scale hidden
states, to include a mechanism for introducing the TeV scale into each sector. We
found that this simple extension results in a qualitatively new, distinct recoil spectrum
visible at the next generation of direct detection experiments. While still preliminary,

these results seem quite promising, and may provide a smoking gun signature for the
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_ XENON Recoil Spectrum
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Figure 3.1: Benchmark recoil spectrum visible at XENON100.

presence of light dark-sectors.
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Chapter 4

New Physics Signals in
Longitudinal (Gauge Boson

Scattering at the LHC

We introduce a novel technique designed to look for signatures of new physics in
vector boson fusion processes at the TeV scale. This functions by measuring the
polarization of the vector bosons to determine the relative longitudinal to transverse
production. In studying this ratio we can directly probe the high energy E?-growth
of longitudinal vector boson scattering amplitudes characteristic of models with non-
Standard Model (SM) interactions. We will focus on studying models parameterized
by an effective Lagrangian that include a light Higgs with non-SM couplings arising
from TeV scale new physics associated with the electroweak symmetry breaking,
although our technique can be used in more general scenarios. We will show that this
technique is stable against the large uncertainties that can result from variations in
the factorization scale, improving upon previous studies that measure cross section

alone.
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4.1 Vector Boson Fusion as a Probe of New Physics

The Large Hadron Collider (LHC) was built to elucidate the physics behind elec-
troweak symmetry breaking (EWSB). In a sense, it must succeed in finding some new
physics because the partial wave amplitudes for V,V;, — V.V, scattering,! calculated
in the absence of a Higgs or other new physics, begin to violate unitarity at the TeV
scale. Therefore, either new weakly-coupled light particles must come in to unitarize
the amplitudes, or we will see new strong interactions in the electroweak sector.

While many models of EWSB have been proposed, precision experiments such
as LEP seem to favor a model employing a O(100) GeV scalar with the quantum
numbers and approximate couplings of the Standard Model (SM) Higgs [73, 74].
Many models of new physics already include such a particle, oftentimes with couplings
deviating slightly from those of the SM, e.g. little Higgs [23] and holographic Higgs
models [75]. Ideally, such models would be identified and studied at the LHC through
the production of their intrinsic new particles. However, the finite energy reach and
large backgrounds at the LHC could make discovering any new states very difficult.

Thus we will focus on these non-SM light Higgs scenarios, both because they
are favored by precision data and because they are perhaps the most difficult to
distinguish from the SM. To study these setups we will take a model-independent
approach, employing an effective field theory to parameterize the effects of new
physics [21, 76, 77, 78, 79, 80]. We will see that the general phenomenology of the
Higgs sector is captured by the coefficients of a small number of dimension-6 opera-
tors [81, 82], only one of which is relevant to the vector boson fusion process we wish
to study.

Vector boson fusion (VBF) is the process in which vector bosons radiated by initial
state quarks scatter into vector bosons (see Fig. 4.1). This process is intimately tied

to EWSB: just as the pion is a Nambu-Goldstone boson (NGB) and 77 scattering

!By V1 we denote a longitudinally polarized electroweak vector boson.
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Figure 4.1: Hlustration for vector boson fusion.

can be used to understand chiral symmetry breaking, at high energies longitudinally
polarized vector bosons take on the behavior of the NGBs from EWSB. In the absence
of a Higgs boson or other new physics responsible for the EWSB, the scattering
amplitudes probed by VBF would violate perturbative unitarity [83, 84, 85, 86] at
around 1 TeV (see the discussion in appendix F). Furthermore, if the Higgs boson
does not have the exact couplings to vector bosons as predicted by the SM, then the
necessary cancelations will not occur and one will still observe an E? growth in the
amplitudes until new physics comes into play. It is by measuring this growth that we
can hope to observe the effects of physics beyond the SM, even in scenarios where we
only see a light Higgs-like particle [82, 87].

In this article we will introduce a novel technique designed to analyze VBF pro-
cesses and observe the E? growth in longitudinal gauge-boson scattering amplitudes
mentioned above. We will begin by introducing our notations and framework in Sec-
tion 4.2. In Section 4.3 we will describe our technique designed measure the relative
production of transverse to longitudinal modes, focusing on the fully reconstructable
semi-leptonic decay of the V'V system. We will demonstrate that this measurement
is sensitive to anomalous Higgs-gauge couplings while at the same time being robust
against the scale uncertainties that challenge cross section measurements. Section 4.4

contains our conclusions.
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4.2 Theoretical Setup

In the formulation of a general effective theory of the SM-like Higgs sector [21, 76, 81]
most of the operators are tightly constrained [77, 78, 79, 80] because of their other-
wise excessive contributions to the electroweak observables, such as the p-parameter,
oblique parameters, and triple gauge boson self-interactions. There are only two
dimension-six operators that are genuine interactions in the Higgs sector not subject
to the stringent experimental constraints,? O*(H'H)9,(H'H) and (H'H)?. We note
that as both operators are composed from the singlet operator H'H they may serve
to probe not only EWSB physics, but also other physics beyond the SM. For a given
theoretical framework, the coefficients of these operators may be calculable [82], and
by measuring them we can hope to learn about any new physics. Even in some
strongly coupled models for which these may not be calculable, the measurement of
a non-zero value can give important clues to the structure of new physics. Now, the
second operator above does not have derivative couplings, so its effect on the behav-
ior of the V, scattering amplitudes at high energies should be sub-leading [81]. We

therefore focus on the former and parameterize it (following [82]) as

Lo ;—JZ@“(H*H)(’;?M(HTH), (4.1)
where the coefficient ¢y is naturally of O(1—4m) depending on whether the underlying
theory is weakly or strongly coupled, and f is the characteristic scale of new physics,
typically expected to be round 4mv if the new physics is associated with EWSB.

Upon expanding around the electroweak VEV v, this operator contributes terms
which add to the kinetic terms of H. After imposing canonical normalization on the

fields, the result is a modification to the Higgs couplings. Ref. [82] parameterizes the

2 As discussed in [88], the first of these operators can induce corrections to the oblique parameter
S [89], leading to ~ 20 deviations in S for the range of anomalous couplings included here. However,
shifts in S' can be compensated for by the presence of additional heavy states. We thus believe that
these parameters should still be considered viable.
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resulting modified Higgs-gauge coupling in the zero-momentum limit as

__ 9sm (1_C_H) 4.9
geff m gSM 2€ ()

where ¢ = v?/f%  This modified coupling has important phenomenological con-
sequences because it deviates from the SM prediction. At high energies and for
lcgé| 2 0.1 3 this modification leads to an incomplete cancelation in the amplitude

for longitudinal vector boson scattering and the cross section grows as

c 2

o(ViVe = ViVi) & () o(ViVi = ViVe)uo-tisss (4.3)
which can be seen by considering the NGB scattering as shown in appendix F. In
what follows we will study means of measuring this behavior. Note that, as discussed
in appendix F, the W, W, scattering amplitudes calculated in this framework violate

perturbative unitarity when

16702

cpé '
cud (1 - 4(1_+HcHs>>

Sww ~ (4.4)
This is the point at which we expect new physics to come into play. In what follows

we will limit our analyses to

VSsyy < 2 TeV. (45)

This corresponds to a coupling value |cy&| ~ 0.6. We will take this as an upper limit
for our analyses. Of course, looking beyond this energy range would be interesting
and should be attempted at the LHC, but any deviation from the SM expectation
would no longer carry the same effective Lagrangian interpretation. Also, note that

for larger couplings and lower scales of new physics some higher dimensional operators

3For smaller values of |cy€| the dominant non-SM effects enter as interference terms proportional
to cy& rather than (cy€&)?. Also, in this case the anomalous energy dependence of the longitudinal
cross section goes as E? instead of E*.
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0*

W

Figure 4.2: The polarization axis used to measure #*. Note that this is measured in
the rest frame of the W, and the W direction of motion is defined with respect to the
WW center of mass.

could become relevant and it would be more appropriate to think of the cy¢ used in
our analysis as parameterizing a new physics form factor, rather than as the coefficient

of a particular operator.

4.3 Polarization Measurements

With the uncertainties detailed above as our motivation, we propose a new technique
to probe the anomalous couplings in a robust way. Our basic idea is to look for
the relative increase in longitudinal vector boson production by comparing it to the
production of transverse modes. Unlike the overall cross section, which is sensitive
to the behavior of the forward jets, the relative transverse to longitudinal production
rates should be stable against different scale choices because it depends only on the
VV — VV scattering amplitude. To measure the polarization of a vector boson
we need to reconstruct the four-momenta of its decay products and measure their
distribution with respect to a polarization axis. If one chooses the polarization axis
to be the gauge boson direction of motion (Fig. 4.2), then a simple spin-analysis

predicts that in the V rest frame the transverse and longitudinal polarizations will
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be distributed as
* 3 *\ 2 * 3 2 n*x
Py(cos) = g(l + cos0*)*, Pp(cosf*) = 1(1 — cos” 0%) (4.6)

where 6* denotes the angle between the parton and the gauge boson direction of
motion in the gauge boson rest frame. °

To measure these distributions experimentally, we need to fully reconstruct the
gauge boson pair center of mass and each gauge boson’s direction of motion in this
frame. To accomplish this we will focus on the semi-leptonic decay channel of the
V'V system as this allows full reconstruction of the system while minimizing the SM
background by requiring leptons and missing energy. The semi-leptonic channel also
significantly increases the signal event rate. For this we will rely upon jet substructure
techniques to reconstruct the hadronically decaying gauge boson [90]. We will focus on
studying the W*TW ™ final state, although we will take into account the background
from other VBF processes like WE*W* and W*Z that enter because we can not
distinguish the sign of a hadronically decaying vector, nor can we always distinguish

a hadronically decaying W from a Z. Later in this section we will comment on the

SM O(a%) and O(a) backgrounds.

4.3.1 Leptonic Polarization

We begin with the polarization analysis for the leptonic side of the decay. We first
study the parton-level results, then we will turn on the full simulation (parton-
showering and jet clustering) to see that they are largely unchanged.

Before proceeding further, we encounter a subtlety in the reconstruction of the

leptonic system: While the neutrino four-momentum is constrained by the on-shell W

4Note that these distributions can be modified when cuts are placed on the individual W decay
products, rather than on the W momenta.

®We alert the reader to the fact that 6* is sometimes also used in the VBF literature (e.g. [90])
to refer to the angle between incoming and outgoing vector bosons.
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Figure 4.3: The distributions of cos8* for different anomalous couplings at parton
level (left) and for fully showered, hadronized, clustered, and reconstructed events
(right). All distributions are normalized to the same area.

condition, it is only determined up to a discrete ambiguity. One finds two candidate
four-momenta at the same azimuthal angle but separated from the charged lepton by
a fixed rapidity difference. In what follows we will simply use the average cos 6* value
from both solutions as an approximation of the true value. This is acceptable because
we are working in a boosted regime where the difference in rapidity between neutrino
and lepton is small, making the curvature effects from the (y, ) system sub-leading.
The resultant distributions are shown in Fig. 4.3, at parton level (left panel) and after
the hadronization (right panel). The characteristic shapes with different couplings
are quite distinctive. In Table 4.1 we compute the cross section for each anomalous

coupling and fit it to the transverse and longitudinal distributions of Eq. (4.6) using

P(cos0*) = frPr(cos0*) + fy P (cos8*) + f_P_(cosf") (4.7)

where the P are normalized probability distributions of cos#* and the f are subject
to the constraint > f = 1. As one can see from comparing the jet and parton level

figures, the results are remarkably stable under a full simulation.
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Leptonic W | Hadronic W
cul | JF 1 JF ] JL o)
-0.6 | 0.71 | 0.70 | 0.71 | 0.55 | 3.38
-041049 | 048 |[0.49 | 0.40 | 1.12
-0.2 1023 | 0.26 | 0.23| 0.24 | 0.60
0.0 | 0.17 | 0.22 | 0.17 ] 0.22 | 0.62
0.2 1024 | 027 [0.24] 0.26 | 0.65
04 1032 035 [ 032 032 | 0.73
0.6 [0.40 | 0.38 | 0.40 | 0.38 | 0.87

Table 4.1: The fraction of longitudinally polarized vector bosons for different anoma-
lous couplings at parton level fI and jet level f{, reconstructed in hadronic and
leptonic decays. Also listed are the jet-level cross sections. These results are after the
cuts of Table 77.

In Figure 4.4 we plot the projected event distributions and associated statistical
errors both for the SM and for an anomalous scenario with c¢yé = —0.4, given 100 fh™*
of luminosity. The shape difference between the two samples is clearly visible. To
estimate the luminosity necessary to probe a given coupling, one can use that the
signal scales roughly as (cg€)?, as discussed before. However, the precise reach of the
LHC in discerning anomalous couplings will require a more thorough accounting of
background. Further, we have not made an effort to optimize the statistical power
of the analysis and there are other channels that contribute to the signal, such as
WHW+ W*Z and ZZ. In addition, one can extract more information from each

event, as we will now see.

4.3.2 Hadronic Polarization

It is possible to further improve the discriminating power of polarization by consid-
ering both sides of the V'V system together; by looking for the expected correlation
between both states one can hope to gain additional discriminating power.

To see the correlation effect, consider Fig. 4.5, which shows the parton-level cos 6*

distributions for both sides of the V'V system in SM and non-SM scenarios. For now,
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Figure 4.4: Projected distribution and associated statistical uncertainties of cos 8* for
the leptonically decaying vector using 100 fb™' of luminosity.

we plot cos 8* on the hadronic side for the down-type quarks. In the non-SM scenario
we see a rapid rise in the central region of the plot near cos6* =~ 0. This indicates
that the results are correlated; when we see a V7, it is likely to be accompanied by
a Vi, because only the V;V; final state sees the E? growth characteristic of with
non-SM effects. In practice the situation is slightly more complicated because we
cannot label the light quark states once they shower and hadronize (e.g. we cannot
distinguish a u from a d), so the distributions we measure are symmetrized. However,
the distributions still carry additional discriminating power, as one can see from
the distributions in Fig. 4.3.2 and Fig. 4.7, and Table 4.1. Note that in fitting the
symmetrized distributions we only fit to data from 0 < |cos6*| < 0.7. In the regime
where |cos6*| 2 0.7 one subject becomes very soft and the technique breaks down
(although, of course, the leptonic analysis still works here).

To perform this analysis we had to look at the hadronically decaying V' using
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Figure 4.5: Distributions of cos#* at parton-level for both sides of the V'V system
(labeled with subscript H and L for hadronic and leptonic decays, respectively). The
plot on the left is for the Higgs with SM couplings, while the one on the right is for
cgé = —0.6. The scale is individually normalized for each plot, going from violet to
red as the concentration of events increases. The scaling of the color gradient on the
right side of each plot is linear.

subjet techniques (for a short overview of jet algorithms and their behavior, see
appendix G). In particular, we used the kr algorithm [91, 92] with R = 0.25 to
cluster the constituents of each hadronically decaying gauge boson, using the two
most energetic subjets (as measured in the V'V center of mass frame) for our analy-
sis. Note that rather than identifying our subjets through a C/A [93, 94] or kp-like
unwinding [95, 96], we used fixed small cones (i.e. small R). Otherwise, the subjets
encompass a large area and become more susceptable to contamination from initial
state radiation, multiple interactions, and event pileup. The choice of a small cone
seems to result in a better reconstruction of events, especially at high values of cos 6*
when there is a large difference in the subjet prs. Furthermore, we use k7 rather than
anti-kr to form our subjets because it more accurately reconstructs the softer jet in
situations where the jets are nearly collinear (see appendix G).

One important thing to consider in the subjet analysis is that the results are not

as robust in going from matrix-element to parton shower as were the leptonic results;

43



S0,07:\\\\\\\\\\\\\\\\HHHHHHHHHHHH: '5'0,07:\\\\HHHHHHHHHHHHHHHHHH:

£ 0065 1 Zo006sf 1

0.06] ™ > ] 0.06] /

E gl T -

[ =7 n ——— 7

0.055F == = 0.055F =

B e i i \ T 0.05F : S

0.045/ - L i 0.045F :

£ —c,§ -0.6 7 £ —c,§ -0.6 7

0.04F —f -04 § 0045 _ % o4 1

C -0.2 | L - |
0.035F _zﬁé N | 0.035 EHE N

C H 7 C — 7

0.03F . Ené o | 0.03 | CHE 02 |

£ T s Y ] £ " Cy 7

0.025F -t 06 ] 0.025[ 1= ¢y8 0.6 ]

:\\H \H\‘\\\\‘\\H I A A Ll :\\\\ \\\\‘\\\\‘\\\\ Ll Ll Ll Ll L1l \\\\:

002001 02 03 0.4 05 06 07 08 09 1 002001 02 03 04 05 06 07 08 09 1

| cos® | | cos @ |

Figure 4.6: Distribution of | cos #*| at different anomalous couplings for hadronically
decaying W's using parton level samples (left) and fully showered, hadronized samples
(right). Note that the distributions differ more at high values of cos 8* because this
is the region in which one jet is relatively soft.

the curves change shape (compare the parton and jet level results for both sides of
the decay in Table 4.1). This is because the diffuse nature of the subjets makes them
difficult to resolve when they become collinear and/or soft. We note, however, that
at the LHC we can expect to calibrate subjet measurements for boosted hadronic W's
with large SM samples, and while the parton-level to jet-level results may vary, the
correspondence should eventually be well understood. Thus the leptonic gauge boson

analysis is likely to be the first tool used, but the hadronic analysis can be added

later on.

4.4 Conclusions

In this article we have introduced a powerful new technique for identifying signs of
beyond the SM physics associated with the EWSB by probing VBF processes at the
LHC.

We began by motivating our decision to study models of EWSB employing a light
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Figure 4.7: Jet-level distribution of cosf* (labeled with subscript H and L for
hadronic and leptonic decays, respectively) for the SM Higgs (left) and Higgs with
cy& = —0.6 (right). The scale is individually normalized for each plot, going from
violet to red as the concentration of events increases. The scaling of the color gradient
on the right side of each plot is linear.

Higg-like particle with couplings deviating from those of the SM. Theories with a
light Higgs boson are favored by the current electroweak precision data. However,
this type of model is the most difficult to distinguish from the SM, especially if the
new physics particles are very heavy. However, it is also the scenario in which VBF
can be most useful, because for such a scenario the amplitude for V.V, — V.V
scattering exhibits a non-SM E? growth until new physics comes into play.

Past analyses designed to measure this £? growth were reviewed and updated
to account for the effects of the parton shower and jet clustering. While the cuts
pioneered by these works can be very powerful in reducing the SM background, we
demonstrate that there is still a significant O(100%) rate uncertainty attributable to
factorization scale ambiguities. Thus, we show that in the absence of higher order
calculations that might give us some guidance on the correct scale treatment, rate

information alone may not be sufficient to distinguish the signs of new physics.

We then propose our new technique, which uses the semi-leptonic decay mode of
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the V'V system to fully reconstruct events and obtain the decay angle distributions
for the V' daughters. These distributions can be decomposed into longitudinal and
transverse components, allowing us to measure the E? growth in scattering ampli-
tudes associated with new physics by looking for the relative increase in longitudinal
production. We demonstrate that these results are insensitive to the scale ambiguities
that trouble rate measurements.

In closing, we wish to reiterate that polarization measurements of VBF final states
are a powerful, robust probe of new physics associated with the EWSB. Although we
have only employed them here to study light SM-like Higgs scenarios, they would be
useful in more general scenarios of EWSB as long as the longitudinal gauge bosons
are significantly involved. Such measurements may prove to be our best tool in

understanding the physics of EWSB at the LHC.
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Chapter 5

Measuring the Polarization of

Boosted Hadronic Tops

We propose a new technique for measuring the polarization of hadronically decaying
boosted top quarks. In particular, we apply a subjet-based technique to events where
the decay products of the top are clustered within a single jet. The technique requires
neither b-tagging nor W-reconstruction, and does not rely on assumptions about
either the top production mechanism or the sources of missing energy in the event.
We include results for various new physics scenarios made with different Monte Carlo

generators to demonstrate the robustness of the technique.

5.1 Introduction

The top quark, with its large coupling to the Higgs sector, plays an important role in
models of physics beyond the Standard Model. Indeed, many such models posit the
existence of top partner states (e.g. the stop squark of SUSY [15] and the 7" of little
Higgs models [23]) or otherwise couple the top to new physics in a special way (as
with KK-gluons [97]). Measuring the couplings of the top to new states is therefore

essential in distinguishing the correct model of physics beyond the Standard Model.
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One especially interesting aspect of these couplings is their chirality: whether or
not they distinguish left- from right-handed tops. Fortunately, the large mass of the
top, which makes its study so interesting for electroweak physics, makes it possible to
imagine measuring the chiral couplings of the top directly. Unlike the other quarks,
the top decays before hadronization, so information about its spin is transferred to the
distributions of its decay products [98]. On the other hand, the large mass of the top
also means that in order for the chiral couplings of tops to new physics to translate
into observable top polarization signals, the tops must be significantly boosted, as
chirality only becomes equivalent to helicity in the massless limit. Boosted tops are
therefore a natural and interesting place to look for polarization signals.

Conventional methods for measuring the polarization of non-boosted tops begin
by reconstructing the top rest frame and considering the angular distributions of
its decay products in that frame, and often focus on the semi-leptonic decay mode,
which can be fully reconstructed if the only missing energy in the event comes from
the neutrino. Such techniques have been extended to events where the hadronic top
is boosted, but the lepton from the leptonic top decay is still isolated. This isolated
lepton can then be used to measure the polarization of its parent top, either by
reconstructing the ¢t system [99] or through the shape of the lepton pr spectrum
[100].

When the top quark is highly boosted, however, requiring an isolated lepton be-
gins to require a significant acceptance price. Moreover, while the large spin analyzing
power of the lepton in standard model top decay makes it particularly useful for top
polarization studies, it is also desirable to develop techniques which can measure po-
larization in boosted tops without the need for an isolated lepton. Being able to study
polarization in boosted hadronic tops increases acceptance, and has the additional
feature of flexibility: unlike leptonic tops, hadronic tops are fully reconstructable in

events with multiple sources of missing energy. For highly boosted tops, the finite an-
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gular resolution of the detector makes complete reconstruction of the system difficult,
and angular distributions in the top rest frame are no longer optimal observables.

Here we present a technique to measure the polarization of a boosted top in its
hadronic decay mode using the energy fraction distribution of a particular subjet.
This new method does not require high-pr b-tagging, which is known to be challeng-
ing. We also do not require W reconstruction inside the top jet. Again, as we are
considering hadronic tops, this technique measures top polarization using informa-
tion from the top jet alone, independent of other objects in the event. It does not
involve the reconstruction of top rest frame, or rely upon the measurement of missing
momentum.

While identification of boosted hadronic tops above the QCD background is chal-
lenging, many promising approaches have been developed [101, 99, 102, 100, 103, 104,
105, 106, 96, 107, 108, 109, 110, 111, 112]. In this article we will assume that the
boosted top candidates can be identified through one of these methods.

We will begin by motivating our choice of a subjet-based technique for studying
the substructure of a top-jet. Then we will propose an algorithm useful for measuring
the top polarization and discuss its interpretation. Finally, we will demonstrate the
robustness of the algorithm by testing it in different physics scenarios with data from

different parton shower models.

5.2 Looking Inside a Top Jet

Here we will discuss the different techniques used to study boosted hadronic tops. This
will give us a chance to motivate our use of subjets while outlining other possibilities.

In the past, two distinct approaches have been taken to analyze top jets. One
approach uses jet shape variables [108, 109, 96] to define a function on the constituents

of a top jet (in practice, the constituents will be calorimeter cells), treating each
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constituent independently. The other approach [96, 107, 111, 112] defines a function
on the subjets formed by reclustering the constituents of a larger jet. Functions then
depend upon the constituent four-momenta only through the total four-momentum of
the subjet they are clustered into, rather than upon each constituent four-momentum
independently.

Each approach has both advantages and disadvantages. Subjets can reduce the
effects of soft contamination ! by summing together constituents so that softer par-
ticles have a proportionally smaller influence. However, care must be taken because
some quantities one can form from subjets, such as invariant mass, can be extremely
sensitive to calorimeter spacing and out-of-cone radiation. Fortunately, as long as
one avoids these troublesome quantities a subjet-based analysis can be made fairly
robust. For our algorithm below, we will only rely upon the relative hardness and
separation of the subjets, both quantities which are fairly insensitive to additional
soft radiation and detector effects.

Jet shape variables, because they treat each jet constituent independently, are
more amenable to higher order calculations than variables defined with subjets. How-
ever, these variables can become very sensitive to the effects of contamination. As
an example, consider the planar flow jet shape of [108], which is equivalent (up to an

overall constant) to det St defined in [96]. The planar flow of a jet is defined as

AX1 Ny
Pf=—-—""— 5.1
(A + Ag)? (5.1)

where A; 5 are the two eigenvalues of the matrix
I = w (5.2)

!Contamination, radiation clustered within the top jet that did not arise from the top decay,
can be the result of initial state radiation, multiple interactions, or wide angle emissions from other
parts of the event.
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where w; is the energy and p; the kth transverse momentum component of the ith
jet constituent. This quantity essentially decomposes the jet’s radiation into two
moments A; o, similar to moments of inertia, so that if the jet is symmetric about
its center then Pf ~ 1. Planar flow is useful in top-quark studies because top jets
are relatively symmetric about their center (corresponding to higher values of planar
flow), while QCD events are dominated by a single emission (corresponding to a lower
value of planar flow). Unfortunately, planar flow weights each constituent according
to its transverse momenta relative to the jet axis, so that as the radius of a jet is
varied soft radiation towards the edge of a jet begins to dominate and all events are
skewed toward higher Pf. To demonstrate this sensitivity and how it can be reduced
through the use of subjets, we have included Fig. 5.1, showing the calculation of
planar flow at matrix element level, after showering, and after reclustering using
subjets. The subjets are formed using the procedure described in Section 5.4 using
R = 0.7 cones. Here one can see the large corrections to the matrix element results
that are attributable to soft radiation. Of course, one can mitigate this effect by
using smaller cones (the authors of [108] used R = 0.4), as the amount of diffuse soft
radiation clustered into the top jet goes roughly as R?, yet even in this regime the
soft corrections can still be significant, especially near Pf ~ 0.

To be sure, jet shape variables (including planar flow) are very useful and will likely
play a role in boosted top chirality measurements. A simple counting exercise shows
that after requiring the reconstruction of the W mass, top four-vector, and allowing
for axial symmetry, there are still three remaining degrees of freedom encoded in
the matrix element that can be mapped out by jet shape variables. However, to
simplify the discussion and avoid complicated issues of contamination and higher-
order corrections we will use the rest of the paper to focus on quantities calculated

using subjets.
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Figure 5.1: Comparison of planar flow for left-handed tops (left figure) and right-
handed tops (right figure). For each set of samples we compute the planar flow using
the three partonic decay products of the top (black, solid), the constituents of the
showered jet (blue, dotted), and three subjets formed from the top-jet constituents
(red, dashed). These events are taken from the decay of a 3 TeV Z’ into two tops,
where we have required the top jet’s mass satisfy 140 GeV < m; < 210 GeV.

5.3 Top Polarimetry With Subjets

We will now explore methods for using subjets to measure the polarization of a
collimated hadronic top. In what follows, we will assume we are working with jets
tagged as tops, as discussed in [96, 108, 109, 107, 113], and subsequently decomposed

into three subjets (a prescription for such a decomposition is given later).

5.3.1 Choosing a Polarimeter

One observable sensitive to the polarization of the top is the distribution of energy
among the its three decay products in the lab frame. In the collinear limit, the lab-
frame energy fraction of the ith subjet, z; = E;/Ei,,, depends only on the energy
and angular distributions in the top rest frame, and can serve as a robust variable to
measure polarization. While energy fractions are not Lorentz invariant for finite top

mass, and in particular are not invariant under longitudinal boosts, frame dependence
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enters only at order m;/E;, and therefore, for highly boosted top quarks, energy
fraction variables become fixed, stable quantities 2. The question then becomes how
to select the subjet to be used as a polarimeter.

The most obvious candidate for the job is the b-jet [114, 115], identified either
directly through b-tagging or indirectly by first finding the light quarks from the W.
However, the identification of the b and W poses some experimental difficulties. Even
in isolation, the efficiency of b-tagging drops by a factor of 2-3 at high pr while
light quark rejection is degraded by roughly a factor of 3 [100, 104, 116, 117, 118].
When the b-jet is situated within a collimated top jet, the additional tracks from the
neighboring light quark subjets present added complications for b-tagging algorithms.

Another possible method of identifying the b-jet is to do so indirectly, by finding
the W. One approach to identifying the W is to look for two jets with an invariant
mass within the W mass window. However, the subjet invariant mass distributions
are distorted both by contamination from soft radiation and by imperfect subjet
reconstruction, as well as by the finite size of the calorimeter. The invariant mass m;;
of two nearby subjets is approximately proportional to their separation in R, and for
subjets whose centers are separated by AR;; < 0.5, the uncertainty associated with
the calorimeter granularity 0 R ~ 0.1 can be significant. Distinguishing the correct W
subjet pair from amongst the three choices, all of which are typically within a factor
of two of each other, then becomes difficult.

Another possible strategy to identify the b-jet is to look for hard splittings within

the top jet. As discussed in [96], the energy sharing of a parton branching A — BC,

Z(A — BC) = min(EB, EC)/EA, (53)

discriminates between hard splittings from decays, z ~ 0.5, and soft splittings more

2Depending on the boost of the top quark, it might also be desirable to consider subjet pr
fractions, as the m,;/E}; corrections to the collinear limit differ for energy and pr fractions.
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characteristic of QCD, z ~ 0. If the W decay products were well-separated from the
b-jet, one could identify the b by unwinding the clustering of the top jet until there
were two subjets and tagging the b as the one with smaller z (so the W subjet would
be the one with a harder splitting). Unfortunately, because the W has a mass on the
same order as that of the top, the W decay products are not well-separated from the
b, so upon unwinding the top jet by one step one often finds that the b-jet has been
clustered with a lighter jet from the W decay.

We propose here an alternate subjet selection algorithm, based on kp distances
between subjets, which does not require either b or W identification. While the algo-
rithm is conceptually less straightforward than those based on attempting to identify
specific partons within the top jet, it yields a distinct separation between chiralities
and is robust under showering and detector effects. Consider the k7 distance measure
between two four-momenta ¢ and 7,

dij = min(pQTi»pQTj>R?j7 (5.4)
where Ry, = (n; — 1;)* + (¢ — ¢;)*. Of the three d;; one can form from the three
top subjets, consider the smallest. Our top polarimeter is the energy fraction zx of
the harder jet jx in the minimum k7 distance pair. We plot the distribution of this
variable at parton level for different chiralities in Fig. 5.2. The variable shows a clear
distinction between right- and left-handed top quarks, with right-handed tops peaked

at smaller values of zx, and left-handed tops preferring larger values of zg.

5.3.2 Operation of the algorithm

The success of the jet jx selected by this algorithm as a polarimeter depends on mul-
tiple aspects of the angular and energy distributions of daughter partons in polarized

top decay, which for reference are reviewed in the Appendix. In order to explain the

o4



150077171 7
I — — left-handed
1250 .j ,,,,, right-handed |
! ! L
1000 f---------=drmmmmme |-t F"’mfr} fffffffffff
R N PO T
- e ]
< 750 1 1
r : : : 1 i
R e T e S S | I
o
250}
4 3 i -
0 : : : :
0 02 04 0.6 0.8 1

Energy fraction

Figure 5.2: Energy fraction zx of the parton selected by the kp-based algorithm for
different top polarizations. The events shown here correspond to tops produced from
a 3 TeV resonance.

success of our polarimeter, we first consider how the algorithm functions at parton
level. The identities of the partons picked out by the algorithm differ between right-
and left-handed tops. In Fig. 5.3 we break down the contributions to the variable zx
by parton identity.

The anti-down quark is maximally correlated with the top spin, and thus for
left-handed tops the d tends to be soft. For left-handed tops the minimum-k; pair
therefore tends to involve the d, and in such pairs the other parton (b or u) is the
harder of the two. The algorithm therefore picks out first b quarks, which take a
larger fraction of the top energy, and secondarily u’s, with d quarks a distant third.

For right-handed tops, where the top energy is shared more equitably among the
daughter partons, angular correlations play a more central role. The d-quark is now
both more central and harder than predicted by pure phase space (due, again, to
its maximal correlation with the top spin). Therefore in order to reconstruct the
necessary invariant masses, the AR separation between the d and the u and b quarks

must be smaller than for pure phase space, and the minimum kr pair then tends
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Figure 5.3: Energy fraction of the parton selected by our algorithm, broken down by
parton identity. The events shown here correspond to tops produced from a 3 TeV
resonance.

to involve the d. For right-handed tops, the algorithm thus dominantly selects the
d-quark, as can be seen in Fig. 5.4. While the d is preferentially emitted along the
top direction of motion, its energy fraction distribution nonetheless falls off at high
energies, as the lab-frame d-quark energy fraction depends on the energy of the d-
quark in the top rest frame as well as the angle of emission. The contribution of the
b-quark to the variable zx comes mostly from hard b’s recoiling against soft transverse
W’s.

At high parton energy fraction zg, the algorithm dominantly selects the hardest
parton: b and u for left-handed tops, b and to a lesser extent u, d for right-handed tops.
At intermediate energy fractions, the origin of the v and d partons from a common W
comes to dominate. The kr distance between the v and the d is bounded from above,
as the v and the d must reconstruct the W. In events without hierarchical energy
distributions, the minimum k7 distance thus tends to be between the decay products
of the W. Therefore, at intermediate energy fractions, the parton selected by the

algorithm is predominantly the d (for right-handed tops) or the u (for left-handed

o6



tops). This can be seen already in Fig. 5.3, and is further demonstrated in Fig. 5.4.

Finally, we note that all of these arguments are based upon the assumption that
one can go from the collider coordinate system to one oriented around the top di-
rection of motion without significant effects. This assumption does not hold exactly,
because the detector geometry is not invariant under rotations around the axis de-
fined by the top direction of motion, and because the kp algorithm used to select the
subjet jx makes reference to the collider coordinate system through the definition
of transverse momentum. Therefore, events which differ from each other only by a
rotation around the top axis of motion appear differently both in the detector and
in the subjet selection algorithm. Interference terms between right- and left-handed
tops generically then do not completely cancel. However, as the magnitude of the
interference contribution is determined by the components of the parton momenta
transverse to the top momentum, these effects are of order m;/E}, a subleading effect

for large boosts.

5.3.3 Implementation

To implement this algorithm in practice one must have a technique for finding three
subjets within the top jet. The exact procedure one uses to identify the subjets is
not important, but for concreteness we detail the method used in our study. One
advantage of our subjet-finding technique is that it is easy to implement within the
FastJet [119] framework, already used by many studies for top tagging.

The procedure is as follows:

e Cluster the event with a reasonably sized cone (AR 2 0.7) and select a top

candidate.

e Take all the cells clustered into the top candidate and recluster them using a

smaller cone (AR =~ 0.2).

o7



Left-handed Right-handed

u;;-down ‘ Iup—d(;wn I
800t — — bottom-up = 800 — — bottom-up
= bottom-down | = = = bottom-down
600 600
=) S|
<400 <400
200 200
0 0
0 0.2 04 0.6 0.8 0 02 04 0.6 0.8
Energy fraction Energy fraction

Figure 5.4: Energy fraction of the b quark, broken down according to which two
partons in the event belong to the pair with minimum kr for left-handed tops (left
side) and right-handed tops (right side). Note that the contents of the plots are
stacked. At high energy fractions, the W and its decay products are soft, and the
minimum kr pair tends to involve one of the W decay products together with the
b. At intermediate energy fractions, the minimum kp pair tends to be the W decay
products. At small energy fractions, the b begins to appear as the softer of the two
partons in the minimum kr pair. The effect is more pronounced for right-handed
tops, which have a less hierarchical distribution of energy among the three daughter
partons. The events shown correspond to tops produced from a 3 TeV resonance.
e Demand that there are at least three subjets, each with a substantial amount
of the jet’s energy = 1 — 2%. If there are not, split the harder subjet by

unwinding [96] it one step using the kp algorithm, and use the two resulting

daughters along with the second hardest subjet from before.

e Now use the four-momenta of the three subjets to find the pair with the smallest
kr distance measure, and compute the ratio of the energy of the more energetic

jet in this minimum-k7 pair to the energy of the entire top jet.

Results using this procedure are shown in the next section.
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5.4 Examples

We will now apply the subjet-based technique developed in the previous section to
some realistic examples. Our goal is to show that the technique works for fully
showered events clustered with finite calorimeter cells using a variety of parton shower
and hadronization algorithms. It is important to note that we do not consider the
shape of background QCD distributions, nor do we consider any shaping effects that
might arise from the effects of top tagging. A more complete experimental study
would include these effects, but due to the high discriminating power of top tagging
algorithms (not to mention other aspects of the event that could be used to remove
background) and their relatively high efficiency, we do not expect these effects to be
significant.

In what follows, our analysis is performed on events generated at matrix element
level using MadGraph 4.4.17 [120] for physics at the LHC scale (14 TeV). Subsequent
showering and hadronization is performed using Pythia 6.4.21 [121] and Herwig++
2.3.2 [122]. When using Pythia, we consider parton showers generated using both
virtuality (labeled as Q?) and pr ordered showers. Visible final state particles are
grouped into 0.1 x 0.1 calorimeter cells before being clustered into R = 0.7 jets using
the anti-kr [123] algorithm. To ensure that the top decayed into visible products (and
that no significant radiation was lost outside the cone) we demand that the jet mass
exceed 170 GeV. We form subjets by running the anti-kr algorithm with R = 0.2 on
the constituents of the top jet, requiring that the third most energetic subjet carry
at least 1% of the top jet energy, and splitting the hardest subjet if this condition is

not satisfied.
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Figure 5.5: Energy fraction of the selected jet for results from (left to right) Her-
wig++, Pythia-6 (Q?) and Pythia-6 (pr). For each plot the solid red and dotted
black lines come from right- and left-handed tops, respectively.

5.4.1 Tops from a resonance

We begin by studying a colored octet vector GG with a chiral coupling to the top
quark. This model was chosen for simplicity, but it captures the main features of
well-motivated scenarios like KK-gluon production. The process under consideration
is

g9 — G —tt (5.5)

where mg = 3 TeV. The results are shown in Fig. 5.5. One can see from these
distributions that the characteristic shapes from matrix element level are unchanged
after parton showering and hadronization, demonstrating the robustness of our subjet

selection technique.

5.4.2 Tops from cascade decays

Cascade decays of an on-shell top partner (such as a stop squark or a 7”) to a top plus
missing energy are a standard signal of a broad class of well-motivated models. In the
presence of multiple sources of missing energy, there is no longer enough information
to solve for the rest frame of a leptonically-decaying top quark. Hadronic top quarks,

which can be reconstructed independently of the other particles in the event, become
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Figure 5.6: Energy fraction of the selected jet for results from (left to right) Her-
wig++, Pythia-6 (Q*) and Pythia-6 (pr). For each plot the solid red and dotted
black lines come from right- and left-handed tops, respectively.

a more useful source of information.

For tops produced from an un-reconstructed parent, the observable polarization
signal depends on the masses of the new physics particles through the relation of the
unknown parent rest frame to the lab frame, as well as through the vertex kinematics
[114]. The lack of information about the parent rest frame reduces the observable
polarization signal for tops coming from a cascade decay compared to the signal from
a resonance. Nonetheless, observable signals are still possible as long as the boost of
the top from its parent is dominant, allowing the chiral structure of the top production
vertices to be probed.

We consider a model for production of two top partner 7" particles decaying
into tops and sources of missing energy (labeled A°). Our choice of spectrum has
mp = 2 TeV and myo = 100 GeV. The results of the analysis performed on the
model are seen in Fig. 5.6. As for the G’, the distributions agree well with the parton

level results and have the same qualitative shapes regardless of the generator used.

5.5 Conclusions

We have proposed an analysis tool useful in determining the chiral structure of the

top quark’s coupling to new physics. Our method uses subjet-based techniques to
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probe scenarios where a highly boosted top decays hadronically. This tool requires
no assumptions to be made about the production mechanism of the top or about
the origin of missing energy in the event, and does not rely upon b-tagging or W
reconstruction.

By testing our method on Monte Carlo data from multiple generators using dif-
ferent new physics scenarios we have indicated its robustness against the effects of
parton showering and calorimeter segmentation. A more complete analysis would
study the shaping of the distributions from the top tagging method using in selecting
a sample, but we expect these effects to be small.

Boosted hadronic tops may provide a new window to shed light on otherwise dif-
ficult aspects of new physics at the LHC, and will certainly provide a complementary
probe of physics beyond the Standard Model. Variables which can analyze the polar-
ization of boosted hadronic tops, such as those introduced here, will fill an important

slot in the analysis toolkit as we try to unravel the physics behind LHC data.
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Chapter 6

Jet Trimming

Initial state radiation, multiple interactions, and event pileup can contaminate jets
and degrade event reconstruction. Here we introduce a procedure, jet trimming,
designed to mitigate these sources of contamination in jets initiated by light partons.
This procedure is complimentary to existing methods developed for boosted heavy
particles. We find that jet trimming can achieve significant improvements in event

reconstruction, especially at high energy/luminosity hadron colliders like the LHC.

6.1 Introduction

Jets are collections of hadronic four-momenta used to approximate the kinematics of
short distance scattering events. Since the high-energy frontier is explored by hadron
colliders with color-rich final states, jets are a necessary tool to better understand
the physics of the standard model and probe whatever lies beyond it. To assem-
ble jets one must make use of jet algorithms—well-defined procedures for collecting
detector tracks and calorimeter cells into jet four-momenta. Many such algorithms
exist, with each exhibiting a different clustering behavior.! Though the choice of jet

algorithm introduces some level of ambiguity in any jet-based measurement, this is

1For comprehensive reviews and relevant references see Refs. [124, 125].
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still acceptable, as any infrared/collinear-safe jet algorithm will yield results that can
be compared to theoretical calculations.

In general, the optimal jet algorithm for an analysis is the one which most closely
reconstructs the hard scattering process. The closer the reconstruction is to the true
scattering, the greater the signal significance.? Now, if the final states observed in a
detector only arose from the products of a hard scattering, and if the jets were well-
separated from each other and from the beamline, then the precise jet definition used
would not matter very much. In that idealized scenario, the jets would be accurately
reconstructed by any jet algorithm, as long as the algorithm clustered most of the
hadrons arising from final state radiation (FSR).

In reality, however, a detector records more than just the final states from a hard
scattering event. The incoming states will typically radiate before scattering, leading
to copious initial state radiation (ISR). In addition, multiple parton interactions (MI)
and event pileup will further contaminate the final state.® This is an especially
prominent effect at the Large Hadron Collider (LHC) because of its high energy
and luminosity. The net effect is that hadrons from ISR/MI/pileup are spatially
overlapped with hadrons from FSR, complicating the jet finding procedure. Thus,
there is an inevitable tradeoff. On the one hand, we would like a jet algorithm to
form jets large enough to cluster all of the hard scattering decay products and account
for wide angle FSR emissions. On the other hand, we are constrained in how large
our jets can become by inevitable contamination from hadrons unassociated with the
hard scattering.

This conflict between missing radiation and contamination is usually resolved
through a judicious choice of the jet size parameter (usually the jet radius R). One

can either fix the jet radius at an optimal value, or employ an algorithm designed to

2In principle, the choice of jet algorithm could also help control reducible backgrounds.

3A hard scattering event takes place between the partons of two colliding hadrons. Further
interactions between those hadrons are called multiple interactions, while interactions between other
hadrons in the colliding bunches are called pileup.
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choose the optimal size on a jet-by-jet basis (e.g. the VR algorithm [6]). It is possible
to go a step further and statistically account for the sources of contamination by
assuming a diffuse distribution and subtracting off a fixed contribution to each jet
proportional to its area [126]. However, one can take a more aggressive approach by
actively working to identify and remove the radiation contaminating each jet. The
basic idea behind such an approach stems from the observation that there is usually
only one hard scattering per event; all other sources of radiation (ISR/MI/pileup) are
likely to be much softer. By going inside a jet and removing soft radiation (through
a modification of the sequential clustering procedure or through the use of subjets),
reconstruction can be improved.

This idea of hierarchical radiation and its potential use in cleaning up contam-
inated jets has gained acceptance in the jet community. In the past, most studies
focused on boosted hadronically decaying particles like the W/Z [127, 90], Higgs [95,
128], and top [112, 107, 113, 129],* where the procedure is optimized toward im-
proving the jet mass resolution. The only mention that we are aware of for using
such a technique outside of heavy object reconstruction is Ref. [132], in which it was
observed that applying the same procedure useful in reconstructing a boosted Higgs
could also help reconstruct jets from light partons.

In this paper, we present procedures specifically designed to improve the recon-
struction of ordinary QCD jets arising from the showering and fragmentation of nearly
massless partons (i.e. light quarks and gluons). To distinguish this from prior work
on boosted heavy particles (such as jet filtering [95] and jet pruning [113]), we will
call our procedures jet trimming. In the next section, we will further discuss the
contamination of jets and try to quantify its effects. In Sec. 6.3, we will introduce jet
trimming algorithms and discuss different versions of these applicable to final states

in various kinematical regimes. In Sec. 6.4, we will present the results of our algo-

1See Refs. [130, 131] for some examples in supersymmetric processes.
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rithms and compare them both with the untrimmed results and with earlier cleaning
techniques. We will see that by using algorithms specifically designed for light par-
ton jets we can achieve a substantial gain, beyond the improvements seen through
applying the techniques developed for boosted heavy particles. Sec. 6.5 contains our

conclusions.

6.2 Trimming QCD Jets

As discussed in the introduction, jet reconstruction always presents a trade off between
capturing all of the radiation associated with a hard scattering while at the same
time minimizing the contamination from other hadrons present in an event. Before
we discuss this, let us first introduce some notation and provide some details about
our study.

Throughout this paper, we will refer the typical size of a jet in terms of its char-

acteristic radius R using distances defined on the (rapidity y, azimuth ¢) plane:

AR = /(Ay)? + (A¢)? . When referring to generic fixed-radius jets and their size
(Rp), we are implicitly using the anti-kr algorithm [123] for jet reconstruction, as this
reasonably approximates the behavior of an ideal cone algorithm (for a discussion
on the behavior of other algorithms in reconstruction see Ref. [132]). To generate
our Monte Carlo events samples we use Pythia 6.4.21 [121] with the default ‘Tune-
A’ [133, 134] settings and assume a 14 TeV LHC. Our jets are clustered using FastJet
2.4.0 [119, 135]. While the discussion here in Sec. 6.2 will not account for the effects
of pileup (so as to demonstrate the irreducible, significant effects of ISR/MI contam-
ination), we will factor in the effects of pileup for our results in Sec. 6.4, assuming
a relatively modest luminosity per bunch-bunch crossing of 0.05 mb~'. To approxi-
mate the effects of a real detector, we always group final state partons/hadrons into

0nxd¢ = 0.1x0.1 calorimeter cells between —3 < n < 3, and assign the cells massless
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Figure 6.1: Reconstructed my = 500 GeV from gg — ¢ — gg dijet events with FSR
only (left) and with the addition of ISR/MI (right). In the absence of ISR/MI larger
jet radii are preferred, while when ISR/MI are turned on a smaller radii must be used
to balance the effects of contamination.

four-momenta based on the calorimeter energy.

Finally, we note that while most aspects of particle collisions calculated in Monte
Carlo programs rest on firm bases from fundamental physics, the effects of hadroniza-
ton are only understood through phenomenological models.® This might seem to be
cause for concern, as our results will to some extent reflect the effects of hadroniza-
tion, but we expect these dependencies to be small, altering perturbatively calculated
jet/subjet momenta by O(Aqcp). While we will operate under this assumption for
the rest of the article, the validation of hadronization models will be an important

task at the LHC.

6.2.1 The Effects of Contamination

In absence of ISR/MI contamination, a large R is desirable in the context of traditional

jet clustering. To see why, consider the process gg — ¢ — gg where ¢ is a new color

SHadronizaton is modeled in Pythia using the Lund model [136], which has been successful in
reproducing collider data [137].

67



Improvement | Ry | T [GeV] | M [GeV]
99 — ¢ — g9
All cells - 1.2 69 518
FSR cells 309% 1.5 15 501
qq — ¢ — qq
All cells - 0.8 31 505
FSR cells 189% 1.5 11 501

Table 6.1: Improvement in the resonance reconstruction measure A presented in
Sec. 6.4 in going from standard clustering (All cells) to an idealized situation where
we only cluster those cells within AR = 0.2 of an cell containing more than 1 GeV
of FSR (FSR cells). Here mg = 500 GeV. The definitions of I' and M appear in
Eq. (6.6). Because of the larger color charge of gluons compared to quarks, there is
more radiation in the gg — ¢ — gg case compared to the g — ¢ — qq case, so the
potential improvement is correspondingly larger.
octet scalar with a mass of 500 GeV and a narrow width.® In a showering Monte
Carlo program without hadronization, FSR is factorized from ISR/MI, so one can
study the FSR in isolation.” On the left side of Fig. 6.1, we show the distribution of
the reconstructed ¢ mass using only FSR for various values of the anti-kr jet radius
Ry. One sees that as Ry increases, the reconstructed invariant mass distribution
approaches the narrowly peaked distribution predicted from the hard scattering.
However, when one includes the effect of contamination, larger values of Ry can
yield poorer reconstruction, as seen from the right side of Fig. 6.1. Here, the jet
radius that most closely matches the desired peak position is around R.. = 1.1,
considerably smaller than what one would want to use considering FSR alone. From
this one can see that an optimal jet algorithm would be one with a large overall jet
radius that somehow avoids clustering in hadrons from ISR/MI (as well as pileup).

Now, there is always a minimum spatial overlap between FSR and ISR/MI from

the fact that the two sources of hadrons could end up nearby in the detector. Fortu-

6The ¢ couples to gluons via the operator Tr(¢G,, G**). For comparison, we will also consider
a different color octet scalar ¢ that couples to fermions via a Yukawa coupling ge¢q.
"With hadronization turned on, there are non-trivial correlations between FSR and ISR.
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Figure 6.2: Reconstructed my = 500 GeV clustered with Ry = 1.5 for gg — ¢ — gg
(left) and ¢4 — ¢ — qq (right). The blue curve shows the reconstruction from a
sample without ISR/MI. The red and black curves show data from a sample with
ISR/MI, where all cells are clustered (red), and where only those cells within AR =
0.2 of an cell containing more than 1 GeV of FSR (black). The similarity between
the black and blue peaks demonstrates that considerable gains in reconstruction are
possible despite the irreducible overlap in radiation.

nately, this overlap is relatively small. In Fig. 6.2 we present the ¢ mass reconstructed
using Ry = 1.5 where only those calorimeter cells within AR = 0.2 ® of one containing
at least 1 GeV of FSR were clustered, along with the distribution obtained without
this restriction. The restricted distribution is quite close to the one where only FSR
was clustered, confirming the minimum spatial overlap. By considering this sort of
restriction to FSR-heavy cells, one can calculate the maximum possible reconstruc-
tion improvement in going from ordinary cones to such an idealized jet algorithm.
This is shown in Table 6.1, where the improvement is measured by the reconstruction
measure A presented in Sec. 6.4. We see potential improvements of up to 3x in re-
construction. Of course, such an idealized jet algorithm cannot exist since no physical

observable can distinguish between FSR and ISR/MI, but the room for improvement

is compelling.

8While at this point the choice of AR = 0.2 is somewhat arbitrary, later in Sec. 6.4 we will see
that this is a reasonable subjet radius for use in trimming.
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Figure 6.3: Fraction of a jet’s py attributable to ISR/MI for gg — ¢ — gg (left) and
qq — ¢ — qq (right).

The goal our jet trimming algorithm is to approach this ideal reconstruction as
closely as possible. To do so, we need some kind of criteria to determine whether a
given patch of the calorimeter is likely to contain substantial amounts of FSR. In light
of the observation that ISR/MI (as well as pileup) is usually soft compared to FSR,
the simplest possible criteria we have is relative transverse momentum. As shown
in Fig. 6.3, in a typical jet ISR/MI makes up only O(1 — 5%) of the jet’s pr (the
contribution of pileup is a luminosity dependent question), and we saw earlier that
there is minimal spatial overlap between contamination and FSR. Therefore, sources
of contamination can be mitigated by simply removing patches of soft calorimeter

cells.

6.2.2 QCD Jets vs. Boosted Objects

While the general idea of removing soft calorimeter cells is straightforward, a num-
ber of details remain unspecified. At minimum, one wants to consider patches of
calorimeter cells by clustering them into subjets of radius Rgu, > 6 = 0.1 to remove

any sensitivity of the procedure to calorimeter segmentation. Beyond that, one must

70



specify how the subjets are to be formed, how large they will be, and what will serve
as the criterion for softness. As we will argue, by choosing jet trimming parameters in
a way designed to enhance the reconstruction of light parton jets, we can increase re-
construction performance beyond the current techniques designed for boosted heavy
particles [127, 90, 95, 128, 112, 107, 113, 129, 130, 131].

To see how one might go about choosing trimming parameters, consider first how
they would be chosen to reconstruct the jet from a boosted heavy particle. Usually
such a particle decays immediately into two (e.g. the Higgs or W /Z) or three (e.g. the
top) final states, each at the same characteristic pr scale (barring a matrix element
conspiracy). These states will shower into distinct hard patches in the jet (see the
left panel of Fig. 6.4), so one can hope to remove contamination from the system
by simply associating a subjet to each hard final state and discarding everything
else. That is, one would discard all but the N, hardest subjets. Whether or not a
particular subjet from a boosted heavy particle is considered soft depends upon where
the subjet ranks in the subjet pr ordering and upon how many final state partons we
expect in the decay. For instance, if we are looking to reconstruct a Higgs in its decay
h — bb we would form subjets inside the initial jet and discard all but the hardest
two.? In this context, the natural size of a subjet is also relatively clear; to treat each
final state of the decay equally (as we should, since they have comparable prs) we
are limited to Ry < Rp/2 under the assumption that the initial jet was chosen to
be just large enough to encompass the entire decay of the heavy particle.

The situation changes when we consider jets from light quarks or gluons (compare
the two panels in Fig. 6.4). The first difference is that there is only one hard final
state at lowest order in ay. Softness is therefore more naturally established directly
via a cut on subjet py rather than by restricting to a fixed number of subjets. Later

we will establish different subjet pr cuts for different kinematic regimes. The second

9Sometimes analyses allow for one subjet beyond the minimum number of tree level final states
in order to capture the first emission [95], but the principle remains the same.

71



20.8:* 208:*
0.6 0.6
0.4 . 0.4
r ‘W - [ -
0.2~ .. 0.2~ [ A |
r r alm =
(Ung Un . . . .
r r -
-0.2— -0.2— .
o4i . 04i =
o -l - T -
. [ ] - r n
-0.6— -0.6—
08 L L 08 L L e e L
D5 06 04 02 0 02 04 06 08 D5 06 04 02 0 02 04 06 08
An An

Figure 6.4: Comparison of a jet formed from the decay of a boosted heavy particle
(left) with one from the showering of light flavor /gluons (right). Specifically, the left
hand panel shows the jet formed from h — bb while the right is a gluon jet. The
(z, y)-axes are (y, ¢)-distances as measured from the jet center and the area of each
calorimeter cell is proportional to its pr.

difference is that there is no natural size for the subjets as this depends upon the
the pr cut for the subjets; a larger /smaller subjet size will necessitate a harder/softer

subjet pr cut. With these two differences in mind, we can now define our jet trimming

procedure.

6.3 Implementation

In this section, we present an explicit algorithm implementing the jet trimming tech-
nique outlined above.'® Our choice of algorithm is motivated primarily by simplicity
and the ability to re-use existing jet finding procedures. Many more sophisticated
choices could easily be imagined, but these are beyond the scope of the present work.

Since our jet trimming procedure will make use of well-known sequential recombi-

nation jet algorithms, we will briefly review how these work. Recall that in a recursive

00ur implementation is available as a plug-in to the FastJet package [119, 135], which is available
from the authors upon request.
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jet algorithm one begins with an initial set of four-momenta (these could be tracks,
calorimeter cells, etc.), assigning every pair a “jet-jet distance measure” d,; and every
individual four-momenta a “jet-beam distance measure” d;g. The distance measures

relevant for our study are:!!

anti-kp [123] 1 d ! R, d ! (6.1)
-hT . ij — ) iB — "o .
7 max [p}y, p%,] R P7;
R2
C/A [93, 94] : dij = Rg, diB = 1, (62)
’ R2.
kr [91, 92] : dij = min [PZTmpsz} R—ZJ, dip = Pt (6.3)
0
1 2
VR[6]:  dy = R (6.4)

max [p7,, ;] P

At each step in the clustering, the smallest entry in the set of all d;; and d;p is
identified. When a jet-jet distance is the smallest, the corresponding four-momenta
are merged, while if a jet-beam distance is the smallest, then the associated four-
momentum is “merged with the beam” and set aside. Here we will deal entirely with
inclusive algorithms, where the recursion continues until all jets are merged with the
beam, and the algorithm returns those merged jets whose pr is greater than some

minimum value.'?

6.3.1 Jet Trimming

The jet trimming procedure we advocate is an “outside-in” algorithm, meaning that
a seed jet determined through one jet finding method is reclustered using a subjet
finding method. Then a softness criteria is applied to the individual subjets to deter-
mine the final trimmed jet. One could also imagine an “inside-out” algorithm, where

small subjets are found first, and clustering into a larger jet, again using some kind

UFor jet algorithm aficionados, we use “VR” to refer to the “AKT-VR” algorithm of Ref. [6].
2In an exclusive algorithm, the recursion stops when a predetermined distance measure dey; is
reached, at which point the unmerged jets are returned.
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of softness criteria, but we will not explore that option here.

The proposed algorithm proceeds as follows:

1. Cluster all cells/tracks into jets using any clustering algorithm. The resulting

jets are called the seed jets.

2. Within each seed jet, recluster the constituents using a (possibly different) jet
algorithm into subjets with a characteristic radius Ry, smaller than that of the

seed jet.

3. Consider each subjet, and discard the contributions of subjet 7 to the associated
seed jet if pry < feut - Anard, Where foy is a fixed dimensionless parameter, and

Aparq 18 some hard scale chosen depending upon the kinematics of the event.
4. Assemble the remaining subjets into the trimmed jet.

This procedure is illustrated in Figs. 6.5 and 6.6. The dimensionless parameter f.u;
quantifies the expected pr scale hierarchy between FSR and ISR/MI/pileup. In prin-
ciple, this procedure could be iterated such that subjets that fail the softness criteria
in one seed jet could be tested for inclusion in a different seed jet. However, this
is only relevant if the original jets were effectively overlapping, or if the removal of
subjets substantially changes the position of the trimmed jets relative to the original
seed jets.

The precise jet definition used in step 1 is largely irrelevant for the jet trimming
procedure. In Sec. 6.4, we will trim two different jet algorithms, anti-k7 [123] and
VR [6], finding improvements in reconstruction with both.

The jet definition used in step 2, however, is more important as it determines how
the subjets are found. We use the kr algorithm [91, 92] rather than a Cambridge-
Aachen [93, 94] or anti-kr algorithm [123], because subjets formed by the k7 algorithm

tend to better share the energy between subjets. That is, imagine that the dominant
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FSR depositions in a seed jet cannot be contained within a single subjet of size Rgyy,.
In such circumstances the anti-kr algorithm, which clusters radiation from hardest
to softest, will tend to create imbalanced subjets by allocating most of the energy
to one subjet, making it more likely that the weaker subjet will be discarded when
the softness criteria is applied. As the kr algorithm clusters from softest to hardest,
it is more likely to yield a equitable distribution of energy between the subjet that
contain FSR, making them less likely to be discarded by the trimming procedure.
Finally, we must select a Ap..q to set our criterion of hardness when judging a
subjet’s pr. This is a non-trivial choice, as different kinematical configurations call
for different scales, and the difference in reconstruction from different scale choices can
be large. To illustrate this, in Sec. 6.4 we will present two possibilities for Ay..q: the
seed jet’s pr, and the effective mass of the event (i.e. the scalar sum of the transverse
momenta: H = > pr). While we have only considered the simplest two scale choices,
it would be interesting to investigate more complicated methods to see if additional

gains could be realized.

6.3.2 Comparison to Previous Methods

As argued before, most techniques useful in removing contamination from the jets
of boosted heavy particles keep a fixed number N, of hard subjets. To enable an
apples-to-apples comparison of f.u vs. Ny, we will simply take the jet trimming

algorithm above, replacing step 3 with:

3. Sort the subjets according to pr and discard the contributions of those softer

than the Ny -th hardest subjet.

This allows us to employ a condensed notation in discussing various trimming proce-

dures. We can denote different algorithms by

alg({fv N},{pT,H}>, (65)
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where “alg” is the algorithm used to make the seed jets (here anti-kr or VR), {f, N}
specifies whether we will trim all subjets with a pr below feu - Aparqa Or include only
the Ny hardest subjets, and the final entry (only relevant for f., algorithms) species
whether we will use the py of the seed jet or the effective mass of the event to set
Anard-

In addition to this fixed N, algorithm—which we believe represents the most
advantageous application of previous techniques for boosted objects to the study of
light parton jets—we will also include a direct implementation of an algorithm from
an earlier study. We will present results using the jet filtering technique of Ref. [95]
(labelled Filtering below) which takes a jet and only includes those constituents that
fit into the two hardest C/A subjets formed from cones of size Ry/2.

We were also interested in testing the jet pruning procedure of Ref. [113], since
it could be considered as something of a middle ground between trimming and the

cleaning methods that cut on a fixed number of subjets.'?

Pruning functions by
attempting to remove spurious mergings in the clustering sequence: after a seed jet
is formed, its constituents are reclustered using the kr or C/A algorithm, and if the
jet algorithm attempts to merge widely separated (AR > 2Rpm/pr) four-momenta
with a large pr hierarchy (z < 2e.)'* then the merging is rejected, and the softer
of the two four-momenta deleted. Pruning is most effective at removing spurious
mergings from the later stages of clustering (i.e. right before the jet is complete),
which is precisely what it should do to reconstruct a boosted heavy particle.
However, in our studies on pruning light quark jets we found at best only a
marginal improvement in reconstruction. This occurred when the optimized value

of Rp was essentially zero, meaning that the z., criteria was being applied at every

stage of the reconstruction.'> We suspect that the reason pruning is not working well

13The implementation of pruning we tested was FastPrune 0.3.0 [138].

“Here z = min[pr, , pr1,]/pr,., fOr four-momenta p, and p, with pior = pa + Do-

15Because the improvements we see with pruning are small, and occur at parameters at which the
procedure is uncomfortably sensitive to the calorimeter segmentation, we will not report them in
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in this context is that far enough down the line in the parton shower, there is no
longer a clear scale separation between FSR and contamination. So while pruning
employs a relative pr cut (as in jet trimming), it appears to be most effective when
employed on a jet with a fixed, small number of hard subjets. It is an open question

whether pruning techniques might be modified to successfully clean light quark jets.

6.4 Results

We now apply the above jet trimming procedure to two examples in different kine-
matic regimes: heavy resonance reconstruction, and a two-step decay chain. Our
goal is justify the use of trimming, show that it is advantageous to use a trimming
procedure specifically designed for jets from light partons, and to see how different
measures of Ay,.q can change the reconstruction of the trimmed event. Unlike Sec. 6.2,
here we will include both the effects of ISR/MI and event pileup.

In both examples, we will find that employing any sort of trimming procedure leads
to an improvement in reconstruction. However, in going from an algorithm designed
for boosted heavy particles to one specifically aimed at light parton jets, we can realize
significant additional gains. Further, using a measure of hardness well suited to the
kinematics of an event can make almost as big a difference in reconstruction as to the
decision to trim in the first place.

Our results confirm our intuitions from Sec. 6.2 that trimming partially resolves
the jet-size/contamination tradeoff. For the anti-kr algorithms, the optimal Ry value
in the trimmed sample is systematically larger than the optimal R, value in the
untrimmed sample. Similar conclusions hold for VR, with the jet size parameter p
being larger in the trimmed samples.'® We will find that background dijet distribu-

tions are not increased through the use of a large initial radius, and may even be

the next section.
16Tn VR algorithms, the radius of a jet is approximately R =~ p/pr, where pr is the jet’s transverse
momentum.
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reduced in some cases. Finally, as expected, the active jet area [126] is substantially
smaller in the trimmed sample.
To quantify reconstruction performance, we will fit reconstructed invariant mass

distributions to a sum of two distributions (similar to what was done in Ref. [113]):

B 14+ G(m— M)
S(m) =« (2 = M T2 (6.6)
B(m) =6+ v/m, (6.7)

where § and v are restricted to be > 0. Here S(m) is a skewed Breit-Wigner dis-
tribution and B(m) is a background-like falling distribution. We quantify signal

reconstruction via the measure

(%

(6.8)

i.e. the peak height of the S(m) curve. While other measures of reconstruction per-
formance would be equally reasonable, this measure favors algorithms reconstructing
a tall S(m) of narrow width, and has the advantage of not introducing any arbitrary
parameters beyond the fitted functional form. Note that this reconstruction measure
does not attempt to reward algorithms that get the right peak position, and we will
see a corresponding systematic invariant mass shift in using trimmed jets.

For simplicity of discussion, we only consider processes with initial /final state glu-
ons. From Table 6.1, we see that improvements are certainly possible when these are
replaced with light quarks, and all of our conclusions regarding the optimal trimming
method will hold there as well. It is important to remember, though, that quarks
have a lower effective color charge then gluons and thus produce less QCD radiation.
Thus, for light quarks one expects (and we found) a diminished optimal untrimmed

jet radius and a lower potential improvement achievable through trimming.
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Improvement | feut, News | Rsub Ry, p I [GeV] | M [GeV]
anti-kr - - - 1.0* 71 522
anti-kr (N) 40% 5" 0.2¢ | 1.5 62 499
anti-kr (f, pr) 59% 3x 1072 | 0.2 1.5 52 475
anti-ky (f, H) 61% 1% 1072 | 0.2 1.5 50 AT8
VR 30% - - 200" GeV 62 511
VR (N) 53% 5 0.2 |275* GeV | 53 498
VR (f, pr) 68% 3x 1072 | 0.2 |300* GeV | 49 AT5
VR (f, H) 73% 1 x 1072 0.2 | 300" GeV 47 478
Filtering 27% 2 Ry/2 1.3* 61 515

Table 6.2: Comparison of dijet resonance reconstruction using trimmed and
untrimmed algorithms. The first column specifies the algorithm, the second lists
the change in A over untrimmed anti-k7 (second row), the third lists the relevant
trimming parameters, the fourth contains the subjet radius, the fifth the seed jet
parameters, the sixth the fitted width, and the seventh the fitted mass. For each
algorithm, we have optimized those parameters denoted by a *, while the rest have
remained fixed.

Finally, one should keep in mind that while the improvements we find are the result
of well understood physical effects, the precise values of the trimming parameters will
change somewhat when the Monte Carlo tuning is adjusted to account for LHC data.
Thus, while the parameters below will provide a reasonable guide to what should be
used at the LHC, the exact values will need to be inferred from a iterative process of

Monte Carlo tuning to standard candles.

6.4.1 Heavy Resonance Decays

The simplest test of a jet algorithm is how it reconstructs a heavy resonance decaying
to the two jets. As in Sec. 6.2, we use the process gg — ¢ — gg where ¢ is a color
octet scalar with m, = 500 GeV.

The results of this reconstruction are presented in Table 6.2. Here we are interested
primarily in two different comparisons: untrimmed algorithms versus those trimmed

using an fe (so as to measure the full potential for improvement in reconstruction),
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and those trimmed using an Ny to those using an f.,. Now, the more parameter
choices one optimizes in an algorithm the more that algorithm stands to gain from
arbitrary statistical fluctuations. To guard against this and ensure that the first
comparison above is fair, we fully optimize the anti-kr (V) algorithm, using the
resulting best choices of Rg,, and Ry as inputs to our optimization of anti-kz (f), for
which we only optimize a single parameter: f.,. The result is a fair comparison of
untrimmed algorithms to those trimmed with an f.,, and a comparison of Ny to
feut trimming where N trimming is given a statistical advantage.!”

Several algorithms and trimming procedures are presented in Table 6.2. We have
included untrimmed anti-kr, anti-k7 with a cut on the momenta of kr subjets (set
relative to both the jet’s pr and the event’s effective mass), anti-kr with a fixed
number of kp subjets, and for comparison with previous techniques anti-k; with
two C/A subjets of half the seed jet radius (i.e. the filtering procedure of Ref. [95]).
Both trimmed and untrimmed VR jets are also included. In Fig. 6.7, we display the
reconstructed ¢ mass using both trimmed and untrimmed anti-£r and VR algorithms.

We see that trimming of any sort is useful in reconstruction. However, the dif-
ference between trimming techniques is apparent. By using an algorithm with a pr
cut determined as a fraction of the original py (i.e. the samples whose trimming is
parameterized by an f.,;) we are able to see significant gains beyond what is possible
using a fixed number of subjets. This reflects the fact that the structure of the jet
from a light parton is not known a-priori, unlike the jets from boosted heavy particles,
so it is advantageous to trim with a direct subjet pr cut. We further note that at
this stage, the difference between using H and pr to set Ay,q makes only a small
difference in reconstruction, reflecting the fact that for dijet events pr ~ H/2. Below,
we will see that the situation will change in more complicated event topologies.

Before continuing, we remark that in Fig. 6.7, the dijet invariant mass distribution

1"For the VR algorithms we will take the anti-kp optimized Ry, fou, and Ney; as inputs (Rg will
set Riax) and optimize the p parameter.
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is systematically shifted to lower values through the effects of jet trimming. This
is to be expected, given that the trimming procedure will necessarily result in some
accidental removal of FSR. To understand the size of the effect, note that in Table 6.2
we find an optimized f.,; of around 3% when we cut on the subjet’s pr relative to
that of the seed jet, and that the optimal N, for fixed-number cleaning is 5. Since
the pattern of QCD radiation from a light parton ensures us that the subjets follow
a strong pr hierarchy, we should only expect one or two subjets to be slightly below
the 3% pr cut we have imposed. This is enough to account for the roughly 5% shift

in M that we observe.

6.4.2 Longer Decay Chains

Next, we consider the production channel g9 — X — YY — gggg where mx =
1 TeV and my = 300 GeV. This sample is qualitatively different from the dijet
reconstruction in two ways: the final state is more crowded, and the final state jets
can vary widely in py within the same event. The results from this reconstruction
are presented in Table 6.3, and the resulting mx and my distributions are plotted in
Fig. 6.8 and Fig. 6.9, respectively.

That the final state is crowded somewhat limits the improvements achievable from
trimming. We saw before in Table 6.2 that trimming seemed to work well when the
seed jets were allowed to grow much larger than the optimized untrimmed jets. Here,
the untrimmed jets are optimized at Ry = 0.8, so the trimmed jets cannot grow much
larger without merging with each other and ruining the reconstruction. Despite this
limitation, however, we see that valuable improvements are still possible.

More importantly, now we see that the choice of Ay..q can make a significant
difference in reconstruction. When Ay,.q is chosen to be the effective mass of the
event, reconstruction is improved beyond the case where Ay..q is the seed jet pr

(the improvement roughly doubles). This is because when we let the seed jet pr
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Improvement | feut, News | Rsub Ry, p I [GeV] | M [GeV]
anti-kr - - - 0.8* 158 994
anti-ky (V) 12% 5* 0.2* 1.0* 115 969
anti-kr (f, pr) 10% 3x 1072 | 0.2 1.0 108 941
anti-kr (f, H) 19% 5x107% | 0.2 1.0 100 944
VR 10% - - 150* GeV 157 979
VR (N) 17% 5 0.2 | 275* GeV 115 965
VR (f, pr) 16% 3x1072 | 0.2 |225* GeV | 112 938
VR (f, H) 22% 5x 1073 0.2 | 300" GeV 101 942
Filtering 6% 2 Ry/2 0.9* 128 969

Table 6.3: Comparison of the 2 — 4 resonance reconstruction using trimmed and
untrimmed algorithms. Reconstruction is performed by taking the invariant mass
of the hardest four jets. The first column specifies the algorithm, the second lists
the change in A over untrimmed anti-kr (second row), the third lists the trimming
parameters, the fourth contains the subjet radius, the fifth the seed jet parameters,
the sixth the fitted width, and the seventh the fitted mass. For each algorithm we
have optimized those parameters denoted by a *, while the rest have remained fixed.
determine the hard scale for each jet while using a fixed f., the softer jets will see
little trimming (because the minimum subjet py is soft), while for the same reason
the harder jets will see too much trimming. The resolution, it seems, is to simply use

a global pr cutoff for each event when the signal jets are of different characteristic pr

scales.

6.4.3 Dijet Backgrounds

The improvements in signal reconstruction seen so far would be of little use if jet trim-
ming significantly increased the background as well. After all, to see improvements
in signal reconstruction we must let our seed jets cluster with a large radius, and it is
possible that this could result in an unintended rise in the background distributions.

Fortunately, this does not seem to be the case. In Fig. 6.10 we present the back-
ground QCD dijet invariant mass distributions clustered using the parameters of

Table 6.2 optimized for signal reconstruction. If anything, we see that the trimmed
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distributions are shifted to lower invariant mass values than the untrimmed distribu-
tions. This is especially useful in the case of the VR jet algorithm, which on its own
can distort background distributions to higher values.'® It is tempting to argue from
this that trimming can also be useful in reducing the background, but one should be
careful drawing such a conclusion as the signal position also shifts. The precise signal
and background interplay, while intriguing, is therefore likely to be highly process

dependent, and requires a dedicated study.

6.4.4 Jet Area

In Fig. 6.2, we argued that the overlap of ISR/MI with FSR was minimal, so even
though the naive area of the jets employed in our analysis is quite large, there should
not be significant sensitivity to the effects of ISR/MI/pileup that we set out to avoid.
We can quantify this statement using the catchment area of a jet [126], allowing us to
directly measure the sensitivity of the trimmed jet to uniform diffuse contamination.
We find that while the jets we use in trimming start with large areas, after the
jet trimming procedure is applied the active area decreases dramatically, as shown
in Fig. 6.11. In fact, the active area after trimming is even less than that of the
untrimmed jet which began with a smaller radius.

One caution, however, is that the catchment area only captures the sensitivity to
soft contamination. Trimming cannot guard against a fluctuation of ISR/MI/pileup
that yields a hard subjet above the f., threshold. In some ways, trimming accen-
tuates such fluctuations, since the contamination cannot be averaged over a larger
jet area and subtracted statistically using, e.g. the methods of Ref. [126]. Therefore,

more detailed studies are needed to really understand such systematic biases.

18Tn Ref. [6] we had to impose a jet-quality cut to prevent this distortion. With jet trimming, it
seems that such a cut is unnecessary.
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6.5 Conclusions

In this paper, we have proposed jet trimming as a way to improve jet reconstruction by
mitigating the spatial overlap between FSR and ISR/MI /pileup in hadronic collisions.
This technique actively removes sources of contamination by exploiting the difference
in scale between the hard emissions of FSR and the relatively soft emissions from
ISR/MI/pileup. While prior efforts had been made along similar lines, those efforts
focused on removing contamination from the jets of heavy boosted objects. We have
shown that light parton jets benefit from methods that emphasize relative subjet pr
instead of the number of subjets.

We presented an explicit algorithm that implements jet trimming. Our algorithm
begins with seed jets constructed through any means (here we employ anti-k7 and
VR), which are then reclustered using an inclusive kr algorithm and trimmed accord-
ing to a subjet pr cut set relative to some hard scale determined by the kinematics
of the event. In two different kinematic configurations, we find large improvements
in reconstruction efficiency from using trimmed jets. Moreover, unlike our previous
VR algorithm [6], this improvement was obtained without a drastic increase in the
catchment area of the jet.

Further study is necessary to understand how this jet trimming procedure would
affect jet systematic errors in an actual experimental context. For example, jet energy
scale systematics already require a correction from ISR/MI/pileup contamination, and
exactly how a jet energy correction would be applied in the case of trimmed jets is
unclear. However, by addressing ISR/MI/pileup contamination on a jet-by-jet basis,
we expect that the systematic uncertainty associated with trimmed jets should not be
any worse than for fixed-radius jets. Moreover, it would be interesting to see whether
the systematic shift in the invariant mass peak from accidentally throwing away FSR
subjets could be fixed through a simple jet energy rescaling.

Finally, while the improvement in reconstruction from trimming is already quite
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helpful, it is nowhere near the in-principle improvement we saw in Sec. 6.2. Perhaps
further advances can be made through a better choice of the Ay..q parameter or a
different subjet finding procedure. Whether any jet trimming algorithm can ever
hope to approach the theoretical limit in ISR/MI/pileup rejection is an important
open question, but the gains already seen in a simple trimming algorithm recommend

its use at the LHC.
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Figure 6.5: Step by step illustration of the jet trimming procedure. Proceeding from
left to right, top to bottom, we show a jet as initially clustered (using anti-kr with
Ry = 1.5), the constituent kr subjets with Ry, = 0.2, the subjets surviving the
pri < feut - Pr cut (where fou = 0.03), and the final trimmed jet. To make the figure
easier to read, the area of each cell is proportional to the log of the cell’s pr.
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Figure 6.6: The jet of Fig. 6.5 before (top left) and after (top right) trimming using
a linear scale where a cell’s area is proportional to its py. Also shown in the lower
panel is the catchment area of the jet [126], where the empty black squares indicate
cells that would have been clustered in the final trimmed jet if all cells were given an
infinitesimal amount of radiation. As we will discuss more in Sec. 6.4.4, the jet’s area
has been dramatically reduced, here to around 8% of its untrimmed value.
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Figure 6.7: Dijet resonance reconstruction with and without trimming using the anti-
kr/VR and anti-kr/VR (f, H) algorithms. The algorithm parameters are those that
optimize the A measure of Eq. (6.8), as listed in Table 6.2. The upper curves are
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Figure 6.8: Reconstruction of the resonance mx =1 TeV in gg — X — YY — gggg
with and without trimming using the anti-k7/VR and anti-k7/VR (f, H) algorithms.
The algorithm parameters are those optimized to those that optimize the A measure
of Eq. (6.8), as listed in Table 6.3. The upper curves are fitted to the sum of S(m) and
B(m) from Eqns. (6.6) and (6.7), while the lower curves represent the contribution

of B(m).
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Figure 6.10: Standard model QCD dijet background reconstruction with and without
trimming using the anti-k7/VR and anti-k7/VR (f, H) algorithms and the optimized
signal parameters from Table 6.2.
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Chapter 7

Jets with Variable R

We introduce a new class of jet algorithms designed to return conical jets with a
variable radius R. A specific example, in which R scales as 1/pr, proves particularly
useful in capturing the kinematic features of a wide variety of hard scattering pro-
cesses. We implement this scaling of R in a sequential recombination algorithm and
test it by reconstructing resonance masses and kinematic endpoints. These test cases
show 10 — 20% improvements in signal efficiency compared to fixed R algorithms. We

also comment on cuts useful in reducing continuum jet backgrounds.*

7.1 Introduction

The high energy frontier of particle physics is probed by hadronic collisions where
hard scattering events often result in colored partons. Because these partons undergo
showering and hadronization, one cannot go directly from detector measurements to
the four-momenta of the scattering. Instead, one must cluster hadrons into jets as an
approximation to the short-distance kinematics.

As jets provide an essential window onto hard scattering processes, much recent

!The jet algorithms we describe have been implemented as plugins to the FastJet package [135,
119]. These plugins are available from the authors upon request.
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work has focused on the procedures used to construct them: jet algorithms. Many
fast, infrared/collinear safe jet algorithms have been developed [139, 91, 92, 93, 94,
140, 123]. These algorithms cluster hadrons through different mechanisms (via cones
or sequential recombination) and in different orders (hard to soft, soft to hard, or by
angle). To date, however, all jet algorithms used for hadronic collisions return jets of
constant characteristic size R on the (y, ¢) plane.?

In this paper, we modify existing jet algorithms to cluster with a variable effective
cone size R. To see how this could be useful, consider a resonance at rest in the
lab frame decaying into two partons. To first approximation, the shower of hadrons
resulting from each parton will fall in a circular cone of fixed angular size regardless
of the orientation of the decay with respect to the beam axis. However, a jet algo-
rithm which uses a fixed cone size in (y, ¢) will not reflect this behavior, as fixed R
corresponds to variable angular size. As we will see, this can be remedied by letting
the cone size of a jet vary as

1

R ox —, 7.1
pr ( )

where pp is the transverse momentum of the jet with respect to the beam axis.

Remarkably, this simple modification to the jet cone size finds applications beyond
simple resonance decays, and can be useful in studying more complicated kinematic
structures. The algorithms we present are trivially infrared/collinear safe and are
appropriate for use at hadron colliders since Eq. (7.1) is invariant under boosts along
the beam axis. Moreover, as we will discuss in Appendix C, the fact that jet radii
become larger at lower pr makes these algorithms especially robust against splittings
from detector effects and different showering approximations.

This paper is organized as follows. In Section 7.2, we discuss sequential recombina-

tion jet algorithms, extensions to variable R, and the particularly useful case specified

2Here y and ¢ denote rapidity and azimuth, respectively, while the (y, ¢)-distance between two
particles is (AR)? = (Ay)? + (A¢)%. We will use R;; to refer to the AR distance between objects i
and j.
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in Eq. (7.1) which we call “VR”. In Section 7.3, we quantify the improvement in signal
efficiency by using VR algorithms in three different event topologies: single resonance
decay, multiple resonance decay, and three-body gluino decay. Section 7.4 contains
a discussion of background shaping and jet quality cuts. Section 7.5 contains our
conclusions. Discussions of effective jet radii and VR algorithm parameters can be

found in the appendices.

7.2 New Recursive Jet Algorithms

7.2.1 Brief Review

Modern jet algorithms fall into two general categories: cone-based and sequential re-
combination. We focus on the latter recursive algorithms because their infrared/collinear
safety is easier to prove, although much of the following discussion could be adapted
to cone-based algorithms.

Sequential recombination algorithms begin with a set of four-momenta derived
from detector calorimeter cells and then recursively combine pairs of momenta into
jets. To do this, they take a list of initial four-momenta and assign each pair (i, j)
a “jet-jet distance measure” d;;, while each individual four-momenta is assigned a
“jet-beam distance measure” d;g. At each step, the smallest entry in the set of
d;; and d;p is identified. If the smallest entry is a jet-jet measure, the two four-
momenta are combined into one, their prior distance measures removed from the list,
and a new entry with the sum four-vector is computed. If the smallest entry is a jet-
beam measure, then the corresponding four-momenta is “merged with the beam” and
set aside. The algorithm proceeds in this manner until either all four-momenta are
merged with the beam (an inclusive algorithm) or a predetermined distance measure
deyt 18 reached (an exclusive algorithm). After clustering, an inclusive algorithm

returns the four-momenta merged with the beam whose pr is greater than some
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minimum value, while an exclusive algorithm returns the unmerged four-momenta
(that is, those whose d;p > d.y). Here we will focus on inclusive algorithms because
they are in more widespread use and because not all algorithms have well-defined
exclusive modes.?

It is possible to parameterize the most popular sequential recombination algo-
rithms for use at hadron colliders via [123]

d;; = min [p%,p%".] R?j, dip = p3 R?, (7.2)
where the values of n for particular algorithms are listed in Table 7.1, R;; is the
(y, @) separation between the two four-momenta, and R, is a constant parameter
that determines the characteristic jet size. Roughly, n > 0 clusters soft items first,
n = 0 clusters by angle, and n < 0 clusters from hard particles outward. We will be
particularly interested in algorithms with n < 0, because as emphasized in Ref. [123],
such recursive jet algorithms act much like an idealized cone-based algorithm for

sufficiently negative values of n.

Algorithm ‘ n

kr 0L, 92] 1
Cambridge-Aachen [93,94] | 0
Anti-ky [123] -1

Table 7.1: Parameterization of popular sequential recombination algorithms according
to Eq. (7.2).

At lepton colliders, Eq. (7.2) is usually modified by replacing pp; with the energy
E;, and R;; with the arc length S;; on the (6, ¢) sphere defined by (AS)? = (Af)? +
(sinf A¢)%. This AS measure will be part of the inspiration for the jet algorithms

presented in Section 7.2.3.

3For instance, the anti-kr algorithm [123] assigns smaller d;p to harder jets, so these would be
merged with the beam and not identified as jets if the algorithm were run with a dey.
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7.2.2 Variable R Algorithms

We now generalize Eq. (7.2) so that

diy = min [p7h, p75] R, dip = pri Resr(pri)?, (7.3)

where Reg(pri) is a dimensionless number interpreted as an effective jet radius for
n < 0. Since Eq. (7.3) is invariant to boosts along the beam axis, it is appropriate
for use at hadron colliders. See Appendix C for more detail on the possible choices
for R.g and the restriction to n < 0.

To see why R.g is an effective radius for n < 0, consider the clustering of two

four-momenta ¢ and j. These will only be clustered together if
dij < d;p,d;p. (7.4)

Let pr; > prj. As discussed in Appendix C, in order for Reg to robustly define an
effective radius, we must take d;,z < d;p. Therefore, the four-momenta are clustered
if
dy _ R
dip Reff(pTi>2

<1, (7.5)

which requires the (y, ¢) separation between i and j to be within an effective radius
Reg.

To our knowledge, all current algorithms at hadron colliders use a constant Reg.
Although we will only explore one new algorithm here, in which Reg o< 1/pr, it is pos-
sible to invent new algorithms tailor-made to distinct processes. We leave such exten-
sions to future work, though some guidelines for choosing R.g appear in Appendix C.
In principle, a momentum-dependent effective jet size could be implemented in a
cone-based algorithm, though we expect that the process of finding stable cones (as

is required in SIS-Cone [140]) would be much more complicated.
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7.2.3 Introducing VR Algorithms

We now introduce a particular example of the variable R algorithms described above
which we will denote as “VR”. To motivate this setup, consider a resonance decaying
in its center-of-mass frame. If the resonance decays to two jets, these jets will be
naturally described by circles on the (6, ¢) sphere. This is the setup used to describe
jets at e™ /e~ colliders where the center-of-mass frame is the lab frame. Unfortunately,
the partonic center-of-mass frame at a hadron collider is not fixed, and to maintain
boost invariance one must work with circles in (y,¢). This setup can present a
“Goldilocks” problem in choosing jet radii. If one is forced to use a fixed (y, )
radius, then the cones in the central region will be large in AS, while those in the
forward region will be small. Getting the radius just right will necessarily involve a
tradeoft.

Remarkably, the simplest application of the general jet algorithms described above
can remedy this situation, allowing one to use boost invariant jets with a cone size
reflecting their true size as measured in the resonance rest frame. This new VR

algorithm works by letting the effective radius of a jet go as

“VR” :  Re(pr) = 2, (7.6)
pr

where p is a dimensionful constant.

To see why this captures the desired behavior, again consider the decay of a
resonance into two partons which shower into jets. In the rest frame of the mother
particle, the energy E of each jet is fixed by the mass of the resonance with £ =
Myes. /2. The resulting jets should have roughly the same characteristic angular size
AS, therefore, the quantity EAS is approximately the same for both jets. As we will
now show, fixed EAS is equivalent to Eq. (7.6) to first approximation.

First note that FAS is a quantity that is approximately invariant under both
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transverse and longitudinal boosts. Intuitively, for small angles and in a massless
approximation, the invariant mass of four-momenta is equal to the geometric mean of
their energies multiplied by their angular separation. Since invariant mass is a boost
invariant quantity, so is EAS. More formally, for small angles and in the limit where

rapidity y and pseudorapidity 7 agree,

EAS ~ prAR, (7.7)

where we have used the fact that £ = prcoshn (true for small jet mass) and AS =~
AR/ coshn (see Appendix D). Since pr and AR are invariant under boosts along the
beam axis, so is FAS to first approximation. We emphasize that this is true even for
boosts transverse to the beam axis; just define a new (y, ¢) coordinate system along
the boost axis and go through the same procedure to show that EAS is invariant. The
correction to this argument from finite cluster masses is on the order of mejuster/ Feluster-

Putting this all together, we want build a jet algorithm that captures the fact that
the two jets have constant opening angle in their mother’s rest frame. Since FAS is
approximately boost invariant, this is equivalent to forming jets of constant FAS in
any convenient frame. In particular, in the lab frame we can use Eq. (7.7) to swap
EAS for prAR. Therefore, to get jets of constant FAS, we should choose R.g to
scale like 1/pr as in Eq. (7.6). This defines the VR jet algorithms.

From this logic, we expect the parameter p to be proportional to the typical jet
size measure EFAS, and thus proportional to the resonance mass my... For a more

detailed discussion of the valid parameter range for p, see Appendix D.

7.2.4 Event Topologies with VR-symmetry

The VR scaling of Eq. (7.6) is applicable whenever there is reason to expect all jets

in an event to have the same EFAS in some frame, and we call these events “VR-
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symmetric”. This is certainly the case for a single resonance decay. Less obvious is
that this is true for longer cascade decays; even if a cascade involves many interme-
diate states, it will still be VR-symmetric as long as all jets come from the decay
of resonances with a common mass. VR-symmetry can even be satisfied when there
is no actual reconstructable resonance. For example, the three-body gluino decay
g — 27 + X2 would satisfy the requirement toward the kinematic endpoint. We will
discuss these scenarios in more detail in the next section.

An important example without VR-symmetry is initial state radiation (ISR). Jets
from ISR do not have a preferred mother rest frame and so the VR jet cone scaling is
not appropriate. In the case of resonance production plus ISR, the hardest two jets
will have the VR scaling, but the ISR will not, so in principle, a hybrid VR /fixed-cone
algorithm could have better jet reconstruction performance.* While we will include
ISR in our Monte Carlo simulations, we will only study the hardest jets in an event
for which VR-symmetry is expected to apply.

Now we would like to address a few caveats to the VR derivation in Section
7.2.3. We derived our expression for R.g in the small cone limit. In practice, one
must account for corrections in going to finite-sized jets when choosing reasonable
jet parameters (see Appendix D). Similarly, for low pr the algorithm would return
pathologically large jets, so one is forced to cut off the jet radius at some Ry.y, SO

that

Reg(pr) = min {ﬁ

, Riax | - 7.8
L B (7.5)
For small enough Ry.., Eq. (7.8) effectively defines a kind of hybrid VR /fixed-cone
algorithm as needed for events involving ISR, though in this paper we will not try to

optimize the value of R ..

4Strictly speaking, there is no invariant distinction between jets from a hard collision and jets
from ISR. However, since ISR jets are generally softer than jets from the hard scattering, one
implementation of a hybrid algorithm might involve an explicit pr cutoff below which jets are
clustered with a fixed cone, and above which VR is used.
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As a secondary issue in the VR derivation, we implicitly assumed that jets will
remain circular in R as we boost from the mother rest frame to the lab frame. While
this is true if the boost is only along the beam axis (as is the case for single resonance
production), for more complicated event topologies, the particular shape of a jet will
depend on the orientation of the hard process, and will in general be non-circular.
Our algorithm forms circular jets in (y, ¢) so it will not capture the true jet shape in
more complicated decays. However, unlike a fixed R algorithm, the VR algorithms
do scale the overall jet size appropriately under boosts. Since jets are only conical in
a statistical sense anyway, we do not expect shape distortions to reduce the efficacy
of the VR algorithms.

We can implement Eq. (7.8) in any existing jet algorithm parameterized by Eq. (7.3).
However, as discussed in Appendix C, it is only meaningful to define R.g when n < 0.
Therefore, it does not make sense to apply it to the k algorithm where n = 1. We will
therefore combine it with anti-kr [123] (denoted AKT) and Cambridge-Aachen [93, 94]
(denoted CA), and compare the resulting algorithms, AKT-VR and CA-VR, with the
original AKT and CA algorithms. A summary of the jet definitions used in our study
appear in Table 7.2, and a sample lego plot showing the effects of the VR algorithm

in reconstructing an event can be seen in Figure 7.1.

Shorthand\ n \ Ry

AKT —-1| Ry
AKT-VR | =1 | p/pr

CA 0 Ry
CA-VR 0 | p/pr

Table 7.2: The four jet algorithms used in this study, as parameterized by Eq. (7.3).
For the VR algorithms, we also impose a maximum jet radius as in Eq. (7.8).
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Figure 7.1: The same event reconstructed by anti-kr (left) and its VR modification

(right). Note that in going to the VR algorithm, the high-ps jets (dark blue, green)
have been reduced in size while softer jets (yellow, purple, light blue) have grown. In
this example, only the two harder jets are expected to exhibit VR-symmetry, and the

softer jets are saturating the R,.x = 1.0 constraint.
Here we use Monte Carlo simulations to compare the AKT and CA algorithms with

their VR cousins. We investigate three different kinematic scenarios to see how the
algorithms perform with both large and small jets. We focus only on signal efficiency

in this section, and turn to background rejection issues in Section 7.4.

7.3 Jet Reconstruction Performance

Our signal and background samples have both been generated in Pythia 6.4.14 [121],

Final state hadrons are

with parton-level signal events generated in MadGraph 4.4.5 [120]. We use nominal
grouped into 0n x d¢ = 0.1 x 0.1 calorimeter cells between —3 < 1 < 3 and assigned
massless four-momenta based on the calorimeter energy. These calorimeter cells are

LHC beam parameters (14 TeV proton-proton collisions).

the starting point for the recursive jet clustering.

We use the

FastJet 2.3.4 [135, 119] package for the AKT and CA algorithms,

For

VR algorithms.

and we wrote new FastJet plugins for the AKT-VR and CA

scan the Ry parameter of the

and

I

)

each kinematic scenario, we scan over a range of jet parameters to optimize the jet
algorithm performance. To keep the comparison fair, we limit the maximum effective

R of the VR jet cones using R.x as in Eq. (7.8
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fixed cone algorithms from 0 to Ry.. In the three cases below, we find a universal

improvement in using the VR algorithms over their fixed R cousins.

7.3.1 Resonance Decays Without Background

The simplest test of a jet algorithm is resonance reconstruction without standard
model background. We consider resonances with backgrounds in Section 7.4. Here
we consider the scenario of a color-octet scalar X, of negligible width, in the process
g9 — X — gg.° We scan the jet parameters up to a maximum radius Rp.. = 1.5,
and optimize the parameters to maximize the percentage of events reconstructed in a
narrow mass window (my £ 25 GeV) around the true resonance mass.® The results

of this optimization are shown in Table 7.3 for four different values of mx.

Algorithm [ 500 GeV 1 TeV 2 TeV 3 TeV

AKT — AKT-VR | 18% (0.9,200) 14% (1.0,450) 10% (1.2,1000) 8% (L.3,1500)
CA — CA-VR | 17% (0.9,175) 14% (1.0,400) 7% (1.2,1000) 9% (1.2, 1500)

Table 7.3: Percentage increase in the number of events reconstructed in the mass
window my + 25 GeV for the VR variant over the original algorithm. The numbers
in parenthesis are the optimized parameters for the original and VR variant (R, and
p, with p in GeV) respectively. We see that the effective AR ~ p/mx of the VR
algorithms is comparable to the fixed AR.

The resonance invariant mass plots from this analysis can be seen in Figures 7.2
and 7.3. The results indicate a uniform improvement in going from the original
algorithms to their VR variants: the reconstructed resonances are narrower and taller.
The relatively large cone sizes found in the optimization should not be troubling as
similar results were found in Ref. [132]. The optimized choices of p displayed in
Table 7.3 also make intuitive sense. We expect most of these jets to have a pr slightly

below half the resonance mass, so for p =~ mx/2, Reg will be O(1), close to the

®The X couples to gluons via the operator Tr(XG,,, G*").

6The £25 GeV mass window was chosen by hand to approximate the width of the reconstructed
peaks after showering and hadronization. It is not related to the perturbative resonance width,
which is zero, or calorimeter smearing, whose effects we have not included.
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Figure 7.2: Invariant mass distributions for the X — g¢g resonance decay using the
optimized AKT and AKT-VR parameters in Table 7.3. The distributions have the
same normalization, and the y-axis is in arbitrary units (A.U.). The VR algorithms
yield a better reconstruction, both in the height and width of the resonance.
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Figure 7.3: Same as Figure 7.2 but comparing the CA and CA-VR algorithms.
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optimized value found for the fixed R algorithms. Note that the values of p are
consistent with the discussion in Appendix D.

It is interesting that the improvements offered by the VR algorithms are great-
est for small resonance masses. The reason is that signal degradation can come from
out-of-cone corrections and contamination from the underlying event (including ISR).
For larger resonance masses with high pr jets, underlying event corrections are pro-
portionally smaller, so one need only make the cone size sufficiently large to capture
the bulk of the resonance signal. For smaller resonance masses with low pr jets, the
underlying event corrections are more important, and the VR algorithms do a bet-
ter job balancing the need for large cones to capture the signal against the need for
suppressing contamination.

As a side note, the AKT algorithm does perform better than the CA algorithm,
but by only 1-5% in the cases considered. Thus, the improvement shown by the VR

algorithms is greater than the difference between the two fixed cone algorithms.

7.3.2 Longer Decay Chains

The scenario considered above involved a simple event topology and relatively large
jet cones. Moreover, the jets were only boosted along the beam axis, so we expect
them to be approximately circular in (y, ¢). Here we test a more complex scenario
where the final state is more crowded (requiring smaller cones), and the final state jets
can be boosted along a transverse axis. As discussed before, when jets are produced
in a transversely boosted frame we expect the VR algorithms to capture their scaling,
but not their exact shape. Here we will see that by accounting only for this scaling
we are able to realize significant performance improvements.

We use two color-octet scalars, X and Y, again with negligible width, of mass
myx = 3 TeV and my = 500 GeV, decaying to jets via gg — X — YY — gggg. After

clustering the jets, we optimize the algorithm parameters to maximize the number of
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Figure 7.4: Invariant mass distributions of the heavy resonance X for the X —
YY — gggg cascade decay scenario using the optimized parameters in Table 7.4.
The distributions have the same normalization, and the y-axis is in arbitrary units
(A.U.). These plots are made after insisting that pairs of jets reconstruct the lighter
resonance mass my within 25 GeV.

events where two pairs of jets each reconstruct my within 25 GeV of its true value,
and all four jets reconstruct myx within 50 GeV. Here we limit the maximum cone
size to Rpax = 1.0. The results are shown in Table 7.4. We again see a universal

improvement in reconstruction. The reconstructed distributions for my and my can

be seen in Figures 7.4 and 7.5, respectively.

Algorithm ‘ X —-YY

AKT — AKT-VR | 15% (0.7, 450)
CA — CA-VR | 23% (0.6, 450)

Table 7.4: Percentage increase in the number of reconstructed events for the process
gg — X — YY — gggg. We insist that pairs of jets reconstruct my + 25 GeV,
and that four jets reconstruct myx + 50 GeV. The numbers in parenthesis are the
optimized parameters for the original and VR variant (R, and p, with p in GeV)
respectively.

7.3.3 Three-Body Gluino Decay

As we remarked in Section 7.2.3, we expect the VR algorithms to improve jet re-

construction as long as there is some reference frame in which the jets have the
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Figure 7.5: Same as Figure 7.4 but for the lighter resonance Y.
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Figure 7.6: Invariant mass distributions of dijets in three-body gluino decay for the
optimized parameters in Table 7.5. The distributions have the same normalization,
and the y-axis is in arbitrary units (A.U.). For the chosen spectrum we expect to see
an endpoint at 900 GeV. It can be seen that the VR algorithms fall more sharply

near this endpoint than the fixed cone algorithms.
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same energy and opening angle. Here, we demonstrate a useful application of this
effect with a gluino decaying to a neutralino lightest supersymmetric particle (LSP),
G — q+q+x?. If the intermediate squark is on-shell, then we expect no such reference
frame, as the “upper” and “lower” jets have different preferred mother frames. How-
ever, if the squark is off-shell, then the process is a three-body decay, and the gluino
rest frame is a preferred frame for both jets. Moreover, we expect VR-symmetry to
be enhanced near the kinematic endpoint where in the gluino rest frame, the two jets
are back-to-back while the LSP is at rest. Since gluinos are typically produced with
small transverse boosts in the lab frame, we do not expect large distortions of the jet
shape.

To test our algorithm, we consider the associated production of gluinos with a
neutralino LSP via ff — §+ X and use a spectrum where mg =1 TeV and mgo =
100 GeV. We choose the associated production channel for demonstration purposes
to eliminate the combinatorial confusion present in gluino pair production. To ensure
a three-body decay, we have lifted the squarks out of the spectrum by placing them
at 5 TeV. With this spectrum, we expect to see an endpoint in the dijet invariant
mass distribution at 900 GeV. The more accurate a jet algorithm, the better it
can reconstruct this endpoint. Therefore, we define the measure of reconstruction
performance to be the difference in the number of events reconstructed in 100 GeV
windows above and below 900 GeV. We have optimized this measure with R,,., = 1.5.

The improvement of the VR variants is shown in Table 7.5 and Figure 7.6.

Algorithm ‘ g—q+q+x}
AKT — AKT-VR | 14% (1.2,600)
CA — CA-VR | 7% (1.3,650)

Table 7.5: Improvement, measured as the difference in the number of events recon-
structed in 100 GeV bins on either side of the endpoint, in using VR algorithms to
reconstruct three-body gluino decays. The numbers in parenthesis are the optimized
parameters for the original and VR variant (R, and p, with p in GeV) respectively.
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Figure 7.7: Invariant mass distributions of the QCD dijet background for the AKT
and AKT-VR algorithms, plotted in windows corresponding to the four fiducial reso-
nances. The distributions have the same normalization, and the y-axis is in arbitrary
units (A.U.). The solid (dotted) lines show the background without (with) quality
cuts. The red lines show the original algorithm, and the black lines show the VR
modification. The results are qualitatively similar for CA and CA-VR.

7.4 Resonance Decays With Background

In the previous section, we showed that VR algorithms generically lead to improve-
ments in signal reconstruction for events meeting our VR-symmetric criteria. It is
natural to wonder how the VR algorithms will handle background events. The VR
algorithms have a dimensionful parameter p, unlike their fixed cone counterparts, so
some shaping of the background might take place. However, we will see that this is
not the case when one imposes reasonable jet quality cuts.”

To understand the effect of the VR algorithms on background, we consider the
color-octet resonances previously described in Section 7.3.1 on top of a background of

QCD dijets. We optimize our algorithm parameters to maximize signal significance,

"These quality cuts were not used in our signal-only analysis.
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Figure 7.8: Same as Figure 7.7 but for the resonance signals.

defined as S/ VB, where S and B are the signal and background cross sections,
respectively, in a given mass window. In addition, we remove the enormous low-pr
QCD background by requiring the two hardest jets each satisfy pr > my.s. /4.

Let us first consider the dijet background without any kind of quality cut, as
shown by the solid-lined histograms in Figure 7.7. Here we see significant background
shaping by the VR algorithms: they are taking low pr jets from events with small
dijet invariant mass, assigning the jets large cones, and thus pushing the events to a
higher dijet invariant mass compared to the fixed cone algorithms. Because the QCD
background exhibits a steeply falling distribution in invariant mass, this increases the
normalization of the background in the mass windows shown in Figure 7.7. However,
this problem is not particular to the VR algorithms, and fixed cone algorithms with
large Ry will inevitably increase the background to an analysis by having cones that
swallow soft particles toward their edges.

Such contamination can be effectively controlled by jet quality cuts, which can take
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many different forms. For example, we could place cuts limiting jets to the central
region of the detector. Another possibility would involve systematically subtracting
a four-momentum related to the “catchment area” of a jet [126]. Here, we explore
another approach by requiring the energy- and ppr-weighted jet centers approximately

coincide. In practice, this means imposing

— —

AR(Pg, P,,) <9, (7.9)
where Py and ﬁpT are the energy- and pp-weighted jet centers defined by
ﬁE ZZEM@, ﬁpT = ZpTiﬁu (7.10)

and p; is the massless four-vector of unit length corresponding to the ith calorimeter
cell.

It is reasonable to impose the jet quality standard of Eq. (7.9) because, as dis-
cussed in Ref. [141], we expect jets from a massless parton to have a small, hard
central core. For our analysis we choose § = (0.04,0.025,0.015,0.01) for mx =
(500 GeV, 1 TeV,2 TeV,3 TeV). The result of imposing such a cut on the background
is shown in Figure 7.7. These d values were chosen by estimating the characteristic
size of AR(ﬁE, ﬁpT) for each mass window. We see that this helps significantly in
reducing background. If such a quality cut reduced the signal as much as the back-
ground it would be of no use, but as can be seen in Figure 7.8, these cuts have a
milder effect on the signal than on background, since the signal jets do have hard
central cores. One expects that the § parameter could be optimized to increase the
signal yield, but we will not pursue this possibility here.

Now we employ the quality cuts and present the improvement in S/ VB signifi-
cance by using the VR algorithms. We consider a narrow mass window (mx +25 GeV)

around the resonance as in the signal-only study from Section 7.3.1. The results are
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shown in Table 7.6, and we again see a universal improvement in going to VR. The

jet parameters are comparable to the ones seen in the signal-only study of Table 7.3.

Algorithm [ 500 GeV 1 TeV 2 TeV 3 TeV

AKT — AKT-VR | 19% (0.9,225) 23% (0.9,450) 18% (1.2,1000) 21% (1.3,1500)
CA — CA-VR | 10% (0.8,200) 18% (0.9,450) 15% (1.2,1000) 18% (1.3,1500)

Table 7.6: Percentage increase in S/+/B significance for resonance reconstruction over
background within a fized mass window my 4 25 GeV. The numbers in parenthesis
are the optimized parameters for the original and VR variant (R and p, with p in
GeV) respectively.

While accurate mass reconstruction is important for measuring the properties of a
hadronic resonance, for discovery of a resonance one simply wants to increase S/ VB.
Thus, we also consider a floating mass window, of variable size around my, chosen
to maximize S/ V/B for each jet parameter. That is, we define a mass window from
myx — dm_ to mx + dm,, and optimize S/ VB by simultaneously varying the jet
algorithm parameters and dm4. Results for this study are shown in Table 7.7, with
the optimized mass windows in Table 7.8. The improvement in going from non-VR
to VR algorithms is similar to before, with small discrepancies in the results for
mx = 500 GeV and myx = 3 TeV clustered with AKT. However, the discrepancies
are due primarily to shortcomings in the optimization procedure rather than physical
effects. For mx = 500 GeV, the window that optimizes S/v/B for the non-VR
algorithms is quite large and skewed to lower masses (400 < 515 GeV for AKT,
compared to 470 < 540 GeV for AKT-VR). Similarly, the optimized window for
myx = 3 TeV with AKT is skewed toward higher masses. A more thorough treatment
of background and collider effects would likely prevent optimization with such skewed

windows and restore some of the gains seen in Table 7.6.
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Algorithm [ 500 GeV 1 TeV 2 TeV 3 TeV
AKT — AKT-VR | 10% (0.6,225) 21% (0.9,500) 14% (1.2,1000) 8% (1.4,1600)
CA — CA-VR | 3% (0.6,200) 16% (0.8,450) 11% (1.2,1000) 13% (1.4,1700)

Table 7.7: Percentage increase in S/+/B significance for resonance reconstruction over
background in a variable mass window. The numbers in parenthesis are the optimized
parameters for the original and VR variant (Ry and p, with p in GeV) respectively.

Algorithm ‘ 500 GeV 1 TeV 2 TeV 3 TeV
AKT 400 <~ 515 945 « 1035 1975 <« 2055 2985 « 3065
AKT-VR | 470 < 540 975 < 1045 1965 < 2045 2985 < 3045
CA 400 <= 515 945 « 1025 1965 < 2055 2985 « 3055
CA-VR | 455 < 530 965 < 1035 1965 <> 2045 2985 « 3045

Table 7.8: Optimized mass windows for the results in Table 7.7. All values are in
GeV.

7.5 Conclusion

We have constructed a new class of jet algorithms in which jet radii R become func-
tions of jet pr. Although we have only explored the simplest new algorithm in this
class, the rules described in Appendix C should provide a well-defined sandbox in
which more complicated variants can be explored. Surely undiscovered algorithms
exist within this framework that can further improve jet-based analyses at hadron
colliders.

In this paper, we focused on the simplest variable R algorithm, denoted VR,
in which R scales as 1/pr. Remarkably, this scaling captures the physical size of
jets for many diverse processes. To test this algorithm, we developed a sequential-
recombination implementation using the FastJet [135, 119] package, extending the
Cambridge-Aachen [93, 94] and anti-ky [123] algorithms to VR variants. In the anal-
ysis of single/multiple resonance decays we routinely saw 10 — 20% increases in signal

efficiency when using the VR algorithms. A similar improvement appears in recon-
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structing the kinematic endpoint in three-body gluino decay.

In order to use the VR algorithms in the presence of a significant continuum jet
background, we needed to impose jet quality cuts. We emphasize that these cuts
are useful in and of themselves, and have strong physical motivation, since jets from
hard partons have different substructure compared to jets formed from soft radiation.
After quality cuts are imposed, the VR algorithms outperform their fixed cone cousins
by 10 — 20% in statistical significance.

Given our success in developing a jet algorithm for VR-symmetric event topolo-
gies, one could imagine developing more powerful “designer” jet algorithms to improve
signal acceptance or background rejection for specific physics scenarios. The original
anti-k7 algorithm emphasizes the utility of recursive jet algorithms, since it aims to
return effective cone jets in an infrared/collinear safe manner, allowing for simpler
theoretical calculations and easier experimental calibration [123]. The AKT-VR vari-
ant emphasizes the flexibility of recursive jet algorithms to adapt to different event
topologies. One suspects that by including additional global event data (or even
jet substructure [90, 95, 96, 107, 108] data) in the definitions of d;; and d;p, one
could better extract information about specific hard scattering processes despite the

complicated hadronic environment.
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Chapter 8

Conclusion

Here we will review the motivations for attempting to understand physics at the TeV
scale. We will also summarize the results presented in this thesis, highlighting how
they make progress toward this goal.

As we have discussed, the Standard Model of particle physics has proved remark-
ably robust. Despite a relatively simple field content, it has been able to explain
nearly all the data in particle physics for the past 40 years. Yet, what is perhaps the
most important element of the model, the Higgs boson, has eluded us. Fortunately,
the Tevatron is closing in on the Higgs, and if it fails to find it the LHC almost
certainly will (that is, if it exists). Still, the discovery of a Higgs would not answer
all of our questions about the TeV scale. We do not know why the Higgs is stable at
the electroweak scale when no symmetry of the Standard Model protects its mass. If
electroweak symmetry is not broken by a SM Higgs, then it remains to be understood
what subtleties allow for new physics states, yet pose no conflicts with electroweak
precision data. Furthermore, the identity of dark matter has yet to be uncovered, and
its connection, if any, to the physics behind whatever sets the electroweak/TeV-scale
remains a mystery.

Phenomenology adopts a bottom-up approach to tackling these mysteries. Through
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a combination of model building and the development of clever measurement tech-
niques, it is hoped that the field can deduce the answers to the above questions from
the results of experiments coming online over the next few years. If all goes as planned,
the upcoming decade promises to be a wonderfully exciting time, filled with a rich
interplay as TeV-physics begins to manifest itself at different experiments [142]. This
thesis, in preparation for the TeV-era, attempts to touch on the main topics of interest
at this scale (electroweak symmetry breaking, dark matter) in the various capacities
of phenomenological study (model building, new measurement techniques).

The thesis began, in chapter 2, with an exercise in model building. In this chapter
we saw that little Higgs models, in which the Higgs particle is the pseudo-Goldstone
of a symmetry group with special properties, can be easily endowed with a Zy parity,
making some particles in the theory classically stable and natural candidates for dark
matter. However, just as the axial anomaly in QCD renders the neutral pion unsta-
ble, quantum anomalies from UV fermions can destabilize the dark matter candidates
of little Higgs models. Fortunately, if the UV fermions of a little Higgs theory are
chosen in the correct number and with the correct group structure, then the quantum
anomalies can be removed, stabilizing any potential dark matter candidates. Chap-
ter 2 discussed the rules necessary to achieve this stability, and discusses general
features of models which incorporate them.

Chapter 3 also discussed dark matter, but with a focus on its signatures at direct
detection experiments. Beginning with a model of TeV-scale dark matter coupled
inelastically to SM particles via a GeV-scale hidden sector, the scenario discussed
in this chapter adds a DM Yukawa coupling to the same gauge singlet used in the
NMSSM. This setup has the virtue of naturally explaining why dark matter has the
same scale as the electroweak sector of the SM. Remarkably, this scenario gives a very
distinct recoil spectrum showing features of both elastic and inelastic scattering. If

such a spectrum was eventually measured at a direct detection experiment it would
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be a smoking gun signature for such a model.

At this point, the thesis shifts gears and presents results with more of an emphasis
on collider phenomenology. Chapter 4 introduces a new measurement sensitive to the
Higgs/weak gauge-boson coupling. The primary virtue of the proposed measurement
is its insensitivity to experimental and theoretical uncertainties. Through such a
measurement, one might detect subtle shifts in the Higgs couplings signaling the
effects of new physics, and perhaps giving clues to the mechanism behind electroweak
symmetry breaking.

Chapter 5 continued to focus on collider measurements relevant to electroweak
symmetry breaking. In this chapter a measurement sensitive to the polarization of
the top quark was proposed. Because the top quark has a special place in most
models of new physics beyond the SM, a measurement of its coupling (in particular,
the handedness of its coupling) would provide a clue to the nature of electroweak
symmetry breaking.

Finally, chapters 6 and 7 dealt with jet algorithms. Jet algorithms are system-
atic procedures for taking collider data and grouping all of the measured hadronic
radiation into a set of final states one can compare with calculations of feynman
amplitudes. While these algorithms certainly aid in the search for new physics at col-
liders, they serve a more general role, affecting all measurements of hard scattering
processes with hadronic final states. The two algorithms proposed here are designed
to improve event reconstruction. That is, they seek to more accurately reconstruct
the parton momenta giving rise to the measured final states. To accomplish this, they
adopt two complimentary approaches. Chapter 6 made use of the natural hierarchy
of radiation scales in a collider event to separate out the radiation of a hard scatter-
ing that one is interested in from other, softer, sources which can contaminated it.
Chapter 7, on the other hand, adjusts the size of jets on a jet-by-jet basis to better

account, for pathologies in the geometry used to describe events at hadron colliders.
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It is demonstrated in the text that each of these techniques is capable of improving
event reconstruction on its own, and when combined, the resulting reconstruction is

even better.
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Appendix A

Distinguishing anomalous vertices

through spin measurements

For models without T-parity, the LTP decays quickly to two gauge bosons with a
lifetime of order 107'%s [143]. Such a decay would not leave a displaced vertex. A
measurement of the life-time is therefore very difficult without a precise determination
of the width which may be smaller than the experimental resolution even for the
normal vertex. However, it is possible to distinguish this anomalous vertex from a
normal three gauge-boson vertex through a spin measurement. If reconstruction of
A, is possible, one can form the distribution of the outgoing gauge-bosons, A,., about
the axis of polarization. Since A, carries unit spin, we expect either cos? 6 or sin” 6
distributions, depending on the initial polarization of A ,, where 6 is the angle between
the outgoing bosons and the axis of polarization. For a normal three gauge-boson
vertex we expect a sin? (cos? @) distribution if A, is transversely (longitudinally)
polarized. For the anomalous vertex it is precisely the opposite behavior as is easily
seen by angular momentum conservation in the rest frame of A,. This is summarized
in Table A.1. The initial polarization of A, can be established to be longitudinal if

it is the product of a heavy fermion decay for example. Such measurements should

117



help unravel the anomalous nature of the vertex.

dl'avy
dcost

A, polarization
Regular Anomalous

Transverse sin” @ cos? 6

Longitudinal | cos? @ sin’

Table A.1: The angular distribution of the two outgoing SM gauge-boson about the
polarization axis in the rest frame of the heavy vector-boson is a good discriminant
between the regular three gauge-boson vertex and the anomalous one.
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Appendix B

WZW terms for general G/H chiral

Lagrangians

In this section we will review the motivation for the WZW term (following [144])
and give a prescription for computing it in the general G/H case as detailed in [45].
We will make an effort to keep it as explicit as possible by including normalization
factors, factors of i, and dispensing with the language of differential forms.

WZW terms can be thought about as coming from the requirement of anomaly
matching as given by 't Hooft. Begin by considering a global symmetry G that is
linearly realized by colored fermions far in the UV. Here, one could imagine trying
to weakly gauge G if there was an additional uncolored spectator sector keeping G
anomaly free. As one goes from the UV into the IR and the colored group becomes
confining, the condensate breaks G down to H. The theory’s degrees of freedom
change and G/H is realized non-linearly by Goldstones. Yet, as the fundamental
theory preserves gauge symmetry, so should the low energy effective theory. The
Goldstones must reproduce the anomaly of the confined quarks to cancel the contri-
bution to the anomaly from the spectator sector. Therefore, WZW terms are added

to a Lagrangian in order to reproduce the quarks’ anomalies in the Goldstone sector.
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Before we write down the anomaly terms we should note a distinction that arises
when dealing with anomalies. To calculate an anomaly one must make a choice of
regularization that determines which currents exhibit the anomaly. Regularizing a
theory so that all currents exhibit an anomaly in the same way leads to the so called
symmetric anomaly. Regularizing so that the unbroken subgroup H is anomaly free
leads to the covariant anomaly. In this paper we are interested in the case where H
is an anomaly-free vector subgroup of G. To keep H anomaly free and unbroken we
will be interested in the covariant anomaly. We hope that the following will be useful
for anyone attempting to compute the actual anomalous vertices and note that the
distinction between the symmetric and covariant anomalies does lead to a numerical

difference in the coefficients of such vertices.

B.1 Computation

Chu, Ho, and Zumino [45] give a prescription for calculating the WZW term in general
G/H theories subject to the following conditions: H is anomaly free, reductive, and
74(G/H) = 0. Their formalism is more than what is required for the simple case of
chiral symmetry breaking models, but it would be useful in studying more general

models. They calculate the WZW term to be
1
szw(ﬂ) = —Z/ WaGa(ﬂ', At)dt + B(O) - B(l) (B—l)
0
where the B terms are outside the integral sign and

At,u — efitﬂAueitﬂ' o i((f_)‘uefitﬂ)eitﬂ (B_2>
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Ga(r, A) :#ﬁe’””” Tv [Ta (aMAyapA(, - %@AVAPAU (B-3)

+ %AuayApAa - %AuAyapAg)}

U [1
B(t) = oy T {5 (48,4 = A AL, ) (P + Fih ) (B-4)

Ay AL AR AL i AD A Ay Ay + %Af; Ay, Al Aw}

I P

Above we have defined A" to be the restriction of A to Lie(H), F'" to be the field
strength tensor formed from A", and T, to be a group generator normalized so that
Tr(T,Ty) = 04 In the case of chiral symmetry breaking models it is convenient to

write

tp 0
T = (B-5)
0 t

where t; and t, are elements of the Lie algebra transforming left handed Weyl spinors

under the two product groups.

B.2 Parity in models with chiral symmetry

In this paper we are interested in the case of chiral symmetry breaking where one
Weyl fermion transforms in the N of an SU(N) and the other transforms in the N.

The appropriate generators in this case are

TV = , T4 = (B-6)

121



for vector and axial generators, respectively. Consider the parity on these generators
that takes

vV -1V, T4 > —T4 (B-7)

The WZW term of a chiral symmetry breaking model is odd under this parity. To
show this, take all the terms in Lwzw and divide them into parity even and odd
parts. First consider the terms in GG, from eqn. B-3. Here the generator T}, is in
Lie K, so the remaining generators must contain an odd number of T4 for a given
term to be of even parity. If one makes use of this, combined with the hermiticity of
the lie algebra generators, the cyclic properties of the trace, and the antisymmetry
of the epsilon symbol one can show that the even terms in GG, vanish for models of
chiral symmetry breaking. The proof that Eq. B-4 is odd under this parity proceeds

in exactly the same way.
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Appendix C

Effective Jet Radii

It is important for jet algorithms to be infrared/collinear safe, since this ensures
insensitivity to detector effects and is necessary for meaningful higher order calcula-
tions [145]. Since variable R algorithms are extensions of the jet parameterization
from Eq. (7.2), it is easy to check that they inherit infrared/collinear safety from
standard recursive jet algorithms. However, the purpose of variable R algorithms
is to define jets with an effective radius Reg, and infrared/collinear safety alone is
insufficient to guarantee a reasonable notion of jet radius. Therefore, we will impose
a stronger condition, requiring our algorithms to be “collinear robust”.

We focus our attention on jet algorithms with n < 0, because these algorithms
allow for an intuitive definition of an effective jet radius. To talk about an effective jet
radius (as opposed to simply a characteristic jet size), the jets must be approximately
circular, and the only way to achieve this with a sequential recombination algorithm
is to start with a central core and add on to it. This is achieved for n < 0 because

' The kr algorithm does

clustering begins with the hardest transverse momentum.
not satisfy this condition, since the algorithm clusters from soft objects to hard ones,

and the final shape of a k7 jet is only determined in the last few stages of clustering.

IFor the marginal case where n = 0 (so clustering is by angle), this still works because the hard
center of a jet sees a high concentration of radiation at small angular separation. Strictly speaking,
though, jets formed with n = 0 will have irregular borders.

123



As a result, kp jets assume non-circular shapes, and the notion of an effective radius
is obscured.

Said another way, the R, parameter plays a very different role in the £y and
the anti-kr jet algorithms. While Ry does control the effective size of a jet in both
cases, in the kp algorithm Ry determines whether a soft object should be merged
with surrounding radiation, whereas in anti-ky, Ry determines whether a hard object
should be merged with surrounding radiation. In extending Ry to Reg(pr), we wish
the Reg size to determine the characteristic radius of a jet based on the pr of the
hard central core.

It is useful to consider three degrees of collinear robustness. The weakest of these
demands that the clustering of two four-momenta is controlled by the effective jet
radius of the one with harder py. This ensures that the hardest jets in an event
have well-defined jet radii, and non-circular effects only appear at lower py. Consider
two four-vectors ¢ and j, with pp; > prj. For these two four-vectors to be clustered
together, they must satisfy both d;; < d;p and d;; < d;g. For n < 0, the first
inequality yields

dy I

S ) B-1
dig Res(pri) (B-1)

and R.g defines an effective radius as desired. To make sure that the second inequality
does not affect the clustering and ruin the interpretation of an effective radius, we

require d;p < d;p, which implies

priRet (pri) < prjRes(pr))- (B-2)

This is the requirement for a minimal degree of collinear robustness, and is satisfied
by both the fixed cone and VR (R o 1/pr) algorithms.
A stronger version of collinear robustness is that the jet algorithm should be

insensitive the resolution of the calorimeter. Even if Eq. (B-2) is satisfied, it is possible
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for the jets formed with a fine calorimeter resolution to be different from the jets
formed with a coarser resolution. This can happen, for example, when n = —1 and
Reg o< pr, where the effective jet radius can become comparable to the calorimeter
resolution, and a coarse calorimeter can form a single jet out of two four-momenta
that would not otherwise be clustered using R.g. To guard against this pathology,

one can impose

Reff (pT) > Rcalorimeter (B_B)

for all values of pr. For the VR algorithm, this constraint only applies for very high
pr jets, and in practice is never needed for typical beam energies and calorimeter
resolutions.

The strongest version of collinear robustness requires that a jet algorithm should
be insensitive to macroscopic splittings within the jet radius. This ensures that
reasonable rearrangements of a jet’s substructure do not cause the jet to be recon-
structed differently.? This requires that two four-vectors p; and p; should be clustered
together if they lie with the effective radius defined by the sum four-vector p; + p;.
Again assuming that pp; > ppj, the desired condition is that d;; < d;p whenever

Ri; < Reg(pr(i+s)), which implies a “shrinking cone” requirement

Reg(pri) > Rest(P1(i4))- (B-4)

This is satisfied by the VR (and fixed cone) algorithms, since R.g(pr) is monotonically
decreasing (or constant) as pr increases. Note that Eq. (B-4) implies both Eq. (B-3)
and Eq. (B-2).

We emphasize that these requirements of collinear robustness are not necessary
for the theoretical consistency of the variable R algorithms. From the point of view

of perturbative infrared/collinear safety, there is no singularity associated with finite

2By “reasonable rearrangement”, we have in mind situations where an input four-momenta is
broken down into smaller pieces within the original effective jet radius.
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angle splittings. However, without some version of collinear robustness, the effective
jet radii would be difficult to understand, since the jet algorithm would be overly
sensitive to the precise four-vectors used in the reconstruction. The shrinking cone
requirement of Eq. (B-4) is the conceptually simplest way to enforce collinear robust-
ness, since it does not require defining an Reajorimeter @and is independent of the precise

choice of n.
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Appendix D

Valid VR Parameter Range

Here we discuss the operational range of the jet algorithms discussed in Section 7.2.3.
We are interested in the range of p for which the VR algorithms will correctly reflect
the true jet shape. Note that the following results are only for guidance in choosing
the value of p, and not a strict set of rules.

In deriving the VR algorithms, we made use of the fact that for approximately

massless four vectors, distances in AS were linearly related to distances in AR via
AR ~ AS coshn. (B-1)

Recalling the definition of pseudorapidity 7 in terms of the polar angle ¢

1 do
coshn = et 'd_?? = sind, (B-2)
it is easy to see that locally,
dS? = df* + sin® 0 d¢® = sin® 0 (dn® + d¢?) = sin® 0 dR*. (B-3)

which is equivalent to Eq. (B-1).
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The approximation in Eq. (B-1) is valid as long as

de 1 d*0
—| 2 =An|— B-4
which conservatively implies (taking A¢ — 0)
do| ,|d*0 2
ARS2|—| /|- = : B-
RS ‘dn’/ dn? cos (B-5)

For the VR variants we are considering with R = p/pr, distortions in the jet shape

in going from AS to AR will be sufficiently small when

(B-6)

As a general rule of thumb then, we expect the VR algorithms to correctly repro-
duce the size of jets as long as p < 2pr for most events reconstructed. Because one
must use a cutoff on Reg to remove spuriously large cones, events which violate this
condition are not necessarily grossly incorrect; they will be reconstructed as if by the

CA or AKT algorithms working with Ry,.y.
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Appendix E

Angular Distributions in Decays of

Polarized Tops

Here we collect some results on the energy and angular distributions of daughter
partons in polarized top decay. To arrive at these results we assume the standard
model top decay t — Wb with subsequent W decay W — du, and work at leading
order in the narrow width approximation for both ¢ and W. Then, the squared matrix

element for a polarized top can be written
M o (s - d) (b w) (B-1)

where d, b, and u denote the momentum four-vectors of the respective partons, and
ty+ = p; £ mS contains information about the top polarization through the spin four-
vector S. In the top rest frame, the spin four-vector takes the form S* = (0, §), where
§ is a unit vector defining the axis of polarization. In the narrow width approximation,
and further taking m;, = 0, the energy of the b quark is fixed at E, = (m? —m%,)/2m;
in the top rest frame. The full differential decay rate then depends nontrivially on
two quantities, which we can take to be the down-quark energy in the top rest frame,

E; and the angle of the down quark with respect to the top spin axis, cosfy. The
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Parton b W d u J
K -04 04 1.0 —-03 05

Table E.1: Tree level values for the spin analyzing power k of various top daughters
in top decay. The object j is defined in the text.

differential decay rate can be written

1 dar 12m
T'dEgdcosfy — m¢ +2m$, — 3mi,m?

Eq(my — 2E4)(1 + Py cosby) (B-2)

where P; is the top polarization, —1 < P, < 1 with P, = 1, —1 corresponding to right
and left handed tops, respectively.
These results can be generalized to study the angular distribution of any given

daughter parton i in the top rest frame by writing [146]

1 dI’ 1
Tdoosd, 5(1 + Pik; cos b;), (B-3)

where k; is the spin analyzing power of the parton 7, and cos 6; is the angle that parton
makes with respect to the top spin axis in the top rest frame. The values of x; for
various choices of ¢ are listed in Tab. E.1. The d, which corresponds to the lepton
in leptonic top decays, is maximally correlated with the top spin, with k4 = 1. In
addition to the partonic b, W, u, and d, we also consider an object j, defined to be
the softer of the two light quark jets in the top rest frame. As the d tends to be softer
than the u in the top rest frame, this jet is the d-jet approximately 60% of the time
(147, 148].
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Appendix F

Scattering Amplitudes for
Longitudinal (Gauge Bosons and

Partial Wave Unitarity

For completeness, we will here review the high energy behavior of longitudinal gauge
boson scattering. This will demonstrate why we expect the increase in the scattering
amplitudes for non-SM Higgs couplings. It will also help us establish the partial wave
unitarity bound for longitudinal gauge boson scattering, which is of practical impor-
tance for our simulation. We will make use of the Goldstone equivalence theorem,
which says that the scattering behavior of the longitudinal gauge bosons is the same
as that of the eaten Goldstones, up to corrections of order O(my /E). Note that
while we will only explicitly calculate the behavior of W W; — W, W/, the other
longitudinal gauge boson scattering processes are similar.

We begin with the Lagrangian for the SM Higgs doublet with the additional
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dimension-6 operator we wish to study:

L= i Tr (OH'OH + > HIH) — % Tr (HIH)” + [0Tr (H'H) 0Tr (H'H)]

(B-1)

32 f2

where H = ¢ - o for real fields ¢; (i = 0 < 3) and ¢ = (1,5). The SM Higgs
potential corresponds to ¢; = 0. Expanding around the minima (¢g) = pu/ VA one
finds new derivative interactions proportional to cy. Those relevant to ¢, — ¢ ¢

scattering at lowest order are:

LD —v\hd o — —¢+¢ + (2 (DD) + ¢y b0, 06 + 2u¢,Dp_Oh) + h.c.

(B-2)

2f2

where we have denoted the shifted ¢y field by h and written ¢, in terms of their

charge eigenstates ¢4. Also, note that there is an additional kinetic term for A:

£>3 f2 LLpA (B-3)

so that in going to canonical normalization we must insert a factor of N = 1/1/1 + cyv?/ f?

for every h encountered at a vertex. The tree level amplitude becomes

iN? 2
M(ppp_ — drp_) = —dir+ ZFS - (S—N—mh) (2)\1) + Q_fZS> + (s t) (B-4)

where mj;, = V2 \v. Working in the limit s,¢ > m? we find

C 'U2
M- = or0-) % (1= N9 ) (540 (B5)

which shows the £? growth in the amplitude that we expect. In this limit, the J = 0
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partial wave is:

1 Yy cpv? CHS cyv?
= 21— N? =" (1-N? -
" 1675/8f2( N 4f2>(s+t)dt o (1- 3 (B-6)

Partial wave unitarity is violated when |Re(as)| > 1/2, so the unitarity bound is

saturated when
16702

e = € (1= cp€N?/4)

(B-7)

To stay clear of this limit, we limit ourselves to studying events for which s < 2 TeV
(corresponding to |cxé| < 0.6).
We note that one may gain further intuition into the longitudinal gauge boson

system by considering the parameterization
H = (v+h)e™/ (B-8)

Here we have shifted our field definitions so that the 7 transform non-linearly. In this
language, the relevant terms in the Lagrangian become
A A
LD \/—_hamﬁﬁ_ + 6 (73 (0m_)? — mpm_Omy0m_) + h.c. (B-9)
H e
As before, the kinetic term of h is shifted, so we must add a factor of N at every point
we encounter an h at a vertex. Note, however, that in this case all of the operators
come with 07 terms. Computed in this way, the amplitude M(m 7_ — 7, 7_) shows
the same behavior as Eq. (B-4), as it must, but this is the result of a non-cancelation of
derivatives between the four-point operator and the h-exchange in the ¢ & s-channels,
rather than because of a new vertex.

Using these results we can compare the scattering in the Higgsless case to that of

the case where the Higgs has anomalous couplings. To consider the Higgsless case we
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set cy = 0 in Eq. (B-4) and consider the /s < my, limit using m;, = V2 Av. We find
o 4 2
Ono—higes ¢ |M|” = F(S +1) (B-10)

wheras for the case of a light Higgs with anomalous couplings we find from Eq. (B-5)

2
c
Tanom—higes ¢ |[M|* = ( IZP (s+1)? (B-11)
under the assumption
cué m?
S h B-12
5 > (B-12)

This is how we arrived at Eq. (4.3). For m;, ~ 100 GeV this is true for scattering
at the TeV scale as long as cg& 2 1/10. At lower values of the anomalous coupling
the dominant effect comes from interference effects proportional to s + t instead of
(s+1)2. Thus smaller values of the anomalous couplings have a qualitatively different

energy behavior that of larger values, making them especially difficult to resolve.
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Appendix G

Overview of Jet Algorithms

While a comprehensive review of jet algorithms is beyond the scope of this work
(see [125] for a recent review), here we will provide a short overview so the reader can
quickly gain intuition into subjet techniques.

Jet algorithms can roughly be divided into two categories: cone algorithms, which
function as cookie-cutters to stamp out jets from calorimeter cells, and sequential
recombination algorithms, which build up a jet by merging four-momenta one by one
in a prescribed order. Here we will focus on recombination algorithms.

Each of these algorithms functions by defining a distance measure between every
pair of four-momenta and for each four-momenta individually:

: n n RZ ? n
dij = mm(pQTiapQTj) (Roj) , dip = P%j (B-1)

for jets ¢ and j. If the smallest distance measure at a given stage in clustering is
between two four-momenta they are merged, otherwise the four-momenta with the
smallest d;p is declared a jet and removed from the queue.

The different sequential recombination algorithms are distinguished by value of
n appearing in Eq. (B-1). These values determine the clustering order, whether

one clusters beginning with hard four-momenta, soft four-momenta, or by angle (see
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Algortithm | n | Approximate clustering order
ko 1 soft— hard
C/A 0 near—far (in y-¢)
anti-kr -1 hard— soft

Table G.1: Parameterization and approximate behavior of sequential recombination
jet algorithms.

anti—kT C/A I{ZT

Figure G.1: Approximate clustering behavior of jets for the different sequential re-
combination algorithms assuming p54 > pZ. Note that while we have shown the jets
as being circular, the kr jets can behave in a non-circular, wandering way.

Table G.1 and Fig. G.1). For the subjet analysis at hand, where reconstructing the

softer subjet is essential, we therefore use the kr algorithm which begins by clustering

softer jets, preventing them from being cannibalized by the harder subjet.
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Appendix H

Gauge Mediation in a Model of
Dark Matter

In this scenario we have studied, the singlet S sees SUSY-breaking from the SM and
couples to W/W.. Therefore, in analogy to scenarios of gauge-mediation, S can be
thought of as a SUSY-breaking sprurion and /W, a messenger multiplet. One finds
that the dark gauge group will mediate SUSY-breaking to all states charged under
the it, inducing a soft mass for the scalars and for the dark gaugino.

One finds [149] that the dark Higgses see a soft mass

2 o 93 ’ aj o
~aM? [ Jd ) = %y B-1
" . <167r2) a2 e (B-1)

and the gaugino mass term becomes

2
~ a _
M =~ @Ms = 2OédM5, (B—2)
where
(Fs)
M, = |50 (B-3)
‘ (S)
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