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ABSTRACT

This thesis presents a search for resonant diboson production in the ¢ ¢~ ¢q final state using
20.3 fb~1 of proton proton collision data collected at a center of mass energy of 8 TeV with
the ATLAS detector. No significant excess over the Standard Model expectation is observed.
Consequently 95% confidence level upper limits are set on the cross section times branching
fraction for the production of bulk Randall-Sundrum gravitons and extended gauge model

W' bosons, leading to the exclusion of masses below 740 and 1590 GeV, respectively.
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CHAPTER 1

INTRODUCTION

Asking the question, “What is fundamental?” has been a continuous source of curiosity
and has driven science to innovate in order to discover ever more basic building blocks
of nature. Beginning with the theory of atoms by Democritus and spanning thousands
of years, the pursuit of an answer to this question by great minds including Isaac Newton,
Marie Curie, Enrico Fermi, and Richard Feynman has led to the Standard Model, a quantum
field theoretic description of the interactions of fundamental particles that describes a vast
number of phenomena to great precision. Initially conceived 30 years ago [3]|, the Large
Hadron Collider (LHC) and its experiments aimed to discover, among other things, a key
ingredient to this theory, the Higgs boson. With its discovery in July of 2012 [4], 5], the
Standard Model was yet again vindicated as a successful description of nature and the LHC
was proven to do what it was built to do, discover. Yet even with the discovery of the Higgs
boson, we are aware of a number of observational problems and curiosities not accounted for
in the Standard Model that beg for new physics. And we are confident that if something
more exists within our reach that may lead to a deeper understanding of the fundamental
building blocks of nature, the LHC machine and the experiments instrumented on it, are
capable of discovering it.

With that in mind, this thesis presents a search for, and subsequent constraints placed on,
new physics performed with the ATLAS experiment at the LHC. More specifically, the search
focuses on signatures coming from the s-channel production of massive particles decaying
to pairs of W and Z gauge bosons, either ZZ or ZW, with the subsequent decay of one
Z boson to a pair of charged leptons and the other W or Z boson to a quark anti-quark
pair. Searching for such a diboson signature probes new physics at and past the TeV scale.
However, venturing to such mass scales presents a new set of challenges for the identification
of hadronically decaying bosons. The techniques developed to deal with these new hadronic
final states falls under the name of jet substructure and in the context of this thesis, those
pertaining to boson jet tagging, were investigated and exercised in one of the first searches
of its kind at the LHC.

Although no deviation from the Standard Model expectation is observed, the progress

towards answering the initial question “What is fundamental?” is twofold. First, it vindicates
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the extreme predictive power of the theoretical framework we do have to make predictions of
particle interactions at higher energy scales and constrains what new physics is believed to
exist. Second, it provides an affirmation that new techniques being developed to exploit the
full potential of the LHC as a discovery machine, namely jet substructure, do work and will
allow the proverbial lamp-post under which we are able to explore to shed a broader light.
The content of this thesis is as follows. In Chapter 2, the Standard Model is briefly
reviewed and motivation is given to search for signatures beyond the Standard Model with
pairs of W and Z bosons. In Chapter 3, the LHC and the ATLAS experiment are briefly
described. Chapter 4 presents the techniques of jet reconstruction and jet substructure as
pertaining to boson jet tagging. The search itself is described in Chapter 5 with the results
and constraints on new physics presented in Chapter 6. Finally, a brief conclusion is given

in Chapter 7.



CHAPTER 2

GOING BEYOND THE STANDARD MODEL

2.1 The Standard Model

oth century, the quest to understand the basic building blocks of

During the course of the 2
nature was pursued through the development of a new description of nature at the small
scale; quantum mechanics. Initially proposed by Max Planck as a solution to the ultraviolet
catastrophe, quantum mechanics led the way to the development of what came to be known
as quantum field theory. In turn, guided by experimental results and the principle of beauty
in symmetry, a quantum field theory describing three of the four known fundamental emerged
as the Standard Model.

The Standard Model, a more complete description of which can be found in [6] [7]
but whose salient points are summarized here, is a theory in which interactions between
matter are governed by local principles of symmetry associated with the Lagrangian. In
the Standard Model, there are two types of a spin % matter fields, quarks and leptons.
There are two types of quarks (i.e. up-type and down-type) and two types of leptons (i.e.
charged leptons and neutrinos), each of which come in three families and each of which,
except the neutrinos, has a corresponding anti-matter field. Moreover, each quark possesses
a further property, “color” charge, which can take one of the three values red, green, or
blue. The symmetry principle governing the interactions of these matter fields is composed
of the set of local transformations defined by the group SU(3). x SU(2)r, x U(1)y. This
set of transformations is a set of gauge transformations, meaning that to preserve symmetry
under a given transformation requires the introduction of additional fields, spin 1 gauge
fields, in the Lagrangian which then become associated with new particles. In particular,
the SU(3). gauge group is responsible for the strong interaction and is associated with
eight gluon fields which themselves carry color charge and which mediate the interactions
between colored objects, quarks and gluons. The SU(2);, x U(1)y group together form the
electroweak gauge group which is associated with three fields from SU(2), and one field from
U(1)y. Together, the set of terms containing these fields are combined through electroweak

symmetry breaking as linear combinations of each other that gives rise to the more familiar

W=, Z, and ~ fields.



Provided this set of matter fields and gauge fields, the resulting Lagrangian is composed
of the set of all renormalizabld’] terms that are invariant under this gauge group and Lorentz
transformations. However, with only these components, all particles of the Standard Model
would be massles§’l Therefore, the final component, the Brout-Englert-Higgs mechanism,
prescribes the addition of spin 0 scalar field, associated with the Higgs boson, which acquires
a vacuum expectation value through electroweak symmetry breaking which in turn gives rise
to the masses of the fermions and the bosons. With the addition of the set of all possible
additional terms that can be added due to the introduction of the Higgs field, the Standard
Model Lagrangian is complete.

This mathematical object can be understood as a set of rules governing the possible types
of interactions between the fields within it. The strengths of these interactions are tuned by
experimentally measurable coupling constants that scale the size of each interaction term and
provide parameters in which to perform mathematical expansion that allow for perturbative
calculations of various processes to be made. At the LHC, these probabilities are expressed as
measurable cross sections [/ and can be calculated with increasing accuracy, by adding more
complex subleading terms to the expansion. The somewhat astonishing part is that these
calculations, when compared to the experimentally measured rates as shown in Figure 2.1,

describe these rates to a high level of precision.

2.2 Looking Beyond

Measurements spanning of a wide array of physics processes at the LHC can be described
to great precision through the Standard Model. Nonetheless, a number of reasons exist to
require physics beyond the Standard Model and believe that it is within the reach of the
LHC.

1. Renormalizable means that the details of physics happening at an energy scale beyond the intended
applicability of the theory itself does not affect the ability of the theory to make definite predictions as it
only enters through small contributions to parameters that can be experimentally measured and used as
inputs to the theory.

2. In fact, they would acquire small masses from QCD, but not enough to account for the observed
values [§].

3. Cross sections at the LHC are typically measured in picobarns (pb) where 1 pb= 1073¢ and in a
classical sense can be thought of as the cross sectional area of the proton that, if entering into a collision,
will result in a given process.
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Figure 2.1: Comparison of experimentally measured cross sections in ATLAS to theoretical
prediction for a number of physics processes.

First, it is known from neutrino oscillations [9] that neutrinos, which are taken as massless
in the Standard Model, have mass, albeit very small. Second, the content of the early universe
should naively be symmetrically composed of matter and anti-matter and all processes of
annihilation or creation of matter would need to preserve this symmetry. However, the
observable universe at present is composed overwhelmingly of matter and there exists no
confirmed mechanism within the Standard Model to explain this transition to a state of
asymmetry. Finally, there is overwhelming astronomical evidence for the existence of dark
matter [I0] and dark energy [I1], which together account for over 95% of the energy content
of the universe. Yet there exists no particle description of either of these phenomena in the

Standard Model.



Furthermore, there exists a strong reason to believe that the new physics involved in
explaining these phenomena will manifest itself at the LHC. This arises from the idea of
naturalness which has manifested itself numerous times to guide the discovery of new parti-
cles. It relies on the separation of scales, the basic assumption that a physical theory at one
energy scale will make sensible predictions until some high scale A beyond which the degrees
of freedom in the theory being used are not those at work in nature. In other words, the
theory must be modified to correctly describe these higher energy experiments and in quan-
tum field theory, this is accomplished by introducing new particles. Three past predictions
illustrate the power of this principle very well. The first is the introduction of the positron
due to the breakdown of the calculation of the classical self energy of the electron [12]. The
next is the prediction of the existence of a new particle, the p meson (m, ~ 770 MeV),
at an energy scale less than A < 850 MeV coming from the need to cancel the quadratic
divergence of the prediction of the pion mass difference arising from QED corrections [13].
Lastly, the introduction of the charm quark (m. ~ 1.3 GeV), through the GIM mechanism,
was foreshadowed by the inability to predict the neutral kaon mass difference in a three
quark model and required new physics at an energy scale less than A < 2 GeV [13].

Currently, this idea of naturalness and scale separation arises in the Standard Model
through the calculation of the Higgs boson mass. Due to the combination of loop corrections
from all particles, but primarily the top quark and W bosons, the Higgs mass is quadratically
divergent and predicted to be on the order of the Planck scale (~ 10'® GeV) but it has been
observed at my, ~ 125 GeV. One explanation of this curious separation of scales is that the
couplings of the Higgs boson to the Standard Model particles (i.e. top quark) are “finely
tuned” in the sense that they take values that cause for cancellations to happen that give a
mass of 125 GeV. However, these cancellations would have to involve separate contributions
that each have absolute values of approximately the Planck scale. Therefore, the precision
with which these cancellations must occur is approximately 10716, which is deemed by
many to be unnatural. Explaining this unnaturally large separation of scales between that
at which the the cancellations occur (Planck scale) and that at which we observe the Higgs
boson (electroweak scale) is the way in which the naturalness problems currently manifests
itself at the LHC. Luckily, many extensions of the Standard Model, illustrated on the left
side of Figure [14], that explain the aforementioned problems also offer an explaination

to explain this unnatural hierarchy and require new physics to exist at the energy scale of
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approximately 1 TeV, that being probed by the LHC.
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Figure 2.2: Illustration of the mapping between the space of beyond the Standard Model
theories (left) and the subsequent experimental signature produced at the LHC.

Typically, these models are predicted to manifest themselves as distinctive signatures
(right side of Figure in LHC collisions through the production and decay of new, and
typically massive, particles. Therefore, by performing a signature based search for events
with certain characteristics, events can be studied that likely arise from beyond the Stan-
dard Model physics. The rate of production of such events can then be compared to the
well understood and precise predictions of the Standard Model and deviations from these
predictions can confirm or refute the existence of new physics. However, there is not a one
to one correspondence between models and signatures and in many cases one signature can
result from the existence of multiple possible new physics models. It is therefore efficient to
strategize searches for new physics through classification in terms of the final state signature
used to search for new physics and in doing so cover multiple new physics scenarios.

The classes of signatures are typically grouped based on the types of final state objects
(e.g. leptons, jets, missing transverse energy) and intermediate topologies (i.e. top quarks,
bosons, etc.) from which they originate. One such signature involves the intermediate state
topology of pairs of W and Z bosons (e.g. WW W Z,ZZ) that result from the decay of a
massive s-channel resonance. The final state signature is fully defined by the subsequent
decay of the W and Z bosons which can proceed through either the leptonic channel (7 —
(0=, Z — v, and W — (v) or the hadronic channel (W/Z — qg). The leptonic decay
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mode has the benefit that leptons [f] are well understood physics objects with signatures that
are easily identifiable. The hadronic decay mode, however, has the benefit that the branching
fraction of W/Z to quarks (B(W — ¢q) ~ 68% and B(Z — ¢q) ~ 69%) is much greater
than the branching fraction to leptons (B(W — (v) ~ 10.8%, B(Z — (1{~) ~ 11%, and
B(Z — vv) ~ 20%) due to the three quark color charges. Therefore, choosing to search
for the semi-leptonic final state, in a subset of events containing a real Z — £/ decay and
one decay of W/Z — qq, strikes a balance between these two regimes and is expected to
give good sensitivity to new physics across a broad mass range. In particular, it is expected
that in the intermediate mass range near 1 TeV, where fully leptonic signatures run out of
statistics and all hadronic signatures are still overwhelmed by backgrounds, the semileptonic
final states, of which ¢¢qq is one, will provide the best sensitivity, as shown in Appendix [E]

This single final state signature can be used to search for particles produced in the context
of multiple new physics scenarios. Two specific benchmark models are chosen with which
to interpret the result and determine, in the absence of an excess, the extent to which new
physics is constrained. The first is the production of Kaluza-Klein modes of the graviton
within the context of the bulk Randall-Sundrum framework of extra dimensions. The second
is the production of W’ bosons resulting from a simple extension of the standard model, the

extended gauge model.

2.2.1 The Bulk Randall-Sundrum Graviton

The first new physics scenario covered by this signature is the production of Kaluza-Klein
modes of the graviton (G*), in particular, from the bulk Randall-Sundrum model of extra
dimensions [15] 16]. The bulk Randall-Sundrum model proposes a solution to the previously
mentioned hierarchy problem through the introduction of a single warped extra dimension.
Solving Einsteins equations with the addition of this extra dimension yields the spacetime

metric

ds® = e_2krc‘¢|nwjdx“dxy + r2dg? (2.1)

4. In ATLAS, and in this analysis in particular, a lepton commonly refers to an electron or a muon. This
is because 7 lepton decays, due to their increased mass, leave a very different experimental signature, closer
to that of a hadronic jet and require much greater care in understanding.



which has two free parameters, k and r., representing a common energy scale of the theory
and the radius of curvature of the warped extra dimension, respectively. This extra dimension
provides a bulk separation between two 3 + 1 dimensional branes, on which occur dynamics
at the ultraviolet (UV) scale and the infrared (IR) scale. Through careful analysis of the
Higgs contribution to the Lagrangian in this framework, it can be seen that the vacuum
expectation value of the Higgs on the IR brane, v, is related to that on the UV brane, vg, as

e~kremy,. Apparently large separations in scale at the IR brane are therefore understood

v =
as small separations at the Planck scale that have simply been enhanced when observed at
the lower scale IR brane due to the warping of the extra dimension.

Furthermore, as a result of the warped nature of the extra dimension, the massless
graviton acquires an entire tower of excited states, called Kaluza-Klein modes, that result
from the necessary periodic boundary conditions of the field in the extra dimension, and it
is these states that can be produced and searched for at the LHC. It is necessary to fix two
features of the model in order to specify the phenomenology. The first is the scale of the extra
dimension, which requires specifying values for k£ and r.. The reduction of scale separations
can be achieved for values of kr. ~ 11 which is the value used in this benchmark model. The
only free parameter of the model is therefore the scale k, which is fixed to the Planck scale
by requiring k/Mp; = 1.0 , where Mp; is the reduced Planck mass; %. Also affecting
the phenomenology of the graviton signature is the manner in which the wavefunction of
fields (Standard Model or otherwise) populate the extra dimension, how these wavefunctions
overlap, and in doing so influence their respective couplings. Typically, the massless graviton
is localized near the UV brane and Higgs field and Kaluza-Klein G*excitations are taken to
be localized near the IR brane. Given this condition, if the three flavors of quarks are made
to be localized at difference locations in the bulk space between the UV and IR branes, then
the overlap with the Higgs wavefunction can be tuned to explain the hierarchical nature of
the masses of the three families. In turn, this means that the coupling to the graviton, and
so the massive Kaluza Klein modes of the graviton, will be small. However, the overlap with
the wavefunctions of the longitudinal modes of the gauge boson wavefunctions (Wp,/Z1) can

be large and so provide a striking signature through their final state decay products. There

are two such channels, the G* — WTW ™ and G* — ZZ, the couplings specified through the

5. It should also be noted that the final result is also interpreted in terms of the model with &/ Mp; =05



interaction of the graviton field (h,, 3) with the energy momentum tensor of the longitudinal

components of the W and Z bosons (TXZL’ZL) as
ek?‘cﬂ' o B W2,
Lg~ i 77'u n haﬂTw/ ’ (2'2)

Both of these decays are searched for in ATLAS, but the focus for this analysis is the
G* — ZZ channel.

For implementation in the search, this model is simulated at leading order in CALCHEP
v3.2 [17] with CTEQ6L1 [I§| parton distribution functions and normalized to the leading
order cross section. The produced events are then passed to PYTHIA 8 [19] for parton
showering and hadronization. Because different signal masses produce different experimental
signatures, events are produced with a variety of values for the G* pole mass; from 300 to
1000 GeV with 50 GeV steps, and from 1000 to 2000 GeV with 100 GeV steps. The width
of this signal varies with the pole mass and is 2.8% (5.5%, 6.1%) at a mass of 300 GeV (1
TeV, 2 TeV).

2.2.2  The Extended Gauge Model W'

The second new physics scenario covered by this signature is a result of the sequential
standard model (SSM) [20]. Unlike the Randall-Sundrum model of extra dimensions, the
sequential standard model is not the consequence of a top down solution to a specific, “big”
problem. Although it is inspired by aspects of a strongly interacting Higgs sector, it instead
takes a bottom up approach to predicting new phenomenology expected at the LHC. The
general idea, proposed following the discovery of the W and Z bosons [21, 22], posits the
existence of heavier copies of these particles that possess the same basic properties, referred
to as the W’ and Z’, commonly V. Because the properties are the same, the structure of
the couplings to the Standard Model are identical to those of the standard W and Z, with
possible modifications to the strength of these couplings. For masses below the WIW and W Z
thresholds, fermion couplings dominate, but when this threshold is passed, as at the LHC, the
decay to ZW and WW dominates and increases like M (V')®. This very dramatic increase is
corrected by allowing for mixing between the Standard Model and SSM gauge bosons which

2

results in an overall scaling of the VIWWW and VW Z couplings by a mixing factor of c%%i,
v

where c¢ is a tunable coupling strength, taken to be ¢ = 1 in this search, resulting in what
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is commonly referred to as the extended gauge model (EGM). The interaction term of the
Lagrangian thus takes the same form as the triple gauge coupling in the Standard Model
with one leg being the new W’ boson as

2

w

As in the case of the bulk Randall-Sundrum graviton, the two decays W/ — ZW and
Z' - WTW ™ exist and although both are searched for in ATLAS, the specific final state
signature examined here probes the existence of W/ — ZW.

For implementation in this search, this model is simulated at leading order using PYTHIA
8 with with MSTW20080L0 [23] parton distribution functions. Because the sequential standard
model W', by definition, couples to Standard Model particles with the same strength as the
Standard Model W boson, it is more important to consider higher order contributions to
the total cross section and therefore, next-to-next-to-leading order k factors are applied as
a function of the W’ pole mass. Events are produced for W’ pole masses ranging from 300
to 2000 GeV with 100 GeV steps. The width of this signal varies with the pole mass and is
3.2% (3.6%, 3.6%) at a mass of 300 GeV (1 TeV, 2 TeV).

2.2.83 Previous Searches

Searches such as this, for resonant production of pairs of W and Z bosons in a number
of final states, have been performed previously at both the Tevatron and the LHC, all of
which have resulted in constraints on new physics. At the Tevatron, the DO collaboration
searched for WZ resonances decaying to (vll, fvqq and qqll [24] excluding the extended
gauge model W’ boson between 180 GeV and 690 GeV and the Randall-Sundrum gravitonlﬂ
between 300 GeV and 754 GeV. The CDF collaboration performed similar searches in the
X — WW/WZ — evqq channel [25] and X — ZZ — 0000 0lqq,llvy channels [26]. In
the former, the result lead to the exclusion Randall-Sundrum gravitons below 607 GeV and
W' bosons between 285 GeV and 516 GeV. In the latter, although there was an excess of three

events in the four lepton channel close to an invariant mass of 325 GeV, these data were found

6. It should be noted that the Randall-Sundrum graviton model used to perform these interpretations at
the Tevatron is the original model proposed in [I5], which is different than the bulk Randall-Sundrum model
used in the search described in this thesis. Therefore, a direct comparison to these results is difficult.
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to be consistent with a background fluctuation and so limits were set on Randall-Sundrum
gravitons, presented as limits on production cross section times branching fraction to ZZ and
varied from approximately 0.3 pb at low mass (250 GeV) to 0.04 pb at high mass (1000 GeV).
At the LHC, the CMS collaboration has performed searches for diboson resonances in the
semileptonic channels (WW/WZ — lvqq and ZZ/W Z — (lqq) |27] and the fully hadronic
channel (WW/W Z/ZZ — qqq'q’) |28, both requiring that the ¢ pair be reconstructed as a
single jet and then exploiting jet substructure techniques to improve sensitivity. From these,
the highest mass reach is obtained in the fully hadronic channel which is able to exclude
W' boson masses up to 1.7 TeV and bulk Randall-Sundrum graviton masses up to 1.2 TeV.
The last search of this type performed by the ATLAS collaboration was in the combined
27 — 0000 0lqq channel using 1 fb~1 of data at Vs = 7 TeV [29] and was interpreted in
the context of the original Randall-Sundrum graviton model, not the bulk Randall-Sundrum
model, resulting in a lower mass limit of 845 GeV. Therefore, an update of this search with
a significantly larger dataset and improved analysis techniques will significantly improve

constraints.
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CHAPTER 3
THE LHC AND ATLAS

3.1 The LHC Machine

The Large Hadron Collider [30], located underground at the CERN laboratory near Geneva,
Switzerland is designed to probe the energy frontier at the smallest length scales through
the collision of protons at a maximum center of mass energy of \/s = 14 TeV and luminosity
of L = 1034cm_2s_1 These collisions occur at four interaction points around the LHC
ring, as shown in Figure [3.1] each of which is instrumented with an experiment. Two all-
purpose experiments are designed to study the high luminosity proton-proton collisions.
These are CMS (The Compact Muon Solenoid experiment) and ATLAS (A Toroidal LHC
ApparatuS), which is the experiment used to perform this search. A third experiment, LHCb
(The Large Hadron Collider Beauty experiment), collects luminosity at intentionally reduced
rates to allow for precision studies of b physics and a fourth experiment, ALICE (A Large
Ion Collider Experiment), is designed specifically to study the phenomenology of strongly
interacting matter in heavy ion collisions.

The LHC is a superconducting collider circulating two beams of protons in opposite di-
rections. During the 2012 data taking period, the beam energy was 4 TeV, producing a
proton-proton center of mass energy of 8 TeV. This final energy of a single beam in the LHC
is achieved through a series of accelerating stages. The protons start by being ionized and
accelerated in the LINAC2 (LINear ACcelerate 2) to an energy of 50 MeV. They are then in-
jected into the PS Booster (Proton Synchrotron Booster) which further increases the energy
of the protons to 1.4 GeV. From here, the protons are injected into the SPS (Super Proton
Synchrotron) which increases their energy to 450 GeV and finally into the LHC which com-
pletes the ramping of the energy to the final target energy. Throughout this entire process,
the acceleration occurs through the application of an oscillating electric field in resonant
frequency (RF) cavities that impart energy to the electron in short bursts. Thus, the beam
entering the LHC is not continuous but rather partitioned into “bunches”, with 1380 bunches

circulating in each beam during 2012, each of which contains approximately 115 billion pro-

1. It is further capable of being made to collide heavy ions at a maximum nucleon-nucleon energy of
vsyn = 2.8 TeV and luminosity of £ = 10>"em =251, but these collisions are not directly utilized in this
work.
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tons and are separated by 50 ns, two times the minimum 25 ns bunch spacing that is set by
the frequency of the RF cavities in the LHC; 40 MHz. The two counterrotating beams are
circulated in separate beamlines, but are contained within the same cryogenics system due
to space constraints and so share a common dipole magnetic field used to steer the beams
around the ring. The beams pass through eight straight sections and eight bending sections
during one pass around the machine, continually being focused by quadrupole magnets to
preserve the emittance of the beam. They are brought into collision at the interaction points
of the experiments collecting data with those collisions and provide a maximum peak lumi-
nosity of approximately a few times 1034em =251, The collisions are sustained but slowly
cause the beam emittance, and thus the instantaneous luminosity delivered, to decrease until
after 10-20 hours of continuous operation, the beam is dumped and a new beam is injected.
This period of running constitutes a single fill of the LHC and typically delivers approxi-
mately 100 pb~! of luminosity. During the period of running in 2012, the accumulation of
multiple fills lead to a total of 23.3 fb~! of integrated luminosity delivered to ATLAS, with
detector inefficiencies leading to a recorded luminosity of approximately 21.3 fb~1. This is

the dataset that was analyzed to perform this search.

Overall view of the LHC exeriments.

£
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e

Figure 3.1: A schematic of the Large Hadron Collider and the four experiments (ATLAS,
CMS, LHCb, and ALICE) underneath the CERN laboratory and the surrounding area on
the border of France and Switzerland near Geneva.
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3.2 The ATLAS Detector

The ATLAS detector is an all-purpose particle physics detector designed to operate in a
high luminosity environment and accurately reconstruct proton proton collisions. There
were multiple criteria on which the design of the detector was focused and those criteria that

make this search possible are:

1. High precision measurement of muon momentum to very high energies.

2. High precision and efficient tracking of charged particles for charged particle identifi-

cation and reconstruction.

3. Very good electromagnetic and hadronic calorimetry providing maximum possible fidu-
cial coverage for the precise measurement of electrons, photons, and jets in addition to

the reconstruction of missing transverse energy.

These three criteria by themselves necessitated the construction of the main subsystems
of ATLAS; the inner detector, the calorimeter system, and the muon spectrometer, as shown
in Figure [3.2l These subdetectors are arranged in concentric cylinders and disk shaped
endcaps surrounding the interaction point to provide a nearly hermetic coverage to allow for
full reconstruction of events. A full technical description of these various subsystems and
the manner in which they are integrated is described at great length in [31], but a short
discussion of each is provided here, focussing on the main design features important for this

analysis.

3.2.1 The Inner Detector

The inner detector (ID), shown in Figure , is situated closest to the interaction point
and is primarily responsible for reconstructing the trajectories of charged particles. This
is achieved by instrumenting the space with a number of layers to provide precise spatial

measurements, hits in (r, 7, gb), of passing charged particles that follows helical trajectories

2. ATLAS uses a right-handed coordinate system with the z-axis along the beam pipe. The x-axis points
to the center of the LHC ring, and the y-axis points upward. The pseudorapidity is defined in terms of the
polar angle 6 as n = In(tan(0/2)), ¢ is the azimuthal angle measured around the beamline, and r is the
radial distance from the beamline.
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due to the presence of a 2T solenoidal magnetic field produced by a superconducting solenoid.
Therefore, the primary goal of the inner detector is to provide accurate measurements of these
hits. This is achieved by using three different subdetectors based on two technologies that,
in addition to providing this set of hits, provide measurements that are essential for particle
identification.

The innermost subdetector is the silicon pixel detector. It is composed of silicon detector
modules divided into small regions, pixels, that are 50 ym by 400 gm. When a charged
particle passes through a pixel, electron hole pairs are generated, drift in the applied electric
field and are collected and read out, thus registering a hit. The very small size of each pixel
is necessary in this region for two reasons. The first is to obtain extremely precise spatial
measurements in the (7, ¢) plane and the second is that, due to the high flux of particles

close to the interaction, small active regions ensure that the pixels are not continually busy

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Figure 3.2: Schematic design of the ATLAS detector showing the three main subsystems
(inner detector, calorimetry, and muon spectrometer) and further subdetectors of this con-
struction.
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reading out the signal from previous bunch crossings. These detectors are instrumented in
two configurations. The barrel region consists of three concentric cylinders of these detectors
and more forward regions are instrumented with three endcap layers, providing coverage out
to |n| < 2.5.

Outside of the pixel detector is the silicon strip tracking detector (SCT). The SCT func-
tions based on the same principle as the pixel detectors; a passing charged particle creates
electron hole pairs which drift in an electric field and are collected and read out. The differ-
ence is that rather than being read out with individual pixels that provide a simultaneous
(1, ¢) measurement, the silicon modules are instrumented with many sets of strips, cathodes,
that give a measurement in a single coordinates. Therefore, to obtain a full (7, ¢) measure-
ment, a second detector is instrumented to provide an orthogonal measurement. As in the
case of the pixel detector, two regions are instrumented. The barrel region is instrumented
with four layers (detector pairs) and nine endcaps provide coverage out to |n| < 2.5.

The outermost subdetector is the transition radiation tracker (TRT). The TRT is com-
posed of straw tubes filled with a mixture of xenon gas and C'O9 with a gold plated tungsten
wire held under tension in the center of the tube held at high voltage with respect to the
tube. When a charged particle passes, the gas is ionized and the charge drifts and is collected
by the wire and registered as a hit. This provides a measurement in two dimensions and
can be used to follow tracks originating in the pixel detector and SCT. These straw tube
detectors are, as with the pixel and SCT, arranged in a barrel and endcap configuration for
maximal coverage out to |n| < 2.0. The barrel configuration is instrumented with 70 layers
of straw tubes, aligned along the z direction and making measurements in the (7, ¢) plane.
Each endcap is composed of multiple disks of straw tubes with a total of 140 layers of straw
tubes in each endcap that make measurements in the (z, ¢) plane. In addition to providing
added precision to the measurement of tracks from charged particles, the TRT provides par-
ticle identification handles for discriminating charged pions from electrons. This is achieved
through the measurement of the amount of transitions radiation which, being a function of

the y = FE/ me? of the passing particle, is much smaller for a pion than an electron.
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Figure 3.3: Illustration of the inner detector and its subsystems showing the layout of the
barrel and endcap regions (top) and a more detailed illustration of the radial layout of the
different subsystems in the barrel region (bottom).
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3.2.2  The Calorimeter System

The ATLAS calorimeter, shown in Figure [3.4] is divided into two primary systems, the
electromagnetic calorimeter and the hadronic calorimeter, and is responsible for measuring
the energy of particles with the exception of muons and neutrinos. These measurements are
crucial for both the identification and measurement of electrons and for the measurement
of energy depositions from hadrons used to reconstruct jets. This is accomplished with
three different technologies, all of which are broadly classified as non-compensating sampling
calorimeters, meaning that energetic particles are showered using a dense passive medium
(e.g. lead) and this shower is subsequently sampled with an active medium (e.g. plastic).
However, since the entire shower is not collected, offline corrections are needed that relate
the energy measured to the initial energy of the incident particle.

The electromagnetic calorimeter, responsible for measuring charged particles and pho-
tons, is situated directly outside of the ID and consists of a barrel portion, spanning || <
1.475, and two endcap portions that extend this coverage from 1.375 < || < 3.2. Both
portions consist of a cryostat containing a liquid argon (LAr) bath (active material) and an
accordion like structure of lead (passive material). When a charged particle enters the detec-
tor, it either directly ionizes the LAr or in the case of a hadron, first showers in the lead and
then ionizes the LAr. The electrons produced are then collected on readout cathodes and the
collected charge is measured and calibrated to represent the total deposited energy in that
calorimeter cell. A given cell is defined by the segmentation of the calorimeter, as shown in
Figure 3.5l In the case of the the electromagnetic calorimeter, the full coverage is divided
into three layers longitudinally and each layer is divided laterally by varying amounts, with
0.025x0.025 granularity in the first layer of the barrel. Before this calorimeter system, how-
ever, is a “presampler”, which is a layer composed solely of the active LAr medium and is
responsible to sample the shower created by detector material prior to the calorimeter itself
and provides information used to better reconstruct the energy measurement.

The second calorimeter system is the hadronic calorimeter, which has a barrel and endcap
portion, and is responsible for measuring hadrons that are either neutral, and so do not
interact in the electromagnetic calorimeter, or otherwise produce a shower that extends
beyond the electromagnetic calorimeter. The barrel portion of the system, called the tile

calorimeter, is situated directly outside of the electromagnetic calorimeter and covers the
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region of n < 1.7. It is composed of alternating tiles of iron (passive material) and plastic
(active material) as shown in Figure 3.5 The shower is initiated in the iron tiles and
converted to light by the plastic tiles. This light signal is transmitted via optical fibers to
a PMT that amplifies the signal and converts it to an electrical signal which is read out
and calibrated for each cell. As with the electromagnetic calorimeter, a cell is defined based
on the segmentation of the calorimeter. In the tile calorimeter, this segmentation divides
the subdetector into three longitudinal layers in addition to lateral layers which are roughly
0.1x0.1 in An x A¢. The endcap portion of the hadronic calorimeter, extending coverage
to |n] < 3.2, operates on the same principle as the liquid argon electromagnetic calorimeter,
ionization of active liquid argon, but implements copper plates to promote showering of
hadrons.

Three attributes pertaining to this calorimeter system directly translates into an increase
in physics performance in this search. The first is its ability to stop the outgoing energetic
particles and thus fully contain and measure their energy. For the electromagnetic calorime-
ter, the first quality criteria is characterized by the number of radiation length{’| which ranges
from 20 and 30 depending on 7. For the hadronic calorimeter, this same metric is character-
ized by the number of interaction lengths, which is approximately 7 for the central portion
of the tile calorimeter. These figures are sufficiently high that energetic particles are fully
contained and measured in the calorimeter and the probability of punch through, the escape
of an energetic hadron into the muon spectrometer, is very low. The second is the excellent
energy resolution. Due to the sampling nature of the calorimetry it varies as a function of
energy, decreasing at higher energy due to a larger number of particles being sampled in
a larger shower, and is 0/E ~ 10%/vE @ 0.17% for the electromagnetic calorimeter and
o/E ~ 50V E & 3% for the hadronic tile calorimeter. Lastly, the longitudinal and lateral
segmentation of both systems allows for the calibration of showers from different types of
objects and the measurement of shower shapes for improved particle identification. This is
essential both in the identification and measurement of electrons and the construction and

calibration of topoclusters (described in Section [5.3.4]) used to construct jets.

3. A radiation length is a measure of the thickness of material with respect to the electromagnetic force
in terms of the number of times a charged particle radiates while passing through the calorimeter. An
interaction length is defined similarly, but with respect to the strong nuclear force.
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Figure 3.4: A schematic overview of the subsystems of the electromagnetic and hadronic
calorimeter systems in the ATLAS detector.

Towers in Sampling 3
AQXAN = 0.0245:0.05

,
/\/
43X, /}/?//7/

V74

7

A

N2

4
f
/
A
T

=469
an=g gy

©»

trip towers in Sampling 1

n

Figure 3.5: Schematic designs of the liquid argon electromagnetic calorimeter (left) and
hadronic tile calorimeter (middle). Not shown here is the liquid argon hadronic endcap
calorimeter which is very similar to the electromagnetic calorimeter in design principle, but
using copper as an absorber to stop energetic hadrons.
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3.2.3  The Muon Spectrometer

The muon spectrometer (MS), shown in Figure [3.6] is the outermost subdetector and is re-
sponsible for identifying muons and measuring their momenta. It consists of a toroid magnet
and three layers of tracking chambers, based on four different technologies, to register hits
from passing muons. The principle of operation is similar to that of the ID for reconstructing
tracks but since the magnetic field is toroidal, the induced bending of charged muons oc-
curs in the (7, z) plane. In addition to reconstructing muons offline, specialized components
of the MS provide fast registering of muon hits which is crucial in for the initial trigger
identification of events containing muons.

The four technologies implemented in the MS are resistive plate chambers (RPC), thin
gap chambers (TGC), cathode strip chambers (CSC), and monitored drift tubes (MDT).
All of these technologies operate in a similar way, by collecting charge produced from the
ionization of a gaseous mixture by the passing of a muon. However, the manner in which the
charge is collected is what differentiates the technologies and defines their specific application.
The RPCs, used in the barrel region, collect the ionized charge on two parallel resistive plates
separated by a small gap. This configuration is operated in an avalanche mode that allows
for fast readout, and therefore triggering capabilities. The TGC technology, implemented in
the endcap region, consists of a gap between two conducting cathodes which contains a set
of parallel wires which collect ionized charge. This allows for fast readout for triggering but
can further be used in the reconstruction of muons given the good spatial resolution provided
by the wires. The CSCs, instrumented throughout the muon system, operate in the same
manner as the TGCs but with a reduced spacing between wires. Lastly, the MDTs are
constructed similarly to the TRT straw tubes and are instrumented throughout the system.
This collection of subsystems provide muon triggering and identification out to |n| < 2.7.

Two features of the MS are noteworthy for this search. First, the large radius of the
MS provides a long lever arm over which the muon reconstruction is performed which in
turn leads to increased precision in the measurement of the muon momenta, especially at
large momenta. Second, due to the MS being the outermost subdetector of ATLAS, space
is required for services leading to the calorimetry and ID and therefore there is a gap in the
central portion of the MS that is uninstrumented with RPCs and which leads to a decrease

in the acceptance of muon triggers as described in Section [5.2]
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Figure 3.6: Schematic illustration of the muon spectrometer system in the ATLAS detector,
the main components of which are the detector panels and toroid magnets.
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CHAPTER 4

JETS, SUBSTRUCTURE, AND B0SON TAGGING

4.1 Building Jets

The study of hadronically decaying W and Z bosons requires the reconstruction of final states
involving quarks. However, because the theory of quantum chromodynamics, which describes
the interactions of quarks and gluons, is strongly coupled at low energies, no independent
parton with a net color charge can be independently observed [32]. Therefore, unlike electrons
and muons, which traverse a large fraction of the detector leaving a relatively clean signature
of their presence, a parton emitted from a process can propagate for only a few fermi. The
strong coupling of QCD then causes the parton to readily radiate gluons and create qq pairs
from the vacuum. This process of splitting, called the parton shower, continues as shown
in Figure [33] until the energy scale of the partons approaches Agcp ~ 0.2 GeV. At
this point, the color connections between the low energy partons cause them to condense
into stable hadrons, through the non-perturbative process of hadronization. These hadrons
continue into the detector and are reconstructed as collimated sprays of charged and neutral

hadrons known as “jets”.

)

Figure 4.1: Ilustration of the decay of a W or Z boson to a ¢g pair with the subsequent
dynamics of the parton shower (red and purple lines) and hadronization (gray clusters and
yellow circles) of the hard partons.
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Quantum chromodynamics is a strongly coupled theory and so the Feynman diagrams
that emerge from considering the cascade of a single energetic parton to a jet are intractable
to direct calculation. However, it can be shown that given an n leg diagram (M,,), the n+1
leg diagram (M, ;1) formed by including an additional contribution from a parton splitting

(a — bc), as shown in Figure [1.2] scales as:

1
[Mu1f? ~ 25 CaF () Mol (1.1)

b

C

Figure 4.2: The Feynman diagram representing an n + 1 leg matrix element process M, 41,
build from an n leg process M, and an additional parton splitting.

where z = % is the relative energy of the more energetic parton after the splitting to that
of the initial parton and 6 is the opening angle of the splitting between parton b and parton
c. There are three key features that emerge from this equation that dictate the first order
evolution of jets. The first concerns the function F'(z), related to the abc splitting vertex and
depends whether the vertex is a ggg, qqg, or gqq vertex. For the gqq vertex, this function
is well defined for all values of z but for the ggg and qqg vertices a singularity exists for
an emission of z = 0 or z = 1, meaning that radiation coming from these splittings are
preferentially low energy, “soft”. Second, the 1/6 singularity common to all vertices implies
that splitting are preferentially at small angles, “collinear”. The third key feature is that in
addition to the soft and collinear nature of the splittings, the splittings do not depend on
the azimuthal angle around the axis of propagation of parton a. These three features lead
to the intuition that the resulting hadronization pattern coming from a parton produced in
the matrix element will generally be azimuthally symmetric around the initial direction of
the parton with a hard central core of energy and some amount of less energetic radiation
distributed rather evenly around it.

Indeed, this is the signature that is used to identify jets as collimated sprays of hadrons.

To make this identification, analyses at the LHC typically use a set of infrared and collinear
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safe algorithms called sequential recombination algorithms that take as input a set of all the
objects identified as final state particles p; in an event and produce a set of jets, which are
discrete sets of these initial particles [I]. The generic recombination algorithm requires two
parameters, the constituent-constituent distance d;; and the constituent-bean distance d;p.

The algorithm then proceeds as follows:

1. Calculate the constituent-constituent distance for all possible combinations of particles

in the initial set.
2. For the pair that has the smallest d;; ﬂ compare this distance to d;p.

3. If the d;; < d;g, combine constituents 7 and j into a common constituent by adding

their four vectors and return to step (1).

4. If the d;; > d;p, define constituent 7 as a jet, which may itself be a collection of multiple

constituents from previous combinations.

This process is repeated until the entire set of initial constituents has been grouped
into separate collections, which compose the set of jets in the event. The manner in which
this clustering occurs depends critically on the constituent-constituent and constituent-beam
distances chosen. Three primary choices for these distances are in common use and can be
broadly categorized by
AR;;?

J
2 (4.2)
dip = pri" (4.3)

dij = min(pr;", pr;")

and are distinguished by the choice of n and R. The parameter R roughly corresponds to the
radius of the jet in (7, ¢) space and the choice of n governs the extent to which the momenta
of constituents are taken into account when building the jet. In particular, the choice of
n = 2 corresponds to the “k;” algorithm, n = 0 corresponds to the “Cambridge-Aachen”
(C/A) algorithm, and n = —2 corresponds to the “anti-k;” algorithm.

To gain an appreciation of the extent to which the jets found by these three different

algorithms differ in structure, shown in Figure is an image of the same event clustered

1. The measurement of separation of any two objects in an event, in this case two jet constituents AR;;
used to define the d;; distance, is defined in (7, ¢) to be AR = \/An? + A¢?
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with these three algorithms. The grid roughly corresponds to the size of typical calorimeter
cell segmentation and the different colored regions indicate which cells correspond to the
different jets. It is evident from this that the anti-k; algorithm is advantageous as it defines
jets with structure that corresponds to the physical intuition obtained from the parton
splitting functions, namely that anti-k; jets are circular. Furthermore, they are initially
defined by a constituent pair with high energy, most likely coming from a hard scattering
process, and so are robust against soft radiation. Therefore, the anti-k; algorithm is ideal to
use to define physical objects as proxies for quarks and gluons in LHC collisions.

The other two algorithms, k; and C/A, do not exhibit these characteristics and so are
not used to reconstruct parton proxies. However, the feature that both of these have is that
the order in which the clustering of the initial jet constituents into a final jet occurs follows
an ordering that attempts to mimic that which would be obtained if one were to invert
the hadronization and showering of the final state particle. For the C/A algorithm, the
assumption is made that stable hadrons formed from nearby splittings will be close to one
another and so the ordering is done relying only on the proximity of constituents in (7, ¢).
The k¢ algorithm takes this a step further and relies on the added information that these
final hadrons will be low energy as well, as would be the final state hadrons that cascade
down in energy from the initial hard parton. This feature of defining a physically sensible
reconstruction sequence is of the utmost importance in exploring the internal dynamics of the
jet and providing the tools that allow for jets to be viewed as proxies for not only energetic
partons but also massive objects such as W and Z gauge bosons.

Lastly, it is of great importance to note that all three of these algorithms exhibit the
characteristic that they are infrared and collinear safe. This means that the result of the
algorithm, the set of jets found, is unaffected by the presence of additional soft radiation or
additional collinear splittings in the shower. This radiation may come from actual splittings
in the showering process, which are inherently soft and collinear, or additional pileup colli-
sions. This condition further applies to all observables calculated for these jets including, in
addition to the components of the four vector of the jet, the additional set of observables
described in Section that examine the substructure of the jet and is necessary to allow

for the stable and consistent identification and measurement of jets.

27



Cam/Aachen, R=1

Figure 4.3: From [I]|, the reconstruction of the same multijet event in the (7, ¢) plane using
the anti-k¢, k¢, and C/A jet algorithms for the clustering of constituents. Of note are the
differences in the general shape of the jets built using these different procedures.
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4.2 “Fat” Jets

Due to the high energies at the LHC, regions of phase space are becoming accessible to
measurements where massive objects (e.g. W/Z bosons) are heavily boosted, meaning that
their transverse momentum is several hundred GeV or more. From basic kinematics, the
spatial separation Af between two massless objects, namely quarks, resulting from the decay

of a boosted massive object X

1 M(X)
2(1—2) p(X)
where z is the momentum fraction of higher py decay product. Therefore, for particles with
M(X) ~ 100 GeV (e.g. W/Z) and a momentum of p(X) ~ 300 GeV gives an angular
separation of AR ~ 0.6. In ATLAS, the standard anti-k; jet reconstruction algorithm used

2M(X)
p(X)

Ab(qq) ~ AR(qq) ~ — ARpy,in(qq) ~ (4.4)

to reconstruct partons uses a jet radius of R = 0.4. Therefore, the two jet cones begin to
overlap and the identification of jets associated to individual partons becomes increasingly
difficult and ambiguous. This can lead to difficulties in correctly reconstructing the true hard
collision given that one of these jets may be discarded if it does not pass the experimental
selection requirements placed on jets. Furthermore, from an experimental standpoint, it can
lead to difficulties in understanding the calibration of these individual jets due to topological
dependencies in the calibration and possible associated uncertainties. Therefore, when the
desired final state involves such a boosted object, it is advantageous to view the final state
set of associated hadrons not as belonging to two separate jets but rather to a single jet,
representative of the initial object, the W/Z boson. To fully accommodate the decay products
of the boosted object, the jet radius is thus increased. The extent to which the jet radius
is increased will affect the energy regime at which this merging occurs and is thus process
dependent. Typically, increasing the radius to larger values ensures that the full energy of
the hard decay and associated final state radiation is contained within the jet cone and so
a single W or Z boson can be reconstructed in that single jet, as shown in Figure for a
sample of W bosons. However, pileup collisions contribute to the set of constituents that are
clustered into a given jet and, because energy depositions from pileup are rather uniform in
distribution, leads to an increased affect for larger jet radii.

To counteract the effect of pileup, and better define the jet to be the set of hadrons

associated to a jet requires that the jet not be viewed as a single vector, constructed as the
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Figure 4.4: From simulation, a comparison of the leading jet mass, constructed from topoclus-
ters, described in Section [5.3.4] for a high-pp W boson jet for the Cambridge-Aachen jet
algorithm with R=1.2 and several alternative algorithms and grooming procedures described
in Section [4.3] intended to mitigate the effects of pileup.

vectorial sum of its constituents, but rather the full set of constituents themselves. This set
contains a wealth of information and the study of how to define that set and more carefully
understand and subsequently exploit the properties of it in searches for new physics has
come to be known as the field of jet substructure. The study of jet substructure was first
proposed in the early 1990’s [34] but received little attention until 2008 when it was proposed
as a possible means by which to allow for improvements in the search for H — bb at the
LHC [35]. During the course of Run 1 of the LHC, much attention has been given to
studying jet substructure both from the theoretical standpoint [36] and by the ATLAS and
CMS experiments from the experimental point of view [37-40)]. It has focused on a number of
topics related primarily to the identification of boosted top quarks and boosted W/Z and H
bosons and this thesis contextualizes it as a tool to identify hadronically decaying W and Z
bosons, “boson jets”, for subsequent use in the search for decays of massive, M(X) > 1 TeV,
diboson resonances.

To understand how jet substructure is used to achieve this goal, it can be understood as
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divided into two main pieces; jet finding/grooming and jet tagging.

1. Jet Finding/Grooming : This is the initial step of jet finding where a set of con-
stituents are defined according to one of the aforementioned jet algorithms (k¢, anti-ky,
and C/A) and then certain constituents are removed, groomed away, according to some

criteria to derive a final set of constituents, representative of the heavy particle [}

2. Jet Tagging : This second stage of substructure analysis takes the previously defined
set of jet constituents and forms jet moments, functions of the four momenta of the
constituents, which can be used as discriminating variables to differentiate jets coming

from the decay of a heavy particle from those originating from an energetic parton.

4.3 Jet Finding/Grooming

Following the initial step of jet finding, a jet is defined as a set of four vectors, intended to be
representative of stable hadrons. These hadrons may not all come from the intended target,
the boosted object, and in particular there may be contributions from initial state radiation,
pileup, and multi parton interactions that lead to a degradation of the resolution of the
properties of the jet. Jet grooming is the application of an algorithm intended to recover the
resolution of the jet and better define the constituents as those from the interesting boosted
physics object. There are three main types of jet grooming (splitting and filtering, trimming,
and pruning) which are presently in wide use and from these, five variations are studied in
greater detail for application in this search and for use by other ATLAS analyses using the
identification of boson jets during Run 1 of the LHC [2].

4.3.1 Splitting and Filtering

The first class of jet grooming studied is that of splitting and filtering [35]. The colloquial
name used by the community is that of “BDRS”, representing the initials of the authors of the

paper. The algorithm was initially developed in the context of searching for the associated

2. Note that the removal of a jet constituent can be viewed as a binary decision that weights the four vector
of the constituent with a weight or 0 or 1. Certain types of jet substructure, namely jet cleansing [41], explore
the possibility of the more general approach to simply down-weight the contribution of the constituent. The
study of this is out of the scope of this thesis.
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production of a Higgs boson with a W or Z boson with the subsequent decay of H — bb.
Therefore, it is somewhat focused on fat jets with primarily two-body-like substructure and

is useful for W/Z tagging as well.
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Figure 4.5: From [2], an illustration of the mass-drop / momentum-balance technique utilized
by the BDRS and BDRS-A algorithms for identifying jets with hard substructure. The de-
clustering is performed by running backwards the history of the clustering algorithm, until
it finds a recombination that contains a mass drop (umqez) between the initial jet and the
more massive of the subjets and those two subjets are balanced in transverse momentum
(v/%f)- The BDRS algorithm requires /yf > 30% and jimasr = % The BDRS-A algorithm

requires /yf > 20% and makes no requirement on the mass-drop, pimaz = 1.

The canonical BDRS jet grooming method decomposes jets, formed with the C/A al-
gorithm which provides a clustering sequence which attempts to invert the parton shower
and a distance measure of R = 1.2, works backwards through the clustering steps to search
for hard structure within the large-R jet. The jet J at a given stage of the cluster history

is decomposed into two subjets: j; and jg, as in Figure [{.5 If there is a significant mass
max(m(j1),m(jz))
m(j1+72)

parameter |/yf = %&’pm)A}ﬁ , then the parent jet is presumed to represent a hard

drop, defined as p19 = , and the momentum is balanced, defined with the

decay and the procedure ends by returning this jet and defining the subjet distance scale
R19 in that recombination which will be used in the further filtering stage. In particular, the
choices for these parameters are taken from [35] and are 12 < fmasr = 2/3 and /yf > 0.3.
If the cuts fail then the highest mass subjet is taken as the new parent jet and the procedure
continues. If this iterative splitting stage eventually identifies a boson-like recombination,

the remaining jet constituents are then filtered. The filtering step, illustrated in Figure [4.6]

3. The angular separation of objects 4, j in the (y, ¢) space is defined as AR;; = v/(yi — y;)% + (¢i — ¢;)?.
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attempts to remove the radiation not belonging to the last three subjets in the clustering
process, thus allowing for the two daughters of the hard decay and one hard final state
emission. This is carried out by reclustering the remaining constituents using the anti-k;
algorithm with a distance parameter of Rgypjer = min(0.3, R12/2) where R19 is the angular
separation of the splitting identified in the previous stage. The three hardest subjets found
by this method are recombined and form the final boson-tagged jet. This configuration of
jets has been studied in depth in ATLAS [42] and was found to perform quite well.

The modified BDRS tagger, referred to here as “BDRS-A” and studied to a greater extent
in [43], follows the same procedure as the original BDRS tagger, initially finding jets with the
C/A algorithm and a distance metric of R = 1.2. However, the splitting and filtering process
has three modifications that are intended to be more optimal for particularly high-p7 boson

jet identification, beyond the regime originally studied in [35]. The modification made are

1. The mass drop requirement is removed in the splitting stage as it was found to not
remove any fake QCD jets that would not be removed by the momentum balance

requirement

2. The momentum balance cut is loosened to the value of /yf > 0.2. This ensures that
a larger fraction of signal jets, predisposed to reside at high values of ,/yf, pass the
requirement. Furthermore, QCD jets tend to accumulate along the boundary of this
requirement and so moving it to lower values causes there to be larger separation
between signal and background in this measure which can be used to make a post-

selection requirement.

3. The subjet radius used in the filtering stage is fixed to be R = 0.3 to ensure that very
high-pp, collimated decays will not lead to reclustering with a distance measure finer

than the granularity of the calorimeter.

It is important to note that the loosening of the momentum balance cut will cause a
greater contamination of QCD jets which are not fully decomposed and rejected by the
algorithms. Therefore, it is intended that a selection requirement be made on ,/yf after
the initial splitting stage that is tuned for a given analysis. The effect of not having this
requirement is made apparent when examining the comparison of signal W boson jets with

QCD jets in Figure [£.4] in which the spectrum composed of large R, ungroomed jets has
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been pushed to higher masses and broadened. However, upon applying grooming, the W

boson mass is restored and the resolution improved.

4.3.2  Trimming

The second type of jet grooming studied is that of trimming [44]. Although it is widely
used to study boosted massive objects, the initial motivation to study trimming arose from
working to better reconstruct jets as proxies for hard partons. It is well understood that
in a clean Monte Carlo event, one with no pileup interactions or multi parton interactions
(MPI) obscuring the event reconstruction and in which initial state radiation (ISR) has been
artificially turned off, the reconstruction of jets as parton proxies is benefitted by using
the circular anti-k; algorithm and increasing the jet radius to a value of ~1.0 to capture
the full extent of final state radiation (FSR) from the parton shower. However, the gains
acquired by doing this are washed out when pileup, MPI, and ISR are turned back on. To
mitigate these effect and attempt to restore the jet to its definition that only includes the
final state radiation, an algorithm is employed that attempts to identify uncharacteristically
soft radiation within the jet and remove it. To achieve this, the initial fat jet is reclustered
into smaller subjets using the k¢ algorithm with some smaller subjet radius (Rgypjet). Some
of these subjets are discarded if they are determined to be too soft as shown in Figure [4.6]
The choice of the definition of soft is defined by two parameters, the energy scale of the
process (Ap,q) and the threshold relative to this Ay,.q4 that is considered soft (fcy:). The
definition of Ay,.q was studied in [44] and found that using the initial fat jet pp is an
acceptable choice. Therefore, jet constituents are trimmed away if they belong to subjets
with pp(subjet) < pr(jet) X feut-

The particular implementation of trimming was studied here initially finds anti-k¢, R =
1.0 jets and then applies trimming with feut = 5% and Rgubjet = 0-3. These parameter
choices were determined through extensive studies in ATLAS at /s =7 TeV [42] and were
found to be effective at uncovering hard substructure and stable with respect to varying

pileup conditions.
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Figure 4.6: From [2], an illustration of the filtering and trimming procedures. Filtering
is used here as part of the BRDS and BDRS-A algorithms, each requiring a minimum of
three subjets reconstructed with Ry pjer = min(0.3, AR/2) and Rgypjer = 0.3 respectively.
Trimming is used here with feyr = 5% and Rgypjer = 0.3.

4.3.83  Pruning

The third class of jet grooming that is explored is that of pruning [45]. Unlike split-
ting/filtering and trimming, jet pruning does not rely on reclustering a jet’s constituents
into subjets. Instead, it relies on rebuilding the jet using the sequence that is initially
defined by the jet finding and examining each combination in the building procedure to
remove pileup contributions. As illustrated in Figure 4.7 when a possible jet constituent

combination is determined at a given stage in the sequence for jet constituents j; and jo,

min(pr(j1):pr(2)) ond AR
pr(jit+i2)
are used to identify a given piece of radiation as being attributed to the parton shower and

two parameters are calculated; z = (71, J2)- These two parameters
hadronization of the hard decay of the boosted object, or coming from pileup, ISR, or MPI
which primarily consists of soft, wide-angle emissions. Therefore, for a given stage in the
clustering, two conditions are checked; z < zqy¢ and AR(j1,j2) > deyt. If the pair of jet con-
stituents fulfills both of these conditions, then the softer component is assumed to be from
pileup and is discarded and the jet building proceeds with the remaining set of constituents.
This procedure proceeds until all constituents are clustered into a final pruned jet.

Two versions of this algorithm have been studied by both ATLAS and CMS. The first
begins by finding C/A, R = 0.8 jets with a combination sequence defined with the C/A
algorithm and pruned with dg,+ = m’ / p% and zcyt = 0.1. This is the grooming algorithm
found to perform the best in [40] for the purposes of W-tagging, and has also been used
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Figure 4.7: From [2], an illustration of jet pruning. The re-clustering of the jet constituents
can proceed via either of the C/A or k; algorithms; both are studied here.

by ATLAS for the Q-jets analysis [46]. The second type of pruned jets investigated starts
with C/A, R = 0.8 jets with a clustering sequence redefined using the k; algorithm and then
pruned with de,+ = m? / p% or zeyt = 0.1. This is the variation of pruning that has been

previously studied in detail in Ref. [42].

4.4 Tagging Boson Jets

The identification of boson jets requires using the jet substructure information obtained by
examining additional information from the full collection of jet constituent four-vectors in
ways that probe unique properties of the hard decay of the boson to distinguish it from
the canonical QCD jet described in Section .1} This can be approached by breaking the
problem into two pieces. The first is studying the jet mass, which itself comes from the square
difference between the energy and momentum of the jet and provides a significant fraction of
the discrimination between boson jets and QCD jets. The second step is to probe finer details
of splittings and radiation patterns contained in the jet to find additional characteristics that
can be used as distinguishing handles. Lastly, it is possible to imagine combining all possible
information in a machine learning algorithm to produce optimal results for discrimination.
Extensive studies were performed in [2] using Monte Carlo to determine the optimal
combination of jet finding and grooming along with selection criteria on jet mass and other
substructure moments that give good discrimination power. These studies were performed
using a sample of W boson jets derived from semi-leptonic decays of bulk Randall-Sundrum
gravitons (G*) as G* — WTW ™ — uvqq and compared to a sample of QCD jets derived
from Standard Model production of W-jets with the subsequent decay of W — pv. The G*
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samples used for this study were produced over a wide range of masses to ensure that there
exist sufficient statistics for a wide kinematic range in transverse momentum. These jets
are required to be within 17 < 1.2 to ensure that the full set of jet constituents is contained
within the inner detector and so can be reconstructed as a track jet as well, in order to
define systematic uncertainties as described in Section [5.6.4 To further produce robust
results and allow for meaningful performance comparisons between multiple jet algorithms,
the Monte Carlo based analysis is performed in three kinematic bins defined by the transverse
momentum of the leading C/A, R = 1.2 jet formed from stable truth hadrons (p%mth =
[200,350] GeV, plruth = [350,500] GeV, pLruth = [500,1000] GeV). The comparison of
performance can then be optimized for the kinematic region of a specific search. The general
performance that is obtained is an overall rejection of background QCD jets of greater than
95% for a 50% signal efficiency for the kinematic regime of greatest interest.

However, these optimization studies would be remiss if the Monte Carlo tools used to
model them did not model them well. Therefore, the understanding of the substructure
of true boosted bosons, specifically W bosons is studied in data using a sample of very
high-p7, semileptonic tf events. This sample is initially collected by reconstructing the
leptonic t — Wb — uv + bjet signature and then requiring the event to contain a fat jet
passing the HEPTopTagger selection [47]. When the kinematic region of interest is limited
to p% < 350 GeV, the boosted hadronic top decay contains a “partial merging” where the
W — qq is merged but the Wb system is not merged. This, therefore, provides a relatively
clean sample in which to study the modelling of the jet substructure that eventually is relied
on for sensitivity to new physics signals. The comparison of this sample to a sample of Monte
Carlo events generated at next to leading order with POWHEG ¢t [48] shows that the data
is generally modelled well by the Monte Carlo as in Figures [4.9] [4.11], for the jet mass
and in Figure for a number of jet substructure moments, described in Section

4.4.1 Jet Mass Discrimination

The first, and most powerful handle used to distinguish boson jets from QCD jets is the
jet mass. This arises because of the manner in which jets acquire mass in QCD, through
the emission of soft and collinear radiation, would cause a divergence at M = 0 GeV were

it not for Sudakov form factors in the parton shower evolution that cause this divergence

37



to be removed and the maximum to be shifted to a slightly increased mass. Boson jets,
on the other hand, have an intrinsic hard splitting from the W/Z — ¢g that produces a
mass on the order of the My 7. It was seen in Section that the mass is greatly affected
by contributions to the jet from additional sources of radiation. This causes the mass of
QCD jets to migrate to higher values of mass, thus causing them to appear to be as massive
as boson jets. Second, it causes the mass of the boson jets to increase beyond Myy 7 and
broaden significantly. By applying jet grooming and removing additional radiation not from
the parton shower, two things are accomplished; the peak of the QCD jet spectrum shifts to a
lower value, more consistent with the peak formed from the summation of all soft emissions
from the QCD shower [49], and the boson jet signal is restored to the correct scale and
increases in resolution.

The extent to which these two affects occur depends on the jet grooming that is applied,

as can be seen in Figures [4.10, and [4.12] for the five different jet finding and grooming

configurations described in Section [£.3] To compare the effectiveness for one of these groom-
ing algorithms to reject QCD jets in favor of W boson jets, which is critical in applying
these methods in a search for new physics, the smallest possible window containing 68% of
the signal jets is formed around the most probable value, defined as the maximum of the
probability distribution function of the mass spectrum. The results for the most probable
value, the width of this “optimal window”, and the resulting background efficiency is given
in Table f.I] One important thing to note about this stage of defining a boson tagging
prescription is that some jet algorithms, namely the BDRS algorithm, seems to outperform
the other algorithms over a wide kinematic range. However, as noted before, there is still
information contained in the distribution of jet constituents that can be used to further

discriminate signal and background and this is the next step of determining a boson tag.
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Table 4.1: The most probable value of the signal mass distribution, P is given along with
the upper (U) and lower (L) boundaries of the mass window that contains 68% of W jets
for each jet algorithm. The boundaries of the sliding windows are rounded to the closest

integer in GeV. The fraction of background jets in the mass window, egcp is given with the

binomial statistical uncertainty.

39



g ATLAS Internal Simulation 200 < p?“‘" <350 GeV (x 10*) 8 ATLAS Internal Simulation 200 < p;'“"‘ <350 GeV (x 10%)
£ 107} C/Ajets with R=1.2 +g£§ . £ 107} C/Ajets with R=1.2 +g£s .
—— jets —— jets
L BDRS L BDRS-A
- 10°F 1 350 < pI™" < 500 GeV (x 10°) < 10°F 1 350 < p“" < 500 GeV (x 10°)
@ ™ <1.2 = W jets o m™<1.2 =W jets
9D 445 I 9D 45
= 10°F -=-QCD jets = 10°F -8-QCD jets
© 500 < pI"" < 1000 GeV @ 500 < pI"" < 1000 GeV
E 1ot 8, 5 10 s
(e} jets (e} jets
O
Z10°F ">, Jeom Z 0% 0o, ovoots™ oL
e, ooo00gesfoooools eepottH e ="
2 - B o8y, 2 [ oo O
10 Fand i 2302000 10 A 3832000
1077, l-'- + #, OQ‘}QQ 10 S f* o +¢ OOQQQ
o, - - + ??? 7 P S sooobeg,, - *f Q??
- .ﬂg-ﬁn OO0 oRO000000, no ? [ DD.I w2 =500, i
L i a oo 1 g e Boto
-
10 L - 10717_' e ny .
‘ e . SRR
5 IFRE 5 !
102} i 102
10° 103 L]

10°

Jet Mass [GeV]

0 20 40 60 80 100120140 160 180 200

—_
(=}
©

0 20 40 60 80 1001201401601802

Jet Mass [GeV]

\
00

Figure 4.8: Calorimeter jet mass in signal and background reconstructed with the two split-
ting and filtering algorithms, BDRS (left) and BDRS-A (right). For both, the jet mass is
shown in three p bins for signal (W jets) and background (QCD jets). Indicated on each
distribution is the mass window containing 68% of the signal jets. The distributions are all
normalized to unity and then offset from zero such that the distributions for the different
pr ranges are all visible.
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Figure 4.9: For the calorimeter jet mass with the two splitting and filtering algorithms,
BDRS (left) and BDRS-A (right), the comparison of data to boosted ¢t signal Monte Carlo
preselected with the HEPTopTagger in the regime of 200GeV < pp(reco) < 350GeV. This
sample is chosen such that the hadronically decaying top is boosted to the extent that the
W — qq decay is fully merged, without the full merging of the Wb system.
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(QCD jets). Indicated on each distribution is the mass window containing 68% of the signal
jets. The distributions are all normalized to unity and then offset from zero such that the
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200GeV < pp(reco) < 350GeV. This sample is chosen such that the hadronically decaying
top is boosted to the extent that the W — ¢¢ decay is fully merged, without the full merging
of the Wb system.
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Figure 4.12: Calorimeter jet mass with the two pruning algorithms, C/A-pruning (left) and
k¢-pruning (right). For each algorithm, the jet mass is shown in three pp bins for signal
(W jets) and background (QCD jets). Indicated on each distribution is the mass window
containing 68% of the signal jets. The distributions are all normalized to unity and then
offset from zero such that the distributions for the different p1 ranges are all visible.
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Figure 4.13: For the calorimeter jet mass with the two pruning algorithms, C/A-pruning
(left) and ks-pruning (right), the comparison of data to boosted t¢ signal Monte Carlo pre-
selected with the HEPTopTagger in the regime of 200GeV < pp(reco) < 350GeV. This
sample is chosen such that the hadronically decaying top is boosted to the extent that the
W — qq decay is fully merged, without the full merging of the Wb system.
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4.4.2 Jet Substructure Moments

In addition to the jet mass, a number of jet moments, functions of the jet constituent four
momenta, exist that parameterize the information contained in the full set of constituents in a
way that allows for discrimination between boson jets and QCD jets. Much progress is being
made to develop novel techniques to achieve this goal, develop new types of moments [50-
52], and leverage existing jet moments to obtain optimal boson tagging [53]. For the studies
presented here, a subset of seven jet substructure moments is considered. This is by no
means exhaustive, but provides a first attempt in ATLAS implementing a broad number
of techniques aimed at the same primary goal of hadronic W boson identification. These

moments are summarized below.

e Splitting scale [54] The splitting scale, y/d12, is calculated for a jet (re)clustered with
the k¢-clustering algorithm, and is the k¢ distance between the two proto-jets of the

final clustering step:
Vdi2 = min(pry, pr2) X ARjg (4.5)

The k algorithm combines the hardest proto-jets at the last step of clustering, so v/d12
can distinguish the products of the W boson, which tend to have a symmetric energy

distribution, from QCD jets which are more asymmetric on average.

e Momentum balance [35] The momentum balance, /¥, is defined as the ratio be-

tween the splitting scale defined above, and the jet mass of the final clustering step:

min(pry, pra)
i = DPTLPT) g (4.6)
mi2
e Mass-drop [35] The mass-drop fraction, 9, is also defined at the last step of recom-
bination where two ‘proto-jets’ are combined to form one ‘jet’. 19 is the fraction of

mass carried by the most massive proto-jet:

max(my,mg)

, — max(my, ms) 47
1 = (4.7)
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e Jet width [39] The jet width is the first radial moment in (1, ¢) space weighted by

pr. Symbolically:
w — 2 PTiB iy

> i PTi

where J denotes the jet axis, and ¢ runs over the set of constituents of the jet. Jet

(4.8)

mass and jet width are related, but as a dimensionless quantity the jet width may be

less sensitive to the uncertainties in the overall energy scale.

e Planar flow [55] Planar flow is a measure of how uniformly spread out the energy of

a jet is perpendicular to its axis. Denoted P, planar flow is computed as
P =4 x det(I)/Tr(1)?, (4.9)

where [ is a two-dimensional matrix of momentum correlations defined as I, =
% > pi%]zi’b. The index 7 runs over the set of constituents of a jet and the a, b indices
represent the components of the p of the it constituent perpendicular to the jet axis.
A typical QCD jet is characterized by the planar flow near 1, in contrast to a smaller

value expected for the localized two-prong structure of W jets.

e N-subjettiness [56] The jet shape moment “N-subjettiness” describes to what degree
the substructure of a given jet resembles IV or fewer subjets. The parameter 7y is used

to describe the substructure and is defined as

_ 2 pprpmin{ARy g, ARy, ..y Ry i)’
>k pr(Ro)’

N (4.10)
where the sum runs over the constituents of the jet, p is the momentum of con-
stituent k, ARy j is the azimuth-rapidity distance between subjet axis A and particle
k and R is the characteristic jet radius. The constant [ is an angular weighting
component, set to 1 for this study. While the 7y variables on their own are not partic-
ularly powerful at discriminating the number of hard subjets, the ratios 7py/7ny_71 are
powerful discriminants of jets containing N hard subjets. In this note, /7 is used

to highlight the two-body structure of a jet coming from W decays.
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e Q-jets mass volatility [57] For a jet clustered with a given recombination jet clus-
tering algorithm, the Q-jets technique reclusters the jet many times with a degree of
randomness. Following this, any jet observable, such as the mass, will have a distri-
bution for a given jet. At a given step in clustering, the probability that a pair is

clustered is proportional to

AR2 — AR?.
wij(a) = exp {—a ”A I mm}, (4.11)
min

where the rigidity @ € R controls the level of randomness. A value of o = 0.1 was
optimized in Ref. [46] and adopted in this study. The high mass in W jets tends to
persist during the re-clustering while the mass of QCD jets fluctuates. A sensitive
observable to this trend is the coeflicient of variation of the mass distribution for a
single jet, called the volatility:

m2) — (m)2
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Figure 4.14: The seven substructure moments in W jet (signal) and QCD jet (background)
distributions are shown. In each case, the grooming algorithm shown is that which makes
the best groomer+tagger combination in terms of efficiency and rejection. The shaded band

represents the bin-by-bin statistical uncertainty in simulation.
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Figure 4.15: The seven substructure moments in the comparison of data to boosted tt signal
Monte Carlo preselected with the HEPTopTagger in the regime of 200GeV < pp(reco) <
350GeV . This sample is chosen such that the hadronically decaying top is boosted to the
extent that the W — qq decay is fully merged, without the full merging of the Wb system.
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4.4.8  Optimizing Single Variable Discrimination

By making a selection requirement on a given substructure moment, some level of discrim-
ination can be gained as seen in Figure [£.14 However, there are five different grooming
algorithms and seven different substructure moments, which means the set defined by the
convolution of these two sets is large. To perform this optimization, ROC curves, described
in Appendix [C| are used to rank the performance for a given operating point. The full
evaluation of the performance of the jet finding and grooming algorithm with a substructure

tagging moment must take into account two stages:

1. The effect of the substructure tagging moment €128 to reject QCD jets while accepting

boson jets after a selection on the jet mass.

2. The combined effect of the substructure tagging moment and the groomed jet mass

Groom , (Tag which combines the QCD jet rejection power from both the mass

window e
and substructure selections. This performance metric is obtained by transforming that
determined in (1) by the signal efficiency and background rejection obtained from the
optimized mass window selection. It should be noted that this limits the maximal

signal efficiency to 68%.

Furthermore, two ways for deciding what constitutes the best combined performance are

used in this section.

1. For each substructure moment, identify the jet grooming algorithm that gives the
greatest background rejection at a fixed 50% signal efficiency for the grooming -+

tagging combination.

2. For each jet grooming algorithm, identify the substructure moment that gives the
greatest background rejection at a fixed 50% signal efficiency, again for the grooming

+ tagging combination.

These two different approaches are complementary in the conclusions they provide and
the results are shown in Figures [£.16], [4.17], and for the three different kinematic regimes
studied. For most of the working points, the difference between the best few algorithms
is very small, at the level of a few percent and with the full inclusion of systematic uncer-

tainties it is likely that the performances of the best algorithms will be equivalent within
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these uncertainties. An understanding of the uncertainties is therefore important because in

analyses dealing with very large backgrounds, even a difference in background rejection of a

few percent is worth pursuing.
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4.4.4  Multivariate Boson Discrimination

All substructure variables are constructed from the energy and angular separation of jet
constituents, and are thus correlated. Furthermore, they all attempt to parameterize the
substructure information in different ways and so it is worth pursuing the possibility of
exploiting these correlations in a multivariate combination to gain maximum sensitivity.
Such attempts have been made previously [58] and found the gains to be minor compared
to expected uncertainties associated with the variables in question.

To determine the extent to which this conclusion holds for the approaches taken here,
the linear correlation matrices are examined for three of the grooming algorithms under
study (BDRS, Trimmed, and C/A-pruned), after applying the mass window requirement
determined in Section [£.4.1] By comparing these correlations in signal and background,
it is possible to understand what first order correlations would likely be exploited in a
multivariate analysis. Here the correlation factors between pairs of variables are calculated
as their covariance divided by the product of their standard deviations:

cov(x,y)

p=—" (4.13)

O Oy

These correlation matrices are shown in Figure The correlation matrices of BDRS-
A and ks-pruned jets are similar to BDRS and C/A-pruned jets, respectively, within 10%
variation. The pp dependence of the correlation matrix is also within 10% variation. Some

selected observations from these matrices can be made:

e Width and y/dj2 are highly correlated to jet mass.
e Planar flow is highly correlated to 71 and anti-correlated to /djo.

e The mass-drop, j19, is highly correlated with planar flow and 791 in C/A jets but not

in anti-k; jets.

e The Q-jet volatility, vjets, is weakly anti-correlated with most of the variables, so it

could be effectively used in combination with other taggers.
e The correlation of 791 to /¥y and p12 in C /A jets is reduced after pruning.

e The mass-drop, p19, is anti-correlated to jet mass, /dj2 and width, and is correlated

with 719 and planar flow in W jets.
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e The correlation is weaker in QCD-jets and even smaller in the C/A-pruned jets.

e All substructure variables under study are weakly correlated with the number of re-

constructed primary vertices, Ny, indicating a weak pileup dependence.

The most important general observation, however, is that the correlations between sub-
structure variables are too similar in signal and background to be expected to give significant
gains in performance when combined through machine learning. This points to the fact that
although the substructure moments are unique in definition, the aspects of the substructure
in the parton shower that they are exploiting are common at some higher, more abstracted
level. More effectively probing this full wealth of information using multivariate techniques
in terms of conventional approaches and the techniques of shower deconstruction [59] are

both active areas of work in ATLAS.
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Figure 4.19: Linear correlation matrices for variables the range 200 < pp < 350 GeV for
the leading jet, after the dynamic mass window cut for three of the jet algorithms studied.
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CHAPTER 5

THE SEARCH

In designing a signature based search, careful thought is given to the unique characteristics
that distinguish the signal from the background. In this case, the signal is the s-channel
production of a massive new particle (i.e. G* or W’) that decays to a pair of gauge bosons
as shown in Figure with one Z boson decaying leptonically and another W or Z boson
decaying hadronically. The full signature for which this search is designed is therefore X —
Z 4V — U+ qq (with V = W, Z). The particular beyond the Standard Model particle,
X, ranges from M(X) = 300 GeV to M(X) = 2000 GeV. This particular range is chosen
because of the possible final states to which the W and Z bosons can decay. For masses below
300 GeV, there are sufficient statistics available in the all leptonic channels (ZZ — €00'¢
and WZ — (vl'{') which have greater mass resolution when reconstructing the final state
and therefore greater sensitivity to resonant excesses. For masses above 2 TeV, however,
the presence of the leptonic branching in the semi-leptonic mode causes for the number of
events in the final state to significantly decrease. Therefore, the all hadronic decay mode
(ZZ/WZ — qqq’q’) dominates in sensitivity above this point. In this intermediate mass
range, however, the semileptonic decay mode benefits from both the increase in statistics
from the hadronic W/Z boson decay in addition to the cleanly measured dilepton system.
The mass splitting between M(X) and M (W, Z) immediately indicates that the final
state objects can have large transverse momenta, large “boost”. The extent to which the
objects are boosted splits the search into two natural categories, based on the topology
of the hadronic decay of the W or Z boson. For M(X) < 1 TeV, it is likely that the
quarks from this decay will be well separated and be resolved as two independent jets in the

calorimeter. However, for M (X) > 1 TeV, the back-to-back decay in the rest frame from

Z w

A Z

Figure 5.1: Example Feynman diagrams for the bulk Randall-Sundrum graviton decaying to
a pair of Z bosons (left) and an extended gauge model W’ decaying to a W Z pair (right).
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the W or Z boson occurs in a heavily boosted (pp ~ 400 GeV) lab frame and so the parton
showering and subsequent hadronization of the partons will be less distinguishable. It thus
becomes advantageous to apply the techniques of jet substructure, described in Section
to reconstruct the entire W, Z system as a single jet and distinguish the resultant jet from
those coming from processes involved QCD jets. Once the subset of events representative of
an X = Z+V = U+ qq — U+ jet+ jet and X — Z+V — U+ qq — U+ FatJet are
identified, the mass spectrum of the new particle can be reconstructed as the invariant mass
M (00 + jet + jet) or M(¢0+ FatJet), and by examining the spectrum of these events, it can
be determined whether a resonant excess appears in the data. To achieve this goal, multiple

steps are taken that are summarized as:
1. Trigger on events containing leptons; electrons or muons.
2. Reconstruct a high-pp Z — ¢¢ decay.
3. Reconstruct a high-pp W/Z — jet + jet or W/Z — FatJet decay.

4. Reconstruct the M (€0 + jet + jet) or M (¢l + FatJet) invariant mass spectrum and

search for a resonant peak excess over background indicative of new physics. [']

5. In the event that no excess is present, set limits on the cross section times branching

ratio of o(pp — X) X BR(X — ZZ, ZW)

5.1 Data Collection

The data sample used in this search was collected during 2012, while the LHC was operating
at /s = 8 TeV. Over the course of the year, the LHC delivered 23.3 fb~1 of integrated lumi-
nosity with an average of 21 interactions per bunch crossing. Of this luminosity, 21.3 fb~!
was recorded by ATLAS, the difference being due to detector inefficiencies. The evolution
of the accumulation of this recorded data is shown in Figure 5.2 However, for any number
of reasons pertaining to faulty detector operations (e.g. power failures), not all portions of

the data are useable in the analysis and events recorded during these portions of data taking

1. The shape of this excess is process dependent, but in general somewhat Gaussian with a width that
varies between 20 GeV and 150 GeV depending on the signal pole mass. More details can be found in

Appendix E}
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are vetoed, leading to a final dataset amounting to 20.3 fb~! that was used for the search.
Of this dataset, further event vetoes are applied to known events during which calorimeter

systems experienced serious problems, or the recorded data was known to be corrupt.
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Figure 5.2: Record showing the accumulation of integrated luminosity during the course of
2012 data taking.

5.2 Trigger

One of the challenges of producing data through collisions at a rate of 40 MHz in the
LHC is determining which events to write to offline storage for more careful analysis. The
decision chain that makes this choice is called the trigger. The trigger in ATLAS is composed
of three levels; a level one, hardware based trigger that is based on calorimeter or muon
spectrometer information which seeds a level two trigger, and then an event filter software
based trigger which implements successively more precise algorithms that are closer to offline
reconstruction algorithms. The trigger philosophy of ATLAS is to implement general purpose
triggers that can be used by a number of analyses. Therefore, the triggers used in this analysis
are focused on detecting the presence of leptons from the Z — ¢/ boson decay, for which
there are two separate chains; one for electrons and one for muons.

In the case of electrons, the level one trigger uses a sliding window algorithm to scan
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the calorimetry for electromagnetic showers with a total energy above the noise threshold
of the calorimeter and high enough to sufficiently reduce the frequency at which events are
triggered to a manageable rate. These regions of interest are then sent to the level two
trigger which combines information from the tracker to reduce the trigger rate. Lastly, the
event filter trigger defines selection criteria that closely resemble the offline selection quality
of electrons selected as in Section [5.3.1} In particular, events are recorded at this stage if
there is a single electron with an energy of at least 60 GeV passing a medium set of quality
criteria, a single isolated electron of energy of at least 24 GeV passing the same medium
set of quality criteria, or a pair of electrons, each having an energy of at least 12 GeV, and
slightly looser quality criteria. Further details concerning the implementation of the electron
triggers can be found in [60].

The trigger chain for muons proceeds by initially searching for coinciding hits in muon
chambers in dedicated hardware that uses the position of the coincidence hits to estimate
the muon momentum. The level two trigger and event filter proceeds similarly to that of the
electron trigger by implementing fast muon reconstruction algorithms in a region of interest
defined by the level one coincidence. The final set of criteria that determine if the muon
trigger is passed and an event used in analysis is the presence of a single muon with at least
36 GeV of transverse momentum being required to pass a set of tight quality criteria, a muon
with at least 24 GeV of transverse momentum that is isolated from other activity and passes
the same set of quality criteria, or a pair of muons, one with at least 18 GeV of transverse
momentum passing the same quality requirements and another muon with at least 8 GeV of
transverse momentum. Further details concerning the implementation of the muon triggers
can be found in [61].

The figure of merit determining the extent to which the triggers used to record events for
a given analysis are performing well is the trigger efficiency. This is defined as the ratio of
events that pass all offline selection criteria, except the trigger, to those passing the offline
selection and the trigger. For the electron channel, this is greater than 99% across the mass
range of the search. For the muon channel, this is approximately 92%, due to the geometrical
acceptance of the muon spectrometer used to determine a positive level one muon trigger,
80% in the barrel, which is low due to the presence of services for the calorimetry and inner

detector.
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5.3 Physics Object Reconstruction and Selection

In order to reconstruct events used in the search, it is necessary to identify signatures in
the detector that are consistent with the presence of well understood particles coming from
the hard scatter event. These signatures are abstractly called physics objects, of which
there are three types used in this analysis; electrons, muons, and jets. The ATLAS detector
was designed such that combinations of subsystems can be used to make a measurement of
three components of the four-vector of an object, and in the case of jets, its constituents as
well, with the full four vector being reconstructed assuming the mass of the particle being
measured. In addition to making this basic measurement, ancillary information is extracted
that pertains to the quality of the measurement performed and the quality of the physics
object that was reconstructed. This information is essential in identifying and rejecting
instances of “fakes” where a different type of particle or a detector malfunction causes the

reconstruction algorithms to detect the presence of a physics object.

5.3.1 FElectrons

Identifying and measuring electrons is crucial to this analysis to accurately reconstruct the
Z — ee decay and provide an initial handle to significantly reduce the large multijet back-
ground and identify signatures of possible new physics. To do this effectively, information
is used from the inner detector to reconstruct the track of the electron and from the liquid
argon calorimeter, which stops the electron and measures its energy. This reconstruction be-
gins by using a sliding window algorithm with a window of 3 x 5 in units of 0.025 x 0.025 in
(n, ¢) space to reconstruct electromagnetic clusters. Inner detector tracks are then matched
to these clusters by extrapolating the fitted track and declaring a match if an EM cluster
is within |An| < 0.05 and A¢ < 0.05, with a loosened A¢ < 0.1 matching on the external
bending side of the track to allow for possible bremsstrahlung. After initially finding the set
of electrons, the EM cluster measurement is refined by modifying the cluster to account for
the differing detector geometry and the track is refit using a Gaussian sum filter [62] that
fits tracks under the assumption of bremsstrahlung radiation during the propagation of the
electron to more accurately model its path. The energy (E), transverse momentum (p),
and pseudorapidity (n) are then defined using the following prescription to ensure that the

measurement is made using the most accurate pieces of information available
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e The electron energy is measured from the calorimeter cluster energy. This measurement
is then scaled by calibrations determined from Z — ee decays, in data and smeared in

Monte Carlo to match detector resolution.

e [f the electron track has less than 4 combined SCT and pixel hits, then the pseudo-
rapidity is taken to be the calorimeter cluster pseudorapidity. Otherwise, the track
pseudorapidity is used. This avoids problems with TRT-only tracks for which there is

non measurement.

e The transverse momentum is defined as the energy divided by cosh(n).

This set of reconstructed electron objects is then required to pass the following require-
ments to select good quality electrons and reject fake electrons coming from misidentification

of hadrons.

e Veto the electron if the cluster measurement is categorized as poor quality based on

the quality of the energy measurement in the cells associated with that cluster.

e Consistency with medium electron quality criteria optimized for the 2012 data taking
period that take advantage of the LAr calorimeter segmentation to construct shower

shapes that are used to identify electrons.

e To ensure that the electron comes from the hard scatter of interest, the electron track
must have a longitudinal impact parameter (|zgsinf|) along the beam axis less than
0.5 mm from the primary vertex. In addition, the transverse distance of closest ap-
proach in the z-y plane to the primary vertex divided by its uncertainty (JE{%)) must

be less than 6.

e The sum of transverse momenta of tracks with pp > 1 GeV surrounding the electron
track in a cone of radius 0.2 divided by the electron pp must be less than 0.15. The
sum of transverse energy of calorimeter cells surrounding the cluster associated with
the electron in a cone of radius 0.2, accounting for leakage into the cone from the central
core and for pileup contributions, divided by the electron E7 must be less than 0.3.

Both of these are calculated as the ATLAS standard isolation variables for electrons.
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e For non-isolated electron pairs with AR(ee) < 0.2, the isolation variables are calculated

with the dilepton isolation algorithm explained in Section [5.3.3]
e Transverse energy Fp > 25 GeV.

e Pseudorapidity |n| < 2.47, excluding electrons in the region of 1.37 < |n| < 1.52 which

is uninstrumented with liquid argon calorimetry due to the presence of service cables.

The electron objects reconstructed in Monte Carlo simulated events do not fully repro-
duce the reconstruction and identification efficiencies and energy resolution measured in
data, which itself does not necessarily measure electrons at the correct energy scale which
is observed through the measurement of the Z — ee mass peak. Therefore, a number of
corrections are applied to the electrons. The first is an electron energy scale correction made
to electrons in data and a smearing correction to electrons reconstructed in Monte Carlo to
match the energy resolution in data. These two corrections are primarily measured using
samples of J/W — ee and Z — ee events and validated using measurements comparing the
track momentum to calorimeter energy in the higher statistic W — er samples. The recon-
struction efficiency scale factors, defined as the ratio of reconstruction efficiency in data and
Monte Carlo, is measured using the “tag and probe” method described in [63] with the same
type of Z — ee, J/¥ — ee, and W — ev events. These correction factors for the medium
quality electrons are determined in bins of 17 and are within a few percent of unity.

In the future there will be a combination of multiple searches for resonant diboson pro-
duction, and to allow them to be combined statistically, exclusive selection are made based
on the number of leptons in the final state. Therefore, in addition to identifying the two
leptons coming from the Z — ee decay, it is necessary to identify any additional electrons
produced in the hard scatter and veto such events. The veto electron definition is similar
to the signal electron definition but with slightly loosened criteria to produce a conservative

veto that ensures exclusivity between individual channels. These modified requirements are:

e No veto due to the quality of the measured electron
e Lower transverse energy requirement, £ > 20 GeV
e Looser requirement on longitudinal impact parameter, |zgsinf| < 2.0 mm

e No calorimeter isolation requirement is applied.
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5.3.2 Muons

As with electrons, the proper reconstruction and measurement of muon objects used to
reconstruct the Z — pp decay is very important in this second primary channel of this
analysis. However, because muons are minimum ionizing particles, they are not stopped in
the calorimeter system as is the case for electrons. Rather, they traverse the entire detector
and leave only small deposition of energy in each layer. These depositions are used to
reconstruct the muon object as a track using information from both the inner detector and
the muon spectrometer and in some cases the calorimeter system [61].

The procedure used to perform this reconstruction is to reconstruct tracks independently
using ID-only and MS-only information. These two sets of tracks are then roughly matched
in (1, ¢) space and any possible matched track candidates are further combined using the
procedure described in [64] which compares the full set of track parameters with the co-
variance matrix to parameterize the uncertainty, and returns a single ID+MS track whose
parameters are a statistical combination of both sets of information. Other procedures exist
in ATLAS that use only partial information and using these algorithms can lead to increases
in overall signal reconstruction efficiency of the order of a few percent. However, using muons
reconstructed with the single combined algorithm results in the selection of muons with the
lowest level of misidentified muons.

After reconstructing an initial set of muons as matched tracks, the quality of the muon
is ensured to be high by making the following requirements on the track information of the
ID and MS.

A hit on the innermost pixel detector layer hit if one is expected based on the overall

track fit.

The sum of the number of pixel hits and the number of dead pixel sensors traversed

by the muon track must be greater than or equal to 1.

The sum of the number of SCT hits and the number of dead SCT sensors traversed by

the muon track must be greater than or equal to 5.

The sum of pixel and SCT track holes must be less than 3.

A high quality TRT track if the muon track falls within the n acceptance of the TRT.
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Defining N7 pt as the sum of the number of TRT hits and the number of TRT outliers,
the following TRT hit conditions must be satisfied: If the 7 of the muon track is within
0.1 < |n| < 1.9, then Nppp must be greater than 5 and the fraction of the number of
TRT outliers must be less than 90%. If |n| < 0.1 or || > 1.9 and Ny > 5, then the
fraction of TRT outliers must be less than 90%.

e To ensure that the momentum is consistently measured between the muon spectrometer

(MS) and inner detector (ID), the ¢/p measurements in the two detectors are required

|(¢/P)ms—(a/p)p
oC
muon charge, and p is the momentum of the muon.

< 5, where o¢ is the combined ¢/p uncertainty, ¢ is the

to satisfy

e To ensure that the muon comes from the hard scatter of interest, the muon track must

have a longitudinal impact parameter |zgsinf| less than 0.5 mm and the transverse

impact parameter significance 0|Eic?o|) less than 3.5.

From the group of muon candidates that satisfy all of these requirements, the following

quality selections are applied:

e p1 > 25 GeV where pr is the combined muon track pr.
o |n| <2.5.

e The sum of transverse momenta of tracks with pp > 1 GeV surrounding the muon
track in a cone of radius 0.2 divided by the muon pp must be less than 0.15. The sum
of transverse energy of calorimeter clusters surrounding the muon track in a cone of
radius 0.2 divided by the muon pp must be less than 0.3. This requirement is made to

reject jets that may contain a semi-leptonic B-meson decay

e For non-isolated muon pairs with AR(uu) < 0.2, the isolation variables are calculated
with the dilepton isolation algorithm explained in Section and the same cut values

on the isolation variables are used.

The muons in Monte Carlo simulated events do not fully reproduce the reconstruction
efficiency and pp scale and resolution measured in data using J/¥ — pup, T — pp, and
Z — pp events. Therefore, the pp of a muon candidate derived from the initial track fitting

procedure is corrected. Both the ID and MS tracks are smeared and the result is propagated
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to the combined muon pp measurement [65]. Furthermore, to account for mismodelling in
reconstruction efficiencies, event-by-event weights are applied to the Monte Carlo to correct
for these that are 1.0 to within the percent level [61].

Similar to the electron case, the veto muon, used to reject events that may contain three
or more real leptons is defined using the same criteria for signal muons except with looser

selection criteria to ensure that the veto is more conservative. These loosened criteria are:
e Lower transverse momentum pp > 20 GeV,
e Loosened impact parameters |zgsinf| < 2.0 mm,

e No calorimeter isolation is applied.

5.3.83  Dilepton Isolation

For signal resonance masses above M(X) ~ 1.6 TeV the opening angle of the two leptons
from the decay of the Z — (¢ decay starts to become smaller than the isolation radius of
AR = 0.2 due to the boost of the Z boson and leads to a significant loss in acceptance above
this mass because the leptons start to enter the isolation cone of each other. To mitigate this
effect and improve the acceptance for events with boosted Z bosons the concept of isolation
is extended to dilepton objects. The basic idea of the dilepton isolation is to subtract the
energy of the second lepton if it falls into the isolation cone of the first lepton, and to apply
the isolation criteria to the isolation variables for both combinations of the leptons in the
pair {l1,ls},{l2, 1 }. Taking into account this modification of isolation in a boosted dilepton

topology, there are three types of isolation criterion that are applied:

Sk (AR(( track)<0.2
. Iso%a(:k g it 1(76 rack)<0.2) < 0.15 (PtCone) : The sum of transverse momenta
T

of tracks with pr > 1 GeV surrounding the electron or muon track in a cone of radius

0.2 divided by the lepton pp must be less than 0.15.

S Edtuster (AR((,cluster)<0.2
° 180(2:%[0 — T ( lg%C uster) )

energy of calorimeter clusters surrounding the cluster (track) associated with the elec-

< 0.14(0.3) (EtCone) : The sum of transverse

tron (muon) in a cone of radius 0.2 divided by the electron Ep (muon py) must be
less than 0.14 (0.3). In the case of electons, this energy is corrected for electron energy

leakage from the electron cluster core and pile-up contributions.
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] ptrack (A 2)— ) )
° Dileplw%ac’c T R(gl’ZaCkko )P .15 (Di-lepton PtCone) : This re-

Pr
quires a pair of leptons (¢ and ¢9) and deems the lepton pair to be isolated if both

leptons pass the nominal PtCone isolation criterion where the sum of transverse mo-
mentum in the isolation cone is corrected by removing the contribution from the second
lepton. Note that the equation above is only for lepton 1 and also must hold for lepton
2.

These criterion are applied in three different scenarios, defined based on the separation of

the two leptons selected with all criteria except isolation.

o If AR(¢¢) > 0.25 : Apply EtCone isolation and PtCone isolation.
o If AR(¢¢) > 0.2 : Apply PtCone isolation but not EtCone isolation.

o If AR((/) < 0.2 : Require Di-lepton PtCone isolation on the lepton pair but not

EtCone isolation.

Shown in Figure [5.3| is the 2D plane of lepton separation and the calculated PtCone
variable for an M(G*) = 2 TeV graviton sample. It can clearly be seen that in the case
of the PtCone being calculated in the nominal ATLAS way for traditional lepton objects,
nearly all of the cases where the leptons become separated by less than AR < 0.2 cause
for the isolation to fall in the region that is rejected by the quality requirement imposed in
the analysis. However, when the dilepton prescription is applied, nearly all of these events
migrate to the region accepted and the real Z — ¢¢ can be reconstructed.

The affect of applying this dilepton isolation criteria is a marked increase in acceptance
in the very high mass region as shown in Figure 5.4 As expected, the biggest increase is
seen at the highest masses where the separation of leptons is smallest, with increases in
reconstruction efficiency between 30% and 50% depending on the lepton flavor and mass.

This translates into a direct improvement in the sensitivity to new physics in this region.
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5.8.4 Jets

As described in Section [ jets are intended as proxies for strongly interacting particles
involved in the short distance physics that manifest themselves as a collimated spray of
hadrons in the experiment. As a result, the signature of a jet is that of multiple charged
tracks in the inner detector pointing to many energy depositions in the electromagnetic
and hadronic calorimeter. Because the input to any of the jet building algorithms previously
described would ideally be the truth hadrons, it is necessary to define a set of physics objects
which approximate the properties of those hadrons. Understanding what lies behind this set
of inputs is important for the calibration of jets. Two such sets of objects are commonly

used in ATLAS; tracks and topoclusters.

e Tracks : As with electron and muon reconstruction, tracks are constructed as helical
fits to the set of inner detector hits. Using tracks has many benefits including the
much finer spatial resolution between tracks compared to the energy depositions in the
calorimeter and the ability to use tracks to point back to the origin within the bunch
crossing from which it came and thus be used to determine whether a given hadron
came from the hard collision or a pileup collision. However, given that the hadron
content is primarily pions (7Y, 7%, 77) only approximately 2/3 of the energy content
of the jet is carried by the charged component and so jets measured using tracks
have properties that are biased with respect to jets reconstructed using calorimeter

information.

e Topo-Clusters [66] : Topoclusters are the primary object used to identify hadronic
energy depositions in the calorimeter. They are three dimensional groups of cells in the
electromagnetic and hadronic calorimeter that are built with an iterative procedure
intended to reduce the affect of noise in the calorimeter. The procedure starts by
identifying seed cells whose energy is greater than four times the noise threshold for
that cell. The surrounding cells that are found with energy greater than two times
the noise threshold are then added to the group. This continues until all such cells
are added to their respective groups. Lastly, the surrounding cells, regardless of their
energy, are added to the group. Given that the second stage of clustering may cause
multiple true hadrons to become clustered into a single group, a procedure was designed

that splits groups of cells that have multiple local maxima. The resulting groups of
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clustered and (possibly) split cells constitute the set of topoclusters. The benefit of
topoclusters are twofold. The first is that, unlike tracks, the full set of constituents is
recorded. The second is that, given both the lateral and longitudinal segmentation of
the ATLAS calorimetry, a set of characteristic shower shapes can be used to determine
calibrations that reduce the offline size of the calibration correction necessary to restore

jets to the truth particle scale.

For a wide majority of cases in this analysis, the inputs for jet finding are topoclusters.
Using topoclusters, two types of jets are built. The first set are small-R jets, which are
identified as physics objects representing energetic partons and are hereafter referred to
as j. These are constructed with the anti-k; jet algorithm with distance parameter R =
0.4. However, because the hadronic calorimeter is a non-compensating calorimeter and
because the Monte Carlo does not exactly model the scale of the jet energy in date, multiple
corrections are made to correct for these effects. This process involves a correction for the
offset of the true collision location from the detector origin, a pileup correction based on
the measured energy density produced by pileup on an event-by-event basis, a Monte Carlo
based jet energy scale correction that brings the initial measurement into agreement with
the truth particle scale, and an in-situ correction from data based on dijet, y-jet, and Z-jet

balance [67]. After this calibration, the jets are required to pass the following set of criteria:

e Reconstructed within [ngys| < 2.1, where ngs is measured with the centroid of the

EM energy deposition defined before any energy correction is applied.
e Transverse momentum of pp > 30 GeV after the full jet calibration.

e These jets must satisfy a set of quality criteria intended to reject jets due to calorimeter

spikes, coherent noise, and non-collision backgrounds.

e Satisfy the jet vertex fraction (JVF) cut of |[JVF| > 0.5 for jets with pp < 50 GeV.
The jet vertex fraction is defined as the ratio of the summed track pp originating from
tracks associated to the jet coming from the primary vertex to the total summed track
pr for all tracks associated to the jet. Jets originating from the hard scatter generally
have values close to 1 while jets from pileup collisions have values close to 0, and it

can thus be used to reject jets from pileup.
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The second set of jets, large-R jets as described in Section [4.2] are identified in this anal-
ysis as physics objects representative of W/Z bosons that undergo a hard decay to a ¢q pair
which subsequently showers and hadronizes. To build these physics objects, topoclusters are
formed into jets using the C/A jet algorithm with a distance parameter of R = 1.2. The jets
are then split and filtered using the BDRS-A algorithm to identify the two-body substruc-
ture of the boson decay coming from signal and remove the effect of pileup contamination.
It was found that for the purposes of this search the Monte Carlo calibration produced a
response that was sufficiently close to unity that no offline calibration need be applied ]
and systematic uncertainties are assigned that cover the residual deviation from unity in
the jet response. The reconstructed jets are then required to pass the following kinematic

requirements:

e Reconstructed within |n| < 1.2. A more restrictive requirement is made on the pseu-
dorapidity for large-R jets because of the method used to derive the systematic uncer-
tainties, described in Section that uses information from the tracker. Thus, to
ensure that the full jet of radius R = 1.2 is contained within the tracker, which extends

to |n| < 2.5, it is necessary to restrict the center of the jet to |n| < 1.2.

e Transverse momentum of pp > 100 GeV.

These two sets of jets are used to reconstruct what are intended to be W/Z — ¢q decays.

5.4 Optimizing Sensitivity

The goal of searches for new physics is to be as sensitive to new physics as possible. This is
achieved by two means. The first is rejecting events that are characteristic of background in
favor of signal and the second is by understanding and reducing the uncertainties associated
with reconstruction, background estimation, and the signal modelling.

In this search, the first of these goals is achieved by using Monte Carlo modelling of

the resonant signal processes and the dominant backgrounds that may hide this signal to

2. Unlike small-R jets which primarily seek to measure the jet energy only, the substructure of large-R
jets is essentially performing a measurement of correlated information. Therefore, it is an active field of
work within ATLAS to better understand how to perform a proper calibration of multiple jet properties in
addition to the jet energy for large-R jets.
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determine a set of selection criteria to increase the sensitivity to the presence of a signal.
Because the signature has two real leptons, the initial selection requires two same flavor
electrons or muons and the very large multijet background is reduced to a negligible level.
The requirement that these leptons be of opposite charge is only required in the muon
channel so as not to reject events where there may be a mismeasurement of the charge due
to a multiple scatterings in the electron channel. The remaining backgrounds are composed

of the following:

e 7 + jets : The dominant background is the Standard Model production of a Z boson
in association with partons. It is modeled with Sherpa [68] at leading order and nor-
malized to next-to-leading-order cross section with a k-factor /] Although generically
referred to as Z + jets from this point forward, it should be noted that this background
is composed of three separate components differentiated by the flavor of parton in the
final state producing the jets. The three components are produced by applying truth
level filters during event generation to exclusively produce samples with bottom quark
jets, charm quark jets, and light flavor (up, down, strange, gluon) jets in the final state.
This does not significantly affect the following optimization given that flavor informa-
tion is not used, but it should be noted that these three components are separately

modeled in the final result and calculation of sensitivity.

e Top : The production of ¢f pairs contributes at the few percent level. The produc-
tion of a single top quark contributes at the sub-percent level. The ¢t and s-channel
single top and Wt production is modeled with MCQN LO [69] with HERWIG [70] for
hadronization and JIMMY [71] for underlying event. The ¢-channel single top pro-
duction is simulated with ACERMC [72] and PYTHIA for shower and hadronization.

e Standard Model Diboson : Standard Model diboson production of WW /W Z/ZZ

pairs is simulated with HERWIG and is very small, at the level of a percent or less.

The selection then proceeds by exploiting the high-py nature of both the leptonically and
hadronically decaying bosons to remove portions of the Z + jets background. The first

requirement is made on the dilepton invariant mass, shown in Figure for the electron and

3. The term k-factor is short for knowledge factor and is calculated as the correction factor to the cross
section based on the comparison of next-to-leading-order cross sections to leading order cross sections.
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muon channels separately, requiring 66 < M (/) < 116 GeV. This requirement removes a
large fraction of the ¢ and single top background that is manifest as a continuum background
in this spectrum. As previously discussed, after this baseline selection, it is beneficial to
divide the signal region into exclusively selected categories of events with kinematics tuned
for optimal sensitivity in a given region. In addition to the primary division based on the
topology of the hadronic system, the resolved regime is further subdivided into two kinematic
regions with different selection criteria that focus on different mass regions. Therefore, there

are three selection regions in full:

e Resolved Low-pp Region : Z — 00 + low-py W/Z — jet + jet, covering typically
300 < M(X) < 600 GeV

¢ Resolved High-pt Region : Z — 00 + high-pp W/Z — jet + jet, covering typically
600 < M(X) < 1000 GeV

e Merged Region : Z — 00 + very high-py W/Z — FatJet, covering typically
M(X) > 1000 GeV

The values determined to be optimal for the selection criteria are determined based on
ROC curves, discussed in Appendix [C] similar to those used in the studies of boson jet
identification but more suited to defining an optimal single selection value on a quantity for

implementation in the analysis.
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5.4.1 The Resolved Regime

The resolved regime is defined by a high-pp Z — ¢4 decay and a high-pp W/Z — qG decay
reconstructed as two small-R jets. To identify these events, an initial selection is made on
the transverse momentum of the dilepton system, shown in Figure [5.5] requiring it to be
greater than 100 GeV for the low-pp region and greater than 250 GeV for the high-pp region
which is found to be optimal since M (X)) is highly correlated with the boost of the Z boson.
To identify the W/Z — ¢g decay, an initial selection is made to require that the number
of small-R jets, shown in Figure [5.6 is at least two. Subsequent selections are made on
both the invariant mass (M (j7)) and transverse momentum (pp(j7)) of the two highest pp
jets in the system system. The optimal signal window was determined by examining both
signal models given that in one, the dijet invariant mass, shown in Figure[5.7] is intended to
reconstruct a Z boson while in the other it is intended to reconstruct a W boson. From this,
the rather broad window of 70 < M (jj) < 110 GeV was found to be sufficiently optimal
to accommodate both signals for both the low-ppr and high-pr regions. Lastly, a selection
is made on the dijet transverse momentum transverse momentum , shown in Figure [5.7]
that is found to be optimal at values symmetric to those used for the dilepton transverse
momentum; py(j7) > 100 GeV for the low-pp region and pp(j7) > 250 GeV for the high-pp
region. This selects a subset of events with the desired signal-like characteristics, similar to
those shown in Figure in which the presence of two high-py leptons and jets that are

produced back-to-back in the transverse plane can clearly be seen.
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Figure 5.5: Comparison of the data with the background prediction for the dilepton mass
(top) and pp (bottom) distributions after applying only object selection cuts. The left (right)

column shows the distributions for the electron
events in overflow.
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-Ei ) EXPERIMENT

Run Number: 200987, Event Number: 13565124
Date: 2012-04-08 17:39:10 UTC

Figure 5.8: Example event passing all signal region selection criteria in the resolved region for
the electron channel. The left image shows the (r, ¢) projection of the event as recorded in
the ATLAS detector with the inner most region being the inner detector with reconstructed
charged tracks, the green and red rings the electromagnetic and hadronic calorimeters respec-
tively with energy depositions shown in yellow, and the outermost blue shapes the various
layers of the muon spectrometer system. The upper right image shows a (z,7n) projection
of the event with the same basic layout, but shown from the side. The four body invariant
mass, m(eejj), for this event is 665 GeV.

5



5.4.2 The Merged Regime

The merged regime is defined by a high-pp Z — ¢ decay and a high-pp W/Z — qq decay
reconstructed as a single large-R jet. To identify these events, an initial selection is made on
the transverse momentum of the dilepton system, requiring it to be greater than 400 GeV,
higher than the resolved regime because this region is intended to probe larger masses. To
identify the W/Z — g decay, an initial selection is made to require that the number of
large-R jets, shown in Figure[5.9] is at least one. The highest pp large-R jet is then assumed
to be the most likely candidate for reconstructing the W/Z boson decay and so an initial
selection is made on the transverse momentum of this jet, shown in Figure to be greater
than 400 GeV. As described at much greater length in Section [4.4] a variety of techniques
are available to determine whether a large-R jet comes from the decay of a boson. The two
criteria used for this search are to select boson jets based on the invariant mass of the jet
(M(J)) and subjet momentum balance (,/7y). It was found that the selection criteria for the
invariant mass of the jet, shown in Figure from 70 < M(J) < 110 GeV was optimal,
as was the case for the dijet invariant mass selection in the resolved region. Lastly, the
selection on the substructure moment, the subjet momentum balance, shown in Figure [5.10],
was found to be optimal at V5 > 0.45. This full selection leads to a subset of events with
the desired signal-like characteristics, similar to those shown on the left of Figure 5.11] in
which the presence of two high-pr leptons recoiling off a single large-R jet whose energy
deposition in the calorimeter (upper right of Figure is indicative of the hard two body

decay of a massive object is clearly visible.
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Run Number: 209980, Event Number: 175313270

Date: 2012-09-09 00:21:37 UTC

Figure 5.11: Example event passing all signal region selection criteria in the merged region
for the muon channel. The left image shows the (r, ¢) projection of the event as recorded in
the ATLAS detector with the inner most region being the inner detector with reconstructed
charged tracks, the green and red rings the electromagnetic and hadronic calorimeters respec-
tively with energy depositions shown in yellow, and the outermost blue shapes the various
layers of the muon spectrometer system. The muons can be seen as two blue tracks on the
top half of this image and the large-R jet as the cluster of yellow cells near the bottom of the
image. The upper right image, however, shows an (7, ¢) projection, with 7 on the horizontal
axis and ¢ on the vertical axis, of the calorimeter information, with calorimeter cell energies
proportional to the size of the yellow block, in the local region of the leading large-R jet in
the event used to reconstruct the three body invariant mass. The three body invariant mass,
m(ppJ), for this event is 1086 GeV.
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5.4.3 Signal Region

In full, the three signal regions are defined by the initial trigger selection described in Sec-
tion 5.1] a set of quality criteria applied to data, and the criteria outlined in Table [5.1} To
allow for the statistical combination of the sensitivity of these selection regions, the selection
regions are made exclusive with priority given to the selections that target higher masses,
checking first if an event is selected by the merged region, then the resolved high-pp region,
and finally the resolved low-pp region, only categorizing each event as belonging to one signal

region.

Resolved high-pr Merged

N(e or p)==

Resolved low-pr

N(eor p)==

N(e or p)==2

66 < M(00) < 116 GeV
pr(€f) > 100 GeV
N(j) 2
pr(j7) > 100 GeV
70 < M(j7)M < 110 GeV

66 < M(¢0) < 116 GeV
pr(€f) > 250 GeV
N(j) >2
pr(jj) > 250 GeV
70 < M(j5)M < 110 GeV

66 < M(¢0) < 116 GeV
pr(0f) > 400 GeV
N(J) >1
pr(J) > 400 GeV
70 < M(J)M < 110 GeV

JIF > 0.45

Table 5.1: Table summarizing the signal region selection criteria used to select events with
which to perform the search. These criteria are applied in addition to the trigger and
preselection data quality requirements.

For each signal region and both lepton flavors, the four body or three body invariant mass
is formed for the resolved and merged regions separately as shown in Figure This is the
spectrum that is used to search for a resonant excess as described in Section[6l To get a sense
of the sensitivity of the analysis to a new physics signal, two primary figures of merit are
evaluated. The first is the acceptance times efficiency, shown on the top in Figure which
indicates the fraction of the initial signal from the benchmark model, in this case the bulk
Randall-Sundrum graviton, that enters the signal region. The second is the S/ /B for various
graviton masses of the benchmark signal, shown on the bottom in Figure [5.12] calculated
for a given mass point by taking a 2¢ window around the mean reconstructed mass and
counting the number of events, normalized to the nominal theoretical cross sections and 20.3

fb~1 used in the analysis, for signal (S) and background (B). These two plots summarize
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two key features of the analysis. The first

is that sensitivity for different signal masses

is mainly provided by one of the three exclusive signal regions, with the merged region

being a necessary addition in order to probe signals with masses greater than approximately

1 TeV. The second is that, although using modified jet algorithms allows for hadronic decays

of bosons to be probed above 1 TeV, when considering leptonic decays of Z bosons of high

enough transverse momentum (e.g. for M (X) > 1.6 TeV), it becomes necessary to reconsider

the definition of a Z — #¢ decay and treat the dilepton system as a boosted object. In doing

so, the acceptance of such decays can be increased leading to an overall increase in sensitivity.
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Figure 5.12: Signal acceptance times efficiency (top) and S/v/B sensitivity (bottom) for the

low-pp resolved, high-pp resolved, and merged signal regions for the bulk Randall-Sundrum

graviton signal for the electron (left) and muon (right) channels.
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5.5 Understanding the Background

The goal of this search is to find any significant deviation of the measured data from the
prediction of known standard model processes as measured in ATLAS. Therefore, it is cru-
cial to accurately model those backgrounds and, if any mismodelling due to sources other
than the presence of a signal exist, appropriately correct the background estimation. To
achieve this requires that a region of phase space that contains a negligible amount of sig-
nal contamination exists in which the description of the data by the nominal Monte Carlo
used to perform the optimization described in Section can be evaluated and improved.
These regions are called “control regions” and should be designed to be as kinematically
identical to the signal region as possible. In this analysis, the control regions that are used
are defined with the same signal region selections but with the selections on the mass of
the hadronic system M (jj) or M(J) inverted. Explicitly, for the two resolved regions, this
means that events are selected that fulfill M(jj) < 70 GeV or M(jj) > 110 GeV instead
of 70 < M(jj) < 110 GeV and for the merged region this means that events must fulfill
M(J) <70 GeV or M(J) > 110 GeV instead of 70 < M(J) < 110 GeV.

The four body and three body invariant mass spectra are formed as in Figure [5.13]
and in general show that the dominant Z + jets background estimation models the data
well. However, there are slight shape and normalization differences that may be a result
of a number of sources including mismodelling of physics objects reconstructed in Monte
Carlo and theoretical sources such as mismodelling of proton PDF’s. This mismodelling is
parameterized in two ways. The first is through a single overall normalization correction
that is computed by taking the ratio of the data to the Z 4 jets prediction, after subtracting
the contamination from other background sources, in each of the six control regions. The
second is a linear shape correction, derived by fitting a function f(z) = mx + b, where z
is either M (¢0jj) or M (€¢.J), which is constrained to preserve the overall normalization of
the Z + jets background, to the ratio of data to Monte Carlo in Figure 5.13] Because any
mismodelling is presumably dominated by the measurement of the jets, this linear correction

is derived only for each selection region, merging together the electron and muon channels.
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Figure 5.13: The three body (top) and four body mass (middle and bottom) distributions
in the control regions described in Section [5.5] for the data and background predictions. The
bottom part of each plot shows the ratio of the data to background. The blue line shows the

result of a linear fit to the ratio and the fit uncertainty is given by the hatched area.
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These two corrections, summarized in Figure and Table [5.2] are used to correct the
modelling of the dominant Z + jets in the signal regions, again as a function of M (¢(jj)
and M (¢¢J). Lastly, the constraints on the Z + jets background imposed by this method
allow the uncertainty to be constrained, not by Monte Carlo based uncertainties but by the

precision to which the derivation of the shape and normalization correction are known, as

indicated in Table 5.2
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Figure 5.14: The normalization and shape correction factors for the simulated Z + jets

Monte Carlo, derived for the electron and muon channel control regions.

Correction

Res. Low-pT

Res. High-pT

Merged

Shape £ Uncer.

-0.00021 £ 0.00015

1.95e-05 £ 5.88e-05

4.98e-05 £ 1.94e-05

Norm. =+ Uncer.

7 — ee

Z =

1.00 £ 0.11

0.90 £ 0.11

0.95 £ 0.024

0.97 £ 0.024

0.97 £ 0.073

0.99 £ 0.073

Table 5.2: The normalization and shape correction factors for the simulated Z + jets Monte

Carlo, derived for the electron and muon channel control regions.
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5.6 Systematic Uncertainties

The physics processes being measured have inherent statistical fluctuations and therefore
the extent to which the background and signal can be understood is limited. In addition to
the statistical uncertainty, however, there are a number of systematic uncertainties due to
the limited knowledge of many sources of mismeasurement of the physics objects described
in Section and theoretical limitations of the inputs entering the analysis. A good un-
derstanding of these sources of uncertainty is essential to having a robust determination of
the sensitivity to possible deviations from the Standard Model due to the presence of new
physics. Described here are the dominant sources of uncertainty that are taken into account

in the fit described in Section [6l

5.6.1 FElectrons

There are three sources of uncertainty resulting from the use of electrons in the search. The
first is on the reconstruction efficiency correction factors. The uncertainties are derived using
the prescription described in [60] and are on the order of a percent or less in the kinematic
regime of interest. The second two uncertainties are those due to mismeasurement of the
electron energy scale and resolution, described in [60, 62]. This results primarily from the
uncertainty in the amount of material in the simulation versus the true detector for the
energy scale and the uncertainty in the modelling of the sampling in the calorimeter for the
resolution. When taking into consideration all uncertainties, the electron energy is found to
be uncertain at the level of approximately 1% and less than 1% for the scale and resolution
respectively. These uncertainties are negligible on the background as they enter through
the uncertainty on the subdominant top and diboson backgrounds, and not through the
Z + jets background which is constrained in the control regions as described in Section [5.5
Therefore, they primarily affect the analysis through the signal modelling and have an effect

of less than a percent.

5.6.2 Muons

The sources of uncertainty coming from the use of muons in this search are the same as

those for the electrons. One is from the uncertainty on the derivation of the reconstruction
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efficiency corrections and two are from the mismeasurement of the muon momentum scale
and resolution. The derivation of the uncertainty on the reconstruction efficiency scale factors
is described in [61] and, using a sample of Z — uu events, is found to be less than a percent
with an additional uncertainty of 1% x p/[T'eV| added for extrapolation to high momentum.
The uncertainty on the muon momentum scale and resolution are described in [611, [65] and
are derived using Z — pp events. A small momentum dependence of the momentum scale
correction leads to a nonclosurd’] and requires a systematic of less than a percent and so to
be conservative in the effect that the scale correction may have in the analysis, the effect is
evaluated by completely turning off the muon momentum scale correction. The momentum
resolution uncertainty is determined independently for tracks in the ID, MS, and combined
ID and MS tracks and is taken into account using two separate uncertainties, one for the MS
component and one for the ID component. These uncertainties affect the analysis through

the signal modelling and amount to an effect on the percent level.

5.6.3 Small-R Jets

The uncertainty on the small-R jet energy scale is determined by studying the jet response
using Monte Carlo samples with varied theoretical conditions (e.g hadronic shower model)
and detector configurations (e.g. detector material) and further by using in-situ calibration
methods in dijet, v + jet, Z + jets and multijet events as described in [67]. In total, there
are b6 sources of uncertainty that enter the full jet energy scale uncertainty. However,
in order to simplify the application of these uncertainties while accounting for correlation
among various systematic uncertainties for in-situ calibration techniques, a reduced set of
uncertainties is provided that combines sources of uncertainty where appropriate. In this

analysis, the sources of uncertainty for the jet energy scale that are considered are

e 4 sources related to modeling and theoretical uncertainties in the Monte Carlo used

for the derivation
e 3 sources related to limited statistics in the derivation of the jet energy scale

e 3 sources related to detector uncertainties

4. The term nonclosure refers to disagreement observed between data and calibrated Monte Carlo in a
sample that is the same as that used to derive the calibration.
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e 2 sources related to mized detector/modeling/theoretical uncertainties

e 2 sources related to n-intercalibration uncertainty

1 source related to single hadron response uncertainties from test beam data for very

high-pp jets

1 source related to Monte Carlo nonclosure uncertainties (only applicable when using
Monte Carlo samples in which the detector response is modelled with the ATLFASTII

detector simulation [73])

e 4 sources related to pileup correction uncertainties

2 sources for uncertainties related to the flavor composition of the sample of jets and

the difference in response between quark, gluon, and b-jets

The jet energy resolution uncertainty is determined in-situ with two different methods:
the dijet pp balance and bisector techniques, which give consistent results as documented in
[74]. As in the case of leptons, these uncertainties have a negligible affect on the background
uncertainty. The affect on the signal modelling only enters in the resolved regions where

small-R jets are used, and is on the order of a percent or less.

5.0.4 Large-R Jets

Three selections are made on the large-R jets used in the merged region and described
in Section [5.3.4} transverse momentum, invariant mass, and subjet momentum balance.
Therefore, it is necessary to account for the uncertainty in both the scale and resolution of
these variables. Although the topic of how to most correctly quantify these uncertainties
and their correlations is an active area of work in ATLAS, a well defined method does
exist to quantify individual uncertainties on the scale of any measurement associated with
a jet. This method, a more detailed description of which can be found in [37], relies on
the ability to reconstruct jets using both topoclusters from the calorimeter (calo jets) and
tracks from the inner detector (track jets). In this sense, the same object is being measured
in two separate subsystems of ATLAS and a comparison of these two measurements can

elucidate any systematic mismodelling in the Monte Carlo. To perform this comparison for
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a given quantity, for instance the jet mass, the average of the ratio of the measurement of
that quantity using the track jet to that using the calo jet, r" = %, is computed
and parameterized as a function of some kinematic variable (e.g pp(jet)). A comparison is
then made between data and Monte Carlo for this measured quantity by computing R =
% and any residual deviation from unity is taken as a measure of the experimental
systematic uncertainty on the given quantity. Two important assumptions are implicitly
made here. The first is that any theoretical uncertainty (e.g. parton shower) will affect the
track and calo measurement in a correlated way and so will cancel out when taking the first
ratio. The second is that the detector related systematic uncertainties associated with the
track jet and calo jet measurements are not correlated in such a way that they cancel, and
lead to an unrealistically small estimate of the uncertainty. Under these assumptions, the
uncertainty is found, as shown in Figure[5.15], to be 2% for the jet energy scale, 3% for the jet
mass scale, and 2% for the scale uncertainty on the subjet momentum balance, independent
of the transverse momentum of the jet.

The uncertainty on the jet energy resolution, jet mass resolution, and momentum bal-
ance resolution is not directly measured in [43]. However, studies of the W boson mass
peak observed in high-pp ¢t data samples indicate that it is well described by Monte Carlo
simulation both in peak location and shape, and are used to estimate the uncertainty on the
resolution in [42]. A similar agreement is observed also for the ,/y¢ distributions in multijet
events and a conservative uncertainty of 20% on the jet energy, mass, and subjet momentum
resolution are applied at this point with ongoing studies working to better understand how

to better quantify this. These uncertainties lead to an uncertainty on the signal modelling

that is on the order of less than a percent.

5. Note that the average value of this comparison for a given varable will not necessarily be close to one
because track jets only contain the charged constituents of the jet.
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Figure 5.15: The track jet to calo jet double ratio comparison in data and dijet Monte Carlo
used to estimate the uncertainty on the scale of the large-R jet energy, mass, and , /yy. From
these studies, uncertainties are taken to be 2% for the jet energy scale, 3% for the jet mass

scale, and 2% for the scale uncertainty on th§8subjet momentum balance.



5.6.5 Background Constraints

As described in Section [5.5] the description of the Z + jets background is initially taken from
Sherpa Monte Carlo, normalized to next to leading order cross section, and corrected both in
shape and normalization by scale factors determined using data to Monte Carlo comparison
in control regions. The derivation of both of these corrections come with associated uncer-
tainties based on the available statistics in the control regions. In the resolved low-pp region,
when examining events in the low mass sideband, the normalization correction differs from
that in the high mass sideband by more than one standard deviation and so the uncertainty
on this normalization correction is taken to be the maximal difference between the central
value (combined sidebands) and either the low mass sideband or the high mass sideband.
However, due to lack of statistics in the resolved high-p7 and merged regions, the corrections
factors derived by examining the low mass and high mass sidebands separately are consistent
with each other and so the uncertainty in the derivation of these correction factors is purely
based on the statistical uncertainty. In full, these uncertainties are summarized in Table
and two uncorrelated sources of systematic uncertainty are assigned to the Z + jets back-
ground; one for the normalization correction and one for the shape correction. This is the

dominant source of systematic uncertainty on the background estimation shown in the band

in Figure [6.1]

5.6.6 Additional Uncertainties

In addition to the previously described systematic uncertainties, there are a number of
subdominant systematic uncertainties that are taken into account. These uncertainties come

from the following sources:

e Luminosity: The luminosity is measured in beam-separation scans performed follow-
ing the procedure described in [75] and has an uncertainty of 2.8%. This uncertainty
applies only to the signal, top, and diboson predictions as the Z + jets background

normalization is determined by a fit to the data.

e Parton Distribution Functions: One of the inputs to Monte Carlo generation are
parton distribution functions (PDFs), which provide information concerning the mo-

mentum fraction carried by the parton entering into the hard collision. The uncer-
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tainty on signal acceptance associated with this input to Monte Carlo simulations is
assessed by comparing multiple determinations of PDFs. Nominally, the benchmark
bulk Randall-Sundrum graviton sample used in the analysis is generated using the
CTEQG6L1 PDF set. The uncertainty due to this choice is derived by comparing the
variation in signal acceptance when using CTEQG6L1 to that obtained when using the
alternative MSTW2008LO PDF set. Furthermore, the MSTW2008LO set of PDF has
a set of 40 variations representative of the error associated with the actual procedure
implemented to extract the PDF’s from data, and the signal acceptance variation be-
tween these 40 sets is used as a second source of PDF uncertainty. These two sources
are added in quadrature and results in an overall uncertainty of 1-2% depending on

the signal mass.

Initial and Final State Radiation: The initial and final state radiation (ISR/FSR)
of gluons in high-mass diboson resonant production could bring additional system-
atic uncertainty in the signal acceptance as those additional jets would affect the jet
multiplicity and kinematic distributions leading to an ambiguity in the jet assignment
of hadronic W/Z decay. The level of ISR/FSR is controlled in Monte Carlo by a
number of tunable parameters (e.g.cig). The uncertainty on this affect is investigated
by producing G* — ZZ — (lqq samples varying the ISR/FSR parameters of parton
showering in PYTHIA8 and examining the variation of signal acceptance relative to the
nominal acceptance at truth level. The relative acceptance variation obtained from
these samples is at maximum approximately 5% across the mass range for all signal
regions and so a flat 5% uncertainty on signal acceptance is assigned from ISR/FSR

uncertainty:.

LHC Beam Energy: The LHC beam energy at /s = 4 TeV operation has been
measured in p-Pb run in January-February 2013 [76]. The result was 3988 + 5(stat) +
26(syst) GeV per beam, which is consistent with the nominal energy of 4 TeV within the
uncertainty of 0.65%. This possible shift in the beam energy could affect acceptance
for the signal with slightly modified parton luminosity distributions from those used
in the signal simulation performed at 444 TeV. The affect on the signal acceptance
is checked by modifying the beam energy (conservatively) by +40 GeV (£1% of the

nominal beam energy) in the W’ signal production and checking the variation of signal
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acceptance relative to the nominal acceptance at truth level. The relative variation
in cross section is consistent with unity and the variation on signal acceptance varies
between 1-4% and so a flat systematic on uncertainty signal acceptance is assigned due

to LHC beam energy uncertainty.
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CHAPTER 6

RESULTS

After defining an optimally sensitive signal region, estimating the various components of
standard model backgrounds, and understandings the sources of systematic uncertainty as-
sociated with that background and the benchmark signal, the search proceeds by unblinding
the data in the signal region, checking for consistency between the data and the background
estimation and quantifying any excess. In the absence of an excess, an upper limit on the
presence of new physics signals in terms of the production cross section times branching
fraction of a new physics signal is set. In the context of a specific new model, this can be

translated into a lower bound on the mass of the particle that is introduced.

6.1 Searching in the Signal Region

The first step in this process is to unblind the data in the signal region and compare the
invariant mass spectra (M (¢0j7) and M (¢¢J)) in data with that from the expected back-
grounds. As shown in Figure and Table [6.1] the comparison indicates that the data is
relatively well described by the background estimation where the dominant Z + jets compo-
nent has been constrained using the control regions as described in Section 5.5 If a resonant
new physics signal were present, the expected shape would be similar to that indicated by
the bulk Randall-Sundrum graviton template that has been added to the background spec-
tra. However, the deviations observed are either covered by the systematic uncertainties
described in Section [5.6] are too narrow for the experimental resolution of a resonant signal
indicating that they are likely statistical fluctuations, or broad excesses (e.g. in the muon

channel merged signal region) which is indicative of a mismodelling of the background.
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Figure 6.1: Comparison of the data with the background prediction for the myy;; distribu-
tions in the low-pp (top) and high-pp (middle) resolved regions, and for the myy; distribu-
tions in the merged region (bottom) in the electron (left) and muon (right) channels. The
shaded band gives the total background uncertainty obtained by adding the statistical and
systematic uncertainties in quadrature. A representative signal is overlayed to show how an

excess would appear on top of the background.
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Sample LR HR MR

Z + jets 9460 + 40 £ 660 091 £4 £ 15 209 £ 03 £ 2.3

WWI/WZ|ZZ 234 + 4 £ 22 206 £ 03 £ 14 1.38 £ 0.02 £ 0.13

tf + Singlet | 175.3 + 9.2 & 9.9 - ]

Total (unconstrained) 9870 + 690 612 + 17 223 £ 25
Total (constrained) 9730 + 98 608.8 £+ 3.8 21.80 £+ 0.46
Data 9728 619 25

G* Signal 1097 £ 17 £ 63 | 14.27 £ 0.19 £ 0.76 | 0.0995 £ 0.0013 £ 0.0059
W' Signal 1950 + 40 £ 140 145.0 £ 2.3 £ 8.1 3.64 £ 0.06 £ 0.31

Table 6.1: Event yields in signal regions for data, expected backgrounds, and G* and W’
signals. The statistical and systematic uncertainties are given separately (in this order),
except for the total background where the combined statistical and systematic uncertainty
including correlations and constraints from data driven estimates is given. The signal points
correspond to 500, 800, 1400 GeV.

6.2 Constraining New Physics

Given that there is no significant deviation from the Standard Model background expec-
tation, the results can be interpreted as a constraint on the presence of new physics. In
particular, the quantity that is constrained using this measurement is the production cross
section times branching fraction for the production and decay of the new particle (i.e. G*or
W') and its subsequent decay to a ZZ or ZW pair at a particular mass and coupling
(iie. o(pp = X) x B(X — ZZ/ZW)). The final branching fraction of B(Z — ¢{) and
B(W/Z — qq) is not included so as to allow the sensitivity of this search to be compared to
the other diboson searches involving different final states.

At the LHC, these constraints are derived using the “profile likelihood method”, which
is beneficial in that it uses the data itself to constrain systematic uncertainties through
simultaneously measuring the best fit values for these systematic uncertainties. However,
understanding the method in which this calculation is performed benefits from first under-

standing the more basic C'Lg test statistic.
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6.2.1 The CLg Method

The optimal method to distinguish this signal above the standard model background is to
transform the full information contained within the signal region (i.e. six invariant mass
spectra of M (¢0jj) and M (¢€J)) into a single discriminating variable called the likelihood
ratio test statistic, as shown in Equation[6.1] In this equation, x represents the data, b is the
estimated background yield, s is the predicted signal yield, and £ is the likelihood function,

which for this application is a Poisson probability distribution function.

M) = (6.1
s X —(540)
(s +bx) = BF b)X! (6.2)
X~ (0)
coolx) = e (6.3)

x!
A combination of two or more orthogonal analysis channels is accommodated in this ap-
proach, because it is defined as the product of individual likelihoods for each channel. Fur-
thermore, it is possible to take into account the full shape information of the given invariant

mass spectrum by taking the full likelihood to be the product of the likelihood in each bin;

channelsbms sij _’_sz XU@ (SZ]_H)”)

L(s+blx) = H H 5 (6.4)

Xij:

channels blns ) X’Je bw)

L(b]x) = H H (bi)™e 707 (6.5)

By convention, the test statistic commonly reported is negative two times the loga-
rithm of the likelihood ratio (LLR). This test statistic is evaluated for many sets of pseudo-
experiments, to determine the frequency of the LLR value for the measured data (P(s+ b|x)
and P(b|z)). In each experiment the data is sampled from a Poisson distribution whose argu-
ment is either the expected background yield or the sum of the signal and background for the
background-only and signal+background hypotheses, respectively. Systematic uncertainties

are introduced into the calculation by sampling the fractional uncertainty on each background
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or signal yield for each source of systematic uncertainty, as described in Section[6.2.1 A sym-
metric Gaussian distribution of the uncertainty is assumed unless asymmetric uncertainties
are provided, as in the case of certain systematic uncertainties such as the jet energy scale
uncertainty. Systematic uncertainties that are correlated between backgrounds and the sig-
nal are commonly sampled (e.g. luminosity) whereas uncorrelated systematic uncertainties
(e.g. jet energy scale uncertainty in small-R versus large-R jets) are sampled independently.
A distribution of the LLR for the signal4background and background-only hypothesis as-
sumptions are constructed and confidence levels are defined by integrating the normalized

probability distribution of LLR values from the observed LLR value to infinity as shown in
Egs. and [6.7] respectively.

CLgip = /OO P(s + b|z")d(LLR(s + b|2")) (6.6)
LLR(s+b|x)
CLy = / - P (b|z")d(LLR(b|z")) (6.7)
LLR(b|x)
CL, = C(%—E:b (6.8)

These two confidence intervals are combined to form the CLg confidence interval, as in
Eq. [6.8} by normalizing the result of the signal+background confidence level to that of the
background only confidence level. This ensures that the presence of a signal is not rejected
on account of a gross mismodelling of the background, which produces small values of both
CLgyp and CLy,. If an excess is observed in the data, the background-only hypothesis can be
excluded at the 30 and 50 confidence level when 1-CLj equals 1—2.7x 1073 and 1—4.3x1077,
respectively. In the case that data excess is not observed, the signal strength is excluded at
95% confidence level when 1-CLg = 0.95 and for all values in excess of this value of s.

Unfortunately, due to the presence of the systematic uncertainties described in Sec-
tion [5.6] the sensitivity to the presence of new physics will degrade with respect to that
shown in Figure 6.2 These systematic uncertainties on the signal and background are ac-
counted for in the likelihood function using nuisance parameters. Nuisance parameters are
extra degrees of freedom that, unlike the amount of the new physics signal s, are not of
immediate interest. For each systematic uncertainty, the uncertainty is parameterized by

two pieces, one for the uncertainty on the normalization and one for the uncertainty on the
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shape.

The normalization of the signal or background component k is given by N; = Hnjk,
where the product is over all of the systematics affecting component k. The 7;;. are nor-
malization scale factors, which are parametrized in terms of nuisance parameters a% as

follows:

njg = (L+oj)%%, a>0,

(1-— ojk)_o‘j’f, a <0, (6.9)
where o is the uncertainty on component & due to systematic j, and a% is a nuisance
parameter with a Gaussian constraint of mean 0 and width 1. The parametrization ensures
that the scale factor 7, is positive. For small values of a, n =~ (1 + ao).

The shape systematics are provided by a second set of nuisance parameters. These
are produced assuming a positive and negative 1o variation in a given component of the
systematic uncertainty, 7 and I—, which are used to determine an interpolation as in

Equation [6.13, from the nominal estimate of the background to the systematic variation for
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Figure 6.2: The expected limit with statistical uncertainties only for the three separate signal
regions and for the combination of all selection regions.
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each separate systematic.

(I /1p)°% if a8 > 1
Ipoly|e:vp(al§) =41+ 26 16620451 if ‘Ozk‘ <1 (6.10)
(I /10)°% if af < —1

The extent to which this is varied is controlled by a set of nuisance parameters oz;? , which are
constrained by a Gaussian of mean 0 and width 1. The effect on the shape of the spectrum
njk(ozs ) for a given bin j in a signal or background template k is calculated bin-by-bin as a

multiplication of the effect of the effect from all nuisance parameters as:

syst

H 0ly|exp ) (6.11)

Lastly, because the background and signal estimations are ultimately derived from his-
tograms with finite statistics, nuisance parameters are introduced to account for the bin-by-

bin statistical uncertainties on each histogram [77].

6.2.2 The Profile Likelihood Method

This method can now be used to better understand the full profile likelihood method, the
implementation of which differs slightly depending on whether one is testing for the presence
of a new signal (discovery) or constraining the presence of that new signal (limits). In the
case of testing for discovery, instead of using the basic likelihood ratio shown in Equation [6.1],
the likelihood ratio is now formed by performing two binned maximum likelihood fits, one
in which the signal strength is allowed to float, and one in which the signal strength is fixed

to some value, in this case zero [78|. The likelihood ratio is then computed

Ap) = - (6.12)

where p is the signal strength, d is a vector of the nuisance parameter values that maximize
the likelihood L for the specified p, and i and 6 are the signal strength and nuisance

parameter values that maximize £. These parameters are direct analogs of the signal strength
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s and nuisance parameters « in the previous description of the C'Lg method. It is these
maximum likelihood fits that leverage the data to constrain systematic uncertainties if the
data being fit have sufficient statistics. If this is the case, then the best fit value found in
the construction of the likelihood will have an associated uncertainty on any given nuisance
parameter that will not cause the fit to deviate significantly from the statistical uncertainty

of that data being fit. This is used to calculate the test statistic

—2InA(0) if 4 >0,
a(0) = (6.13)
0 it 1 <0,

Furthermore, this test statistic can be understood as a modification of the previous
CLyg statistic in that the denominator against which the signal+background hypothesis is
normalized is taken here to be the best description of the data, even in the presence of positive
signal, and if the best fit signal strength is found to be negative, it is artificially made to
be 0. A distribution of this likelihood can be built for the background only hypothesis (i.e.
background estimation) and for each signal mass point. The p—valu of the data can be
calculated to determine the extent to which the observed data deviate from the standard
model prediction. This constitutes the search phase of the analysis, in which the local p-
value is calculated, the results of which are shown in Figure [6.3] This demonstrates that
the largest deviation from the background hypothesis has a local significance of at most
approximately one sigmaf’], which does not constitute any evidence for new physics.

Because the background only hypothesis describes the data sufficiently well, the results
are interpreted as a constraint on the presence of new physics. A second set of maximum
likelihood fits is thus performed, again one in which the signal strength is allowed to float,

and one in which the signal strength is fixed to zero. The likelihood ratio is

=
=
S»

if 1 <0,

2
=

Al) = (6.14)

= O
D> D
—""~~—

it0 < g,

=
F)
3)

1. The p-value quantifies the probability that a new set of data would deviate from the expected back-
ground to an equal or greater extent than the current dataset assuming only Standard Model sources.

2. Quantifying the local significance in this way is standard nomenclature for the high energy physics
community and is found by interpreting the p-value as the integration under the tail of a Gaussian curve.
The location at which this integration starts is the corresponding number of sigmas of deviation.
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Figure 6.3: The local p-value calculated for the comparison of the data to background
estimation by statistically combining all signal regions shown in Figure using the method
described in Section [6.2.2]

As before, this benefits by performing the multiple maximum likelihood fits to constrain
systematic uncertainties where possible and is analogous to the normalized C'Lg test statistic
in the case that the best fit signal strength is negative. This is then used to calculate an

analogous test statistic as before, where ¢(u) is given by

gy = {2 s (6.15)
0 if i > p.

This test statistic, already normalized to the “background only” case, is integrated until 95%,
at which point the signal strength p (previously s) is taken as the upper limit on the signal
strength. When the value of y is then scaled by the initial cross section times branching ratio
of the signal used, a limit is obtained on the physical quantity of interest. This calculation
is performed for all signal mass points, using information from all signal regions. Shown in
Figure is the expected upper limit on o(pp — G*) x B(G* — ZZ) when taking into
account separately the three signal regions selected as described in Section[5.4] and the elec-
tron and muon channels. As expected, it is clear that the three selection regions contribute

sensitivity to the signal in different mass regimes, with the merged regime dominating the
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Figure 6.4: The fractional deviation from unity in comparing the expected upper limit on
olpp — G*) x B(G* — ZZ) with and without the inclusion of systematic uncertainties
as described in Section [6.2.1] For certain subdominant systematic uncertainties, multiple
lines are shown, each which represent a separate uncorrelated uncertainty falling under that
category.

sensitivity above 1 TeV.

The effect of the inclusion of systematic uncertainties into the final calculation of sen-
sitivity, as described in Section [6.2.1] is apparent when deriving the limit on cross section
times branching ratio in a way to isolate the effect of the systematic uncertainty in question.
To do this, the sensitivity is first derived incorporating all systematic uncertainties (o f,,;)

and incorporating all systematics except the one in question (0 fj—syst). The quadrature

difference between these two , \/ UJ%u” -0 is then taken as the effect on the sensi-

j%ullfsyst’
tivity due to the inclusion of the given systematic uncertainty in the limit] The results of
this calculation are shown in Figure for all of the systematic uncertainties considered in
this search with a more explicit breakdown of these systematic uncertainties and the extent
to which they affect the overall signal and background estimation in Appendix [A] However,
it is evident that the sensitivity is degraded by between 18% and 2% depending on the signal

pole mass primarily due to the dominant uncertainty on the Z+jets background modelling,

derived from the control region constraints.

3. Although other possibly ways to evaluate the effect of single systematic uncertainties exist, this is
the conventionally recommended way to present the effect of single systematic uncertainties on sensitivity
calculations in ATLAS.
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6.2.3 The Full Constraints

The constraints derived from this analysis are interpreted in terms of two benchmark models
as shown in Figure [6.5] The upper limits on o(pp — G*) x B(G* — ZZ) range from
approximately 1 pb at low mass to 200 pb at high mass. The upper limits on o(pp —
W'y x B(W' — WZ) are similar with numerical values shown in Appendix . However,
due to the much larger production cross section of the W’ as compared to the graviton, the
mass limits that are obtained are quite different. In the case of the graviton signal, assuming
k) Mpj = 1, the observed (expected) mass limit is 740 (700) GeV and for the W/, assuming a
coupling of ¢ = 1, the observed (expected) mass limit is 1590 (1540) GeV. These constraints
extend those found by the experiments at the Tevatron, and are similar to those found by

the CMS collaboration, as previously described in Section [2.2.3]
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Figure 6.5: Observed and expected 95% CL upper limits on the cross section times branching
fraction as a function of the resonance pole mass for (a) the bulk Randall-Sundrum graviton
and (b) extended gauge model W’. The LO (NNLO) theoretical cross sections for the bulk
Randall-Sundrum graviton (extended gauge model W') production are also shown. The
band around the NNLO W cross section represents the theoretical uncertainty on the NNLO
calculation.
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CHAPTER 7

CONCLUSIONS

This thesis presented a search for physics beyond the Standard Model in proton proton
collisions at a center of mass energy of /s = 8 TeV using 20.3 fb~1 of data collected by the
ATLAS detector. Guided by the philosophy of signature based searches, it focused on the
llqq final state originating from the resonant production of ZZ or ZW pairs of massive W
and Z gauge bosons. To more effectively probe mass regimes greater than 1 TeV, in which
there is a boosted hadronic W/Z — ¢q decay, new techniques were applied that allow for
the identification of merged boson jets through the understanding of jet substructure. When
applied to this search, the improvement in sensitivity obtained is dramatic. No deviation from
the Standard Model expectation is observed, and constraints are placed on the cross section
times branching fraction of two benchmark models, the bulk Randall-Sundrum graviton and
the extended gauge model W”.

These constraints, along with those from a wealth of other new physics signatures, can be
translated into constraints on the mass scale allowed for generic benchmark models as shown
in Figure[7.I] All such constraints are beginning to probe the TeV scale and beyond, widely
believed to be the scale at which new physics must exist. Therefore, as the four experiments
prepare to collect data in Run 2 of the LHC at an increased center of mass energy, it is
essential to continue to advance the understanding of the experimental apparatus and the
manner in which the data collected can be used to best search beyond the Standard Model

and continue to work to expand the reach of the light on the lamp post.
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ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

Status: ICHEP 2014 [L£dt=(10-203)fb7 V5=7,8TeV
Model ty Jets ET™ [rdim™) Mass limit Reference
ADD Gk +g/q - 1-2j Yes 4.7 ! ! ! n=2 1210.4491
ADD non-resonant (£ 2e,n - - 20.3 n=3HLZ ATLAS-CONF-2014-030
ADD QBH — (q Tenu 1j - 20.3 n=6 1311.2006
ADD QBH - 2j - 20.3 n==6 to be submitted to PRD
ADD BH high Nk 2 (SS) - - 203 6, Mp = 1.5 TeV, non-rot BH 1308.4075
ADD BH high ¥, pr zlep =2j - 20.3 =6, Mp = 1.5 TeV, non-rot BH 1405.4254
RS1 Gy — (L 2epu - - 20.3 k/Mp = 0.1 1405.4123
RS1 Gk = WW — tvlv 2eu - Yes 4.7 kf/Mp; = 0.1 1208.2880
Bulk RS Gk — ZZ — lqq 2epu 2j/1d - 20.3 k/Mp = 1.0 ATLAS-CONF-2014-039
Bulk RS Gkx — HH — bbbb - 4b - 19.5 590-710 GeV [l k/Mp = 1.0 ATLAS-CONF-2014-005
Bulk RS gik — tt 1eu =1b,>1J/2] Yes 14.3 BR=0.925 ATLAS-CONF-2013-052
S'/7, ED 2eu - - 5.0 1209.2535
UED 2y - Yes 48 ATLAS-CONF-2012-072
w SSMZ' -t 2epu - - 203 1405.4123
S SSMZ T 27 - - 195 ATLAS-CONF-2013-066
8 SSM W’ — ¢y Tepu - Yes 203 ATLAS-CONF-2014-017
S EGMW - WZ o 0e e - Yes 203 1406.4456
S  EGM W - WZ - qqtt 2epu 2j/1d - 20.3 ATLAS-CONF-2014-039
S  LRSM W —tb feu 2b01] Yes 143 ATLAS-CONF-2013-050
LRSM W, — tb Oe,u >1b,1J - 20.3 to be submitted to EPJC
Cl qqqq - 2j - 4.8 1210.1718
. Cl qqtt 2eu - - 20.3 e =-1 ATLAS-CONF-2014-030
Cl uutt 2eu(SS) 21b,21] Yes 143 Icl=1 ATLAS-CONF-2013-051
S EFT D5 operator (Dirac) Oepu 1-2j Yes 10.5 at 90% CL for m(x) < 80 GeV ATLAS-CONF-2012-147
Q EFT D9 operator (Dirac) Oepu 14,<1]  Yes 20.3 at 90% CL for m(y) < 100 GeV 1309.4017
Scalar LQ 15 gen 2e >2j - 1.0 B=1 1112.4828
. Scalar LQ 2" gen 2pu >2j - 1.0 B=1 1203.3172
Scalar LQ 3 gen leptr 1b1j - 4.7 p=1 1303.0526
Vector-like quark TT — Ht + X tepu =22b>4j Yes 143 Tin (T,B) doublet ATLAS-CONF-2013-018
§~_Q Vector-like quark TT - Wb+ X 1e,u >1b>3j Yes 14.3 isospin singlet ATLAS-CONF-2013-060
3 § Vector-like quark TT — Zt + X  2/>3e,u  »2/>1b - 20.3 Tin (T,B) doublet ATLAS-CONF-2014-036
L & Vectorlkequark BB —» Zb+ X 2/>3eu >2>1b - 20.3 Bin (B.Y) doublet ATLAS-CONF-2014-036
Vector-like quark BB — Wt + X 2e,u(SS) 21b,21j Yes 14.3 Bin (T,B) doublet ATLAS-CONF-2013-051
Excited quark ¢* — qy 1y 1j - 20.3 only u* and d*, A = m(q") 1309.3230
Excited quark ¢* — qg - 2j - 20.3 only u* and d*, A = m(q") 1o be submitted to PRD
Excited quark b* — Wt 1or2epu1b,2jor1j Yes 4.7 left-handed coupling 1301.1583
Excited lepton ¢* — ¢y 2eu 1y - - 13.0 A=22TeV 1308.1364
LSTC ar —» Wy Teuly - Yes 20.3 1o be submitted to PLB
LRSM Majorana v 2epu 2j - 21 m(Wg) = 2 TeV, no mixing 1203.5420
5 Type Ill Seesaw 2epu - - 5.8 |Ve|=0.055, |V,|=0.063, | V;|=0 ATLAS-CONF-2013-019
£ Higgs triplet H** — ¢ 26,4 (SS) - - 47 DY production, BR(H** — ()=1 1210.5070
S} Multi-charged particles - - - 4.4 DY production, |q| = 4e 1301.5272
Magnetic monopoles DY production, |g| = 1gp 1207.6411
L L P | L L PR

10

Mass scale [TeV]
*Only a selection of the available mass limits on new states or phenomena is shown.

Figure 7.1: Summary of mass constraints placed on a number of searches for beyond the
Standard Model physics performed at ATLAS.
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APPENDIX A

UNCERTAINTIES IN FIT

The uncertainties taken into account by nuisance parameters in the fit are listed in Ta-
ble [A.2] and, The dominant uncertainties on the background estimation comes
from the correction of the Z+jets background correction, primarily because it is the dominant
background. In order to simplify the fit and make the computation more efficient, all other
systematic uncertainties deemed to be negligible are removed. To determine if an uncertainty
is significant two tests are performed. First, the overall normalization of the nominal and
systematically shifted spectra are compared and if the integrals are different by greater than
0.50 of the statistical uncertainty, then an uncertainty on normalization is considered for
that sample. For the shape, a Kolmogorov-Smirnov test is performed between the nominal
and systematically shifted sample. If any background sample in a signal region returns a
value of less than 0.1 then the systematic uncertainty is considered as a shape uncertainty for
all backgrounds in that region. Systematic shape uncertainties are considered in the same
way on signal samples, however each sample is considered individually. The results of these
two, indicating the size of the systematic uncertainty in normalization and shape for the
various background components and a G* sample representative of the given signal region,
are shown in Figures [A 1] [A.2] and [A.3] It should be noted here that the background com-

ponents evaluated here show separately the three Z + jets components for bottom, charm,

and light flavor jets referred to as Z + B, Z + C, and Z + L, respectively. Finally, shown
in Tables through is a full summary of which systematic uncertainties have been
included on at least one component in the fit based on the aforementioned prescription.
The effect of these individual systematic components is shown in Figure [A.4] The effect
of the inclusion of systematic uncertainties into the final calculation of sensitivity is apparent
when deriving the limit on cross section times branching ratio in a way to isolate the effect
of the systematic uncertainty in question. To do this, the sensitivity is first derived incorpo-

rating all systematic uncertainties (o ,;;) and incorporating all systematics except that in

question (0 fyi1—gsyst)- The quadrature difference between these two , \/ UJ%UH — U?ull—sys "
is then taken as the effect on the sensitivity due to the inclusion of the given systematic un-
certainty in the limit. This calculation is shown in Figure [6.4] for all systematic uncertainties

divided into five main categories based on their source.
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Figure A.1: Summary of the deviation from the nominal signal and background component
estimates, in terms of the normalization and Kolmogorov-Smirnov (KS) test statistic for

shape comparison, for all systematic uncertainties considered in the low-pr resolved signal

region in the electron channel (top) and muon channel (bottom).
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Figure A.2: Summary of the deviation from the nominal signal and background component
estimates, in terms of the normalization and Kolmogorov-Smirnov (KS) test statistic for

shape comparison, for all systematic uncertainties considered in the high-pp resolved signal

region in the electron channel (top) and muon channel (bottom).
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Figure A.3: Summary of the deviation from the nominal signal and background component
estimates, in terms of the normalization and Kolmogorov-Smirnov (KS) test statistic for

shape comparison, for all systematic uncertainties considered in the merged signal region in

the electron channel (top) and muon channel (bottom).
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Source of Systematic Electron Muon
Res. Low | Res. High | Merged | Res. Low | Res. High | Merged
JES Closure N N N
JES Detector #1 N S N NS
JES Detector #2 N
JES Detector #3 N N
JES n-Inter #1 N N N N
JES n-Inter #2 N N
JES Flavor Comp. NS NS NS NS
JES Flavor Resp. NS NS NS NS
JES Mixed #1 N
JES Mixed #2 N N
JES Modeling #1 N S N NS N
JES Modeling #2 N N
JES Modeling #3 N
JES Modeling #4 N N
JES Pileup u N N
JES Pileup NPV N N N
JES Pileup pr N N
JES Pileup Rho N N N N
JES Stat./Meth. #1 N N
JES Stat./Meth. #2 N
JES Stat./Meth. #3 N N
JER N N

Table A.1: For the small-R jet reconstruction uncertainties, the nuisance parameters used in
template fit to incorporate systematic uncertainties. For each nuisance parameter and signal
region, the entry indicates whether the nuisance parameter incorporates a normalization,
“N”, uncertainty and/or a shape, “S”, uncertainty into the fit, based on the tests descried

in [Al
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Source of Systematic Electron Muon
Res. Low | Res. High | Merged | Res. Low | Res. High | Merged
Energy Res. NS NS
Energy Scale N S NS
Mass Res. N N
Mass Scale N N
Vs Res. N N
VUF Scale N N

Table A.2: For the large-R jet reconstruction uncertainties, the nuisance parameters used in
template fit to incorporate systematic uncertainties. For each nuisance parameter and signal
region, the entry indicates whether the nuisance parameter incorporates a normalization,
“N”, uncertainty and/or a shape, “S”, uncertainty into the fit, based on the tests descried

in [Al
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Source of Systematic Electron Muon
Res. Low | Res. High | Merged | Res. Low | Res. High | Merged
Electron Energy Res. N N
Electron Energy Scale N N N
ISR/FSR N N N N N N
LHC Beam Energy N N N N N N
Luminosity N N N N N N
Muon Energy Res. (ID) N N
Muon Energy Res. (MS)
Muon Energy Scale N N N
PDF N N N N N N
Reco. Efficiency N N N
Trigger Efficiency N N N N N N
Z + jets BG Norm. N N N N N N
Z + jets BG Slope S S S S S S

Table A.3: For all uncertainties not related to jet reconstruction uncertainties, the nuisance
parameters used in template fit to incorporate systematic uncertainties. For each nuisance
parameter and signal region, the entry indicates whether the nuisance parameter incorporates
a normalization, “N”, uncertainty and/or a shape, “S”, uncertainty into the fit, based on the

tests descried in [A]
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Figure A.4: The fractional deviation from unity in comparing the expected upper limit on
olpp — G*) x B(G* — ZZ) with and without the inclusion of systematic uncertainties.
The affect on the sensitivity due to each component is calculated as the quadrature differ-
ence between the sensitivity derived incorporating all systematic uncertainties (o ,;;) and

incorporating all systematics except that in question (o 11— syst), \/ O}UH — J?’"ull—syst'
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APPENDIX B

TABULATED NUMERICAL RESULTS

Presented here are the numerical results for the total event counts for the three signal regions,
summarized in Section but presented in greater detail in more exclusive signal regions
and with additional signal points in Tables In addition, shown in Tables [B.4]
and constraints on production cross section times branching for the two benchmark

models considered in this search, presented graphically in Figure [6.5]

Signal region Low-pt Resolved

Channel Electron Muon

Z+jets 4358 £ 27 £ 20 5102 £29 £ 21
Diboson 108.2+£2.7£9.2 125 +3+13

Top 87.6 +6.4+5.1 87.7+£6.5+4.8

Y Backgrounds 4553 + 28 £ 33 5315 £ 30 £ 37

After Profiling 4547 £ 22 5305 £ 20

Data 4440 5288

G*(M = 0.5 TeV) 554 + 12 4+ 41 543 + 12 £47

G*(M = 0.8 TeV) 0.514 £ 0.03 £ 0.11 0.62 £ 0.039 £0.12
G*(M =1.4 TeV) | 0.00027 = 0.00007 £ 0.00041 | 0.00027 £ 0.00007 = 0.00042
W’ (M = 0.5 TeV) 911 £26 + 86 1040 + 27 £ 110

W' (M = 0.8 TeV) 92+0.6+1.2 94+06+1.2
W'(M = 1.4 TeV) 0.0710 = 0.0087 £ 0.0094 0.00033 =£ 0.00008 £ 0.00051

Table B.1: Estimated background yields, the observed number of data events, and the
predicted signal yields for the low pp resolved region. Where two uncertainties are shown
these are statistical and systematic. For the profiled backgrounds the uncertainty combines
statistical and systematic.
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Signal region High-pt Resolved

Channel Electron Muon
Z+jets 291.8 £ 3.0+ 4.8 298.8 +3.0 £ 4.7
Diboson 10.19 £0.22+ 0.65 10.37 £ 0.14 £ 0.80
Top - -
Y:Backgrounds 30244+3.0+74 309.2+3.0£7.3
After Profiling 300.8 +4.5 307.9+4.1
Data 307 312
G*(M = 0.5 TeV) 6.3+£1.3+1.3 75+14+1.5
G*(M = 0.8 TeV) 7.42+0.14 £ 0.52 6.86 +0.13 £ 0.56
G*(M = 1.4 TeV) | 0.00360 £ 0.00025 + 0.00032 | 0.00258 4 0.00021 + 0.00024
W' (M = 0.5 TeV) 6.7£21+64 5.5+2.1+49
W’ (M = 0.8 TeV) 741+1.6+54 709+1.64+6.0
W' (M = 1.4 TeV) 0.237 + 0.016 £ 0.020 0.236 £ 0.016 = 0.023

Table B.2: Estimated background yields, the observed number of data events, and the
predicted signal yields for the high p resolved signal region. Where two uncertainties are
shown these are statistical and systematic. For the profiled backgrounds the uncertainty
combines statistical and systematic.
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Signal region Merged

Channel Electron Muon

Z+jets 11.31 +0.23 £ 0.77 9.60 £ 0.20 £ 0.72
Diboson 0.723 £0.014 + 0.063 0.660 £ 0.013 = 0.064
Top - -
Y.Backgrounds 120+ 0.24+1.2 103+£02+1.1
After Profiling 11.80 £+ 0.69 10.57 £ 0.68
Data 8 17

G*(M = 0.5 TeV) 22+07+£18 1.05+0.50 £ 0.94
G*(M = 0.8 TeV) 0.534+0.04 £0.12 0.432 £ 0.033 £ 0.092
G*(M =1.4 TeV) | 0.056 & 0.0010 4 0.0046 | 0.043 + 0.0010 + 0.0038
W (M = 0.5 TeV) 0£0x0 0.053 £ 0.053 £ 0.005
W’(M = 0.8 TeV) 2.54+0.30 £ 0.70 2.76 £0.32£0.78
W' (M = 1.4 TeV) 2.00 £0.05+0.23 1.63 +£0.04 +0.21

Table B.3: Estimated background yields, the observed number of data events, and the
predicted signal yields for the merged region. Where two uncertainties are shown these are
statistical and systematic. For the profiled backgrounds the uncertainty combines statistical
and systematic.
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M(G*) | Cross Section (o) -20 -lo Expected +lo +20 Observed
Process x BR [fb] [fb] [fb] [fb] [fb] [fb] [fb]
300 1.3E+04 5.6E4+02 7.5E+02 1.0E+03 1.5E+03 2.1E+03 | 1.1E+03
350 6.2E+03 2.7TE4+02 3.6E+02 4.9E+402 7.0E+02 9.8E+02 | 7.8E+02
400 2.6E+03 1.7E+02 23E+402 3.2E+02 4.5E+02 6.2E402 | 2.8E+02
450 1.1E+03 1.1E+02 1.5E+4+02 2.1E+02 3.0E+02 4.1E+402 | 1.4E+02
500 5.4E+02 8.5E+01 1.1E4+02 1.6E+02 22E+02 3.1E402 | 8.5E+01
550 2.8E+02 6.7E+01 89E+01 1.2E+4+02 1.8E+02 24E+02 | 8.7E+01
600 1.6E+-02 4.7E+01 6.4E+01 &8.8E+401 1.3E+02 1.7E+02 | 8.5E+01
650 9.2E+01 3.6E+01 4.9E+4+01 6.8E+01 9.6E+01 1.3E402 | 7.3E+01
700 5.6E+01 3.2E4+01 4.3E+01 59E+01 8.4E+4+01 1.2E+02 | 5.1E+01
750 3.6E+01 2.7E401 3.7E+01 5.1E+01 7.3E4+01 1.0E+02 | 4.0E+401
800 2.3E+01 2.5E+01 34E+01 4.7E4+01 6.7E+01 9.3E401 | 2.7E+01
850 1.5E+401 2.0E4+01 2.7E+01 38E+01 5.4E+4+01 7.7E+01 | 2.6E+01
900 1.0E+-01 1.5E+01 2.1E+401 29E+01 4.2E+01 6.0E+01 | 3.0E+01
950 7.2E+00 1.2E+01 1.6E+01 23E+01 3.3E+01 4.7E+01 | 2.5E+01
1000 5.1E+00 1.1E+01 1.4E+4+01 2.0E+01 29E+01 4.2E+01 | 2.5E+01
1100 2.6E-+00 8.3E+00 1.1E+01 1.5E+401 2.2E+01 3.3E+01 | 1.9E+01
1200 1.4E+00 6.8E+00 9.1E4+00 1.3E+01 1.9E+01 2.7E401 | 1.6E+01
1300 7.7E-01 5.8E+00 7.7TE400 1.1E+01 1.6E+01 2.3E+401 | 1.3E+01
1400 4.4E-01 5.0E400 6.7E+00 9.3E4+00 1.4E+01 2.1E+01 | 8.8E+00
1500 2.6E-01 5.0E400 6.7E+00 9.3E4+00 1.4E+01 2.1E+01 | 8.6E+00
1600 1.5E-01 3.9E4+00 5.3E+00 7.3E4+00 1.1E+01 1.7E401 | 6.0E+00
1700 9.3E-02 3.6E4+00 4.8E+00 6.7E4+00 1.0E4+01 1.6E+01 | 5.3E+00
1800 5.8E-02 3.3E+00 4.4E+4+00 6.2E4+00 9.4E+00 1.5E401 | 5.8E+00
1900 3.6E-02 3.1E4+00 4.2E+00 5.8E4+00 8.9E+00 1.4E401 | 6.6E+00
2000 2.3E-02 3.3E4+00 4.4E+00 6.1E4+00 9.4E4+00 1.5E+01 | 7.3E+00

Table B.4: Observed and expected limits on cross section times branching fraction for the
bulk Randall-Sundrum G* — ZZ signal.
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M(W’) | Cross Section (o) -20 -lo Expected +1o +20 Observed
Process x BR [fb] [fb] [fb] [fb] [fb] [fb] [fb]
400 1.0E+04 3.8E+02 5.1E+02 7.1E4+02 1.0E+03 14E+03 | 6.6E+02
500 4.1E+03 1.9E+02 2.5E+02 3.5E+02 5.0E+02 6.9E+02 | 1.9E+402
600 1.9E+4-03 8.6E+01 12E+02 1.6E+02 23E+02 3.2E+02 | 1.7TE+02
700 9.7E+02 6.2E+01 8.3E+01 1.1E4+02 1.6E+02 23E+02 | 9.7E+01
800 5.4E+-02 5.6E+01 7.6E4+01 1.0E+02 1.5E+02 2.1E+02 | 6.1E401
900 3.1E+02 3.2E+01 4.3E+01 6.0E4+01 &.8E+01 1.3E+02 | 7.0E+01
1000 1.9E+-02 24E+401 3.3E+01 4.6E+01 6.7E4+01 9.8E+01 | 5.4E+01
1100 1.2E+02 2.0E4+01 2.7E+01 3.7E+01 54E+4+01 8.0E+01 | 4.5E+401
1200 7.5E+4+01 1.7E+01 2.3E+4+01 3.2E+01 4.7E+01 7.0E+01 | 4.1E401
1300 5.0E+01 1.4E+01 19E+401 2.7E+01 4.0E+01 6.1E4+01 | 3.5E+01
1400 3.3E+01 1.3E+01 1.7E4+01 24E+01 3.5E+01 5.4E+01 | 2.4E+01
1500 2.3E+01 1.1E+01 1.4E+01 2.0E+01 3.0E4+01 4.6E+01 | 1.9E401
1600 1.5E+01 1.0E+01 14E+401 1.9E+01 29E+01 4.6E+01 | 1.6E+01
1700 1.1E4-01 9.8E+00 1.3E+01 1.8E+401 2.8E+01 4.5E+01 | 1.3E+01
1800 7.5E-+00 8.8E+00 1.2E+01 1.6E+01 2.5E+01 4.0E+01 | 1.5E+01
1900 5.2E4-00 9.0E+00 12E+01 1.7E+01 26E+01 4.2E+01 | 2.0E4+01
2000 3.7E+00 8.4E+00 1.1E+01 1.6E4+01 24E+01 3.9E+01 | 2.0E+01

Table B.5: Observed and expected limits on cross section times branching fraction for the
extended gauge model W/ — ZW signal.
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APPENDIX C

RECEIVER OPERATOR CHARACTERISTIC (ROC) CURVES

A common method to optimize a selection, or compare performance characteristics on a
given variable to reject background in favor of signal is through the use of receiver operator
characteristic (ROC) curveq’] The general idea to produce a ROC curve is to scan a number
of selection criteria and count the relative amount of selected and rejected events given each
selection criteria. This scan produces a set of signal efficiency (e4;4) and background rejection
(1 — €pg) values, one for each selection, that trace out a curve in the (eg4, 1 — €4) space.
However, two slightly different methods of doing this are implemented in this analysis.

The first method of defining a ROC curve, used in the optimization of boson tagging in
Section [4.4] is rather general and can be generalized to higher dimensions of variables for
more complex analyses. The general idea is to select the region of phase space, which may
not necessarily be defined by a single rectangular cut, that produces the optimal ratio of

signal to background. The procedure for a single selection variable is as follows

—~

1. Given a binned signal distribution (S;) and background distribution (B;), order the

S8

L. Note that this ordering can be based on any
(2

bins based on the quantity R; =

Sy

figure of merit, R;, if desired.

2. Define a selection criteria for some value of R; and calculate €54 and 1 — €, for this

selection.

3. Repeat 2 for a monotonically increasing set of selection criteria and define the ROC

curve as the set of (€54, 1 — €3,4) points determined here.

There are two features of note concerning this procedure. The first is that it will produce
ROC curves that monotonically select a region of phase space that has higher values of signal
over background. Therefore, the ROC curve produced from two very different methods
of dividing the phase space, meaning two different selection selection variables or sets of

selection variables. However, this also means that a given selection on the variable R; will

1. The concept of using ROC curves was initially developed by radar engineers during world war II to
detect enemy objects in battlefields and test the methods they developed to perform this task.

119



not necessarily select a single region of phase space in the original set of variables, but may
select different “pockets” of phase space depending on the form of the S; and B; distributions.

The second method of defining a ROC curve is very similar to previous method, but
no transformation to the R; variable is made. Instead, the monotonic cuts and subsequent
calculation of the (esig,l — Ebg) set of points is made directly on the phase space, in this case
a single variable, used to classify events. This creates ROC curves that have structure based
on the details of the signal and background spectra which is beneficial from the standpoint
that is allows for the definition of a single selection criteria that can directly be implemented
as a single selection criteria in a search. For the search in this thesis, the specific selection
value is defined as the selection criteria that produces the ROC curve point located closest

to the optimal €g;5 —1 and 1 — €, = 1 point, namely that minimizes R = Egig + Egig' This
is the method used in Section 5.4l to determine the numerical values of selection criteria used

in the analysis.
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APPENDIX D

SIGNAL SHAPE

In general, this search is sensitive to narrow resonances. However, the width of the excess
that is expected on the reconstructed M (€0 + jet + jet) or M ({0 + FatJet) mass spectrum is
a combination of the physical width of the resonance, which is typically on the order of a few
percent times the pole mass of the signal being considered, and resolution effects coming from
reconstruction of physics objects. To estimate the behavior of this width, the G*and W' sig-
nals are reconstructed in the three signal regions for a subset of mass points targetted by that
region. The resulting templates are fit with Gaussian PDFs and the fitted width is extracted.
The resulting set of widths are fit with an exponential function as Shown in Figure for
the G*signal, which is representative of the shape of the expected excess and guides the

binning used in this search, which is taken to be BinW1idth = 1.5¢2:910-0011xMreco GV .
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Figure D.1: Reconstructed mass resolution, the fitted Gaussian width of the M (¢/+ jet+ jet)
and M (00 + FatJet) mass spectra, as a function of the G*mass for the electron (left) and

muon (right) channels.

121



APPENDIX E

FINAL STATE SENSITIVITY COMPARISON

Due to the nature of different final states for diboson pairs, sensitivity to a new physics
signal varies as a function of the mass scale of the particle for which the search is performed.
In particular, the low mass region (< 1 TeV) is probed with greatest sensitivity using fully
leptonic final states which have increased mass resolution. However, the lack of statistics at
high mass (>> 1 TeV) in these channels necessitates the use of hadronic final states and
therefore the fully hadronic final state, with the highest mass reach dominates in this region.
However, in the overlap region near 1.5 TeV, the semileptonic final states combine these
strengths to provide increased sensitivity in this region. This is demonstrated in Figure
which shows the expected sensitivity for a number of final states for the Extended Gauge

Model W'signal.
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Figure E.1: Comparison of the sensitivity to the Extended Gauge Model WW'signal in terms

of production cross section times branching ratio to W Z for a number of final state channels.
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