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Abstract

This work presents a search for a dijet mass resonance using Trigger-Level-
Analysis in proton-proton collisions at /13 TeV with the ATLAS detector.
Dijet searches in ATLAS with sub-TeV masses are statistically limited by
the available bandwidth for inclusive jet triggers. The high Standard Model
production rate of jets require ATLAS to apply prescale factors on these
triggers in order to record full events in a manageable rate. The Trigger-
Level-Analysis introduces a new strategy to overcome these limitations; By
recording events in a reduced data format, which include only the subset of
information necessary for a resonance search, it’s possible to record events at
much higher rates. The search described in this work considers dijet masses
between 394 GeV - 1.24 TeV and uses 3.4 fb~! of data collected during 2015.
The data shows agreement with the prediction from the Standard Model,
and exclusion limits on possible models were set.
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Chapter 1

Introduction

The notion that the world is made up from discrete units can be traced back
to the time of the ancient Greeks. The name ”"Atoms” was given then to
pieces of matter that can not be further split into smaller portions. How-
ever, more than 2000 years had passed before these ideas could be held to
experimental tests. The Standard Model of particle physics was developed as
the theory that describes the fundamental particles in the universe, and how
they interact among themselves. Ever since it’s establishment during the mid
1960’s and early 1970’s, the Standard Model surpassed rigorous testing and
it’s predictions were able to account for almost all experimental results. Des-
pite it’s success, the theory is known to be incomplete; Observations such as
the presence of Dark Matter in the universe, asymmetry between the abund-
ances of matter and anti-matter, and neutrino oscillations are examples for
phenomena that can not be explained in the framework of the Standard
Model. Attempts to resolve these conflicts were made by developing theories
that extend the Standard Model, and seeking for their evidence in major
experimental operations.

The European Organization for Nuclear Research, CERN!, located out-
side of Geneva, Switzerland, is the site of an international laboratory for
research of fundamental physics. Since it’s establishment in 1954, scient-
ists in CERN operated particle accelerators and detectors with the goal of
witnessing evidence of new physics processes, and measuring the current the-
ories to higher precision. The recent generation of experimental machinery
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includes the Large Hadron Collider (LHC), a ring shaped particle acceler-
ator used to conduct high energy collision experiments. The LHC started
operating in 2010 and in July of 2012 the discovery of the Higgs Boson was
announced by the ATLAS and CMS experiments. At the time of writing this
work, no sign of physics beyond the Standard Model was found.

The most abundant physics objects produced in proton-proton collisions

at the LHC are jets, collimated sprays of particles resulting from the produc-
tion of high-energy quarks and gluons. Their high production rate exceeds
the data-storing capabilities of ATLAS computers. The majority of jets in
ATLAS are produced with low energies, whereas beyond the Standard Model
signals may come associated with high energy events. To allow more band-
width for high energy jets events, ATLAS applies prescale factors on jet
triggers which reduce the recording rates of low energy jets events. This
limits the statistics available in jet related searches below a mass scale of ~1
TeV.
The Trigger-Level-Analysis (TLA) introduces a new strategy for collecting
data, applied initially in a dijet mass search; By recording only a subset of
the event information, that which is necessary to perform a resonance search,
it’s possible to record much higher event rates and gain sensitivity to physics
in the sub-TeV mass scale.

The work presented here describes the search for a resonance in the dijet

mass distribution from proton-proton collision at /s = 13 TeV with the AT-
LAS detector using a Trigger-Level-Analysis.
Chapter 2 gives an introductory theoretical background to the Standard
Model, as well as to the relevant physics of proton-proton (pp) collisions,
and to one extension model of physics beyond the Standard Model - the Z’
dark matter mediator. Chapter 3 describes the experimental setup of the
Large Hadron Collider and the ATLAS detector. The implementation of the
Trigger-Level-Analysis in ATLAS and the validation of different parts in the
analysis chain are reviewed in Chapter 4, and Chapter 5 presents the data
and Monte Carlo (MC) samples used in the analysis. Chapter 6 discusses the
strategy for estimating the dijet background, and the specific complication
relevant in the Trigger-Level-Analysis case. Finally Chapter 7 and Chapter 8
show the results of the search and the corresponding exclusion boundaries
respectively.



Chapter 2

Theoretical Background

While this thesis describe an experimental measurement, this opening chapter
consists of an introductory theoretical background. A brief introduction to
the Standard Model is presented with emphasis on QCD in section 2.1. In
section 2.2 phyiscs beyond the Standard Model (BSM) is discussed. The 7’
model of a dark matter mediator is presented as an example for an extension
to the Standard Model which has a decay mode to dijets. Aspects of physics
relevant to a collider experimets are discussed in section 2.3.

2.1 The Standard Model

Most information reviewd in this section had been drawn from [1, 2]. Other
sources are cited in the text.

2.1.1 Particle Content

In the current picture of particle physics the universe is composed of a few
"building-blocks”, called elementary particles. The elementary particles are
subject to four fundamental forces: Strong force, Weak force, Electromag-
netic (EM) force, and Gravity. The mathematical framework describing how
these particles and three of the forces (Gravity excluded) interact is called
the Standard Model (SM). Since its development in the mid 1960’s - early
1970’s the SM has successfully predicted a variety of phenomena and has
been able to explain almost all experimental results.
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Figure 2.1: The Standard Model particles divided to their respective sub
groups and generation.

Elementary particles are often divided into two groups: fermions and
bosons.

Fermions - ”matter particles” Fermions are the constituents of matter.
They carry a half-integer spin and can be further divided into leptons
and quarks. Leptons take part in the Electro-Weak interaction only
while quarks interact via all SM interactions (Strong and EW). Each
group consists of three pairs of particles. For the leptons they are the
electron (e) and it’s "partner” the electron-neutrino () , the muon
() and muon-neutrino (v,), and the tau (7) and tau-neutriono (v;).
e, i, and 7 carry a -1 EM charge whereas the three v’s are neutral, i.e
carry no EM charge. The three pairs of quarks are the up (u) and down
(d) quarks, the charm (c¢) and strange (s), and top (¢) and bottom (b).



Both quarks and leptons have spin %

Bosons - Gauge and Higgs Bosons too are split into to two different types.
Gauge boson are responsible for mediating the different forces. When
two particles interact, they are said to be ”exchanging gauge bosons”
between them. For this reason gauge boson are often referred to as
"force-carrying particles”. The gauge bosons consists of the gluon g -
responsible for the strong interaction, W+, W—, Z° - mediate weak in-
teractions, and the photon « - EM interaction. All gauge bosons have
spin 1. The second type of boson is the Higgs boson. It is a scalar
particle, meaning its spin is 0. Theorized in 1964 and first observed at
the LHC in 2012[3], the Higgs boson is in the heart of the mechanism
which allows other elementary particles acquire mass[4].

2.1.2 QCD

Quantum Chromodynamics (QCD) is the gauge field theory describing strong
interactions. The strong interaction couples to quarks and is mediated by
gluons. The relevant gauge symmetry for QCD is non-abelian SU(3)s. The
charge associated with this symmetry, and hence with strong interactions
is the color charge. Quarks can be in a state of either "red”, "green”, or
"blue” (r,g,b), and anti-quarks in ”anti-red”, ”anti-green”, or ”anti-blue”
(7,3,b). The theory’s non-abelian structure dictates that gluons also carry
color charge. To enforce the conservation of color in a vertex gluons are re-
quired to carry one unit of color and one unit of anti color. A color+anti-color
combination can result in eight colored states (Octet) and one colorless state
(Singlet), in accordance with the group algebra: 3 x 3 = 8 ® 1. The Octet
states are compatible with SU(3)’s eight required generators and correspond
to eight physical gluons. The singlet state has no realization as a particle
in nature. Quarks and gluons - partons - can not be found as free particles
on their own. This is due to a feature of QCD called confinement. Con-
finement determines that only neutral states of color are observed in nature.
Until recently such particles were observed in two forms: a combination of
a quark and an anti-quark (meson) carrying opposite color charges, or three
quarks each carrying a different charge of color (baryon). In recent years ex-
perimental observations confirmed that color neutral states can be construc-
ted from combinations of four (tetraquark) and five (pentaquark) quarks as
well [5, 6]. Another feature of QCD is asymptotic freedom. Assymptotic free-



dom determines that the interaction between two particles grows stronger as
the distance between them increases (or their momentum transfer decreases).

. . 1 .
In terms of the running coupling constant ag o< 109 (0/Aa0n)? where Q is the
momentum transfer and Aqcp ~ 100 MeV is the QCD scale.

The QCD Langrangian is given by:

. 1 V.
Locp = Z @i,a (17" 0p0ab — gsfy“tg)Gf — Mi0ab)ip — ZFS/F“ A (2.1)

Where ¢, , is a quark spinor of flavour i, mass m;, and color a = 1 — 3.
t4 (A =1 — 8) are the SU(3) generators also known as the Gell-Mann
matrices. These are 3 X 3 matrices that satisfy:

(t4, 5] = i fapct® (2.2)

fapc are called structure constants. Gﬁ is the gluon field associated with
generator t’} | g, is the gauge coupling, and F ;ﬁ/ is the gluon field tensor given
by:

Fi = 0,G) — 0,G) — g fapcGLGS (2.3)

2.2 Beyond the Standard Model

The Standard Model has been probed and tested in various ways. The ex-
perimental signatures it predict had been seen and measured to great preci-
sion. Yet, there is still empirical evidence that it does not tell the complete
story. Phenomena such as neutrino oscillations, baryon asymmetry, exist-
ence of dark matter, and the mass hierarchy problem are examples to such
evidences. A popular way to address these inconsistencies is by introducing
complementary models - extensions - to the Standard Model. The Exotics,
SUSY, and the Higgs BSM groups in ATLAS search the recorded data for
detectable signatures of such models. The SUSY group focuses on Super-
symmetry, a theory that predicts a ”partner” particle for each of the SM
particles. The Exotics group is seeking all other BSM phenomena. The ana-
lysis presented here searches for BSM signals in events with two jets in the
final states (dijets). A jet is the experimental signature of a parton, and it will
be disscused in more detail later in this capter. One model with the potenial
of producing dijets signatures, Z’, is reviewd in this section, but a variety of
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models such as excited quarks (¢*) [7], quantum black holes (QBH) [8], and
color octet scalars (s8) [9] can also produce detectable dijets resonances [10].

2.2.1 7’ Dark Matter mediator

Dark matter particles are postulated particles that do not interact directly
with Standard Model particles. They are motivated by a number of gravit-
ational observations pointing to missing mass in the universe. Dark matter
has not yet been detected directly and its existence is established through
indirect observations such as the one mentioned above. 7’ is a theorized
massive particle, arising from a broken U(1)x gauge symmetry, with the role
of mediating between dark matter particles and SM states. In other words,
dark matter can interact with standard model particles via exchange of Z’.
Since dark matter particles do not leave a mark in the detector, they are
commonly linked to events with missing transverse energy (ER). But if
two SM particles can annihilate to create a Z’ particle, the reverse process
can occur, and the Z’ can decay back into two SM particles. This sort of
decay will produce a resonant signal in the mass of the mediator, which can
be detected when looking for instance at pairs of jets, pairs of leptons, etc.
In the specific scenario outlined in Ref.[11], dijet searches complement EZRss
searches in regions of parameter space where the decay of the Z’ to invisible
particles is kinetically suppressed. This model consider a DM fermion y with
mass m,, a spin-1 7’ mediator with mass Mpeq, and vector or axial-vector
couplings to SM and DM fields. The corresponding interaction Lagrangians:

/Cvector = dq Z ZLq*,qu + ng,;f(’VMX
q=u,d,s,c,b,t

Laxial—vector = gq Z ZLQ’Y“’YSC] + gXZLX7H75X

q=u,d,s,c,b,t

(2.4)

The parameters in the model are thus g, - the coupling of Z’ to quarks,
gy~ its coupling to the dark matter fermion, m,- the Dark Matter fermion
mass, and M,.q is the Z’ mass. For the analysis in this work, the two most
relevant parameters are gq, as it drives the resonance height and its width,
and M eq.

Figure 2.2 shows some examples of the relevant Feynman diagrams for
processes involving the DM particles and SM fermions. Processes 2.2(a) -
2.2(c) can be witnessed in a collider. In 2.2(a) the Z’ decays back into two
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quarks, which will create resonant signal in the dijets invariant mass spec-
trum. In 2.2(b) there are two additional leptons in the final state, as a result
of interaction with a Z boson. 2.2(c) is a mono-jet signature where only
the jet induced by the gluon is seen in the detector, and the pair of x’s are
inferred from missing energy. The last two diagrams are complementary scen-
arios that can not be produced in a collider experiment, but may be looked
for in dedicated DM searches. 2.2(d) shows a process of DM annihilation
in which the resulting SM particles are quarks. Signatures from processes
like these are mostly sought by indirect DM searches [12]. Direct searches
hope to observe a scattering process between DM and SM particles[13], as
suggested by the diagram in 2.2(e).

q q q [ q g
I
Z _
9q 9q 7! X
Z/ _
q g
gq Z/ a X
q (a) q q (b) q q (c) X
X q q q
9q
9x dq A
Z/
Ix
X (d) q X (e) X

Figure 2.2: Processes involving interaction between SM particles, Z’, and
DM particles.

2.3 Collider Physics

2.3.1 Jets

As a result of the confinement, states with a color charge different from zero
are not observed in nature[14]. This means that a single parton can not
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be detected on its own. Instead the experimental signature of a parton is
an object called a jet - a highly collimated group of energy depositions in
calorimeter cells. Each parton has a finite probability of splitting into two
partons, which are emitted in a small angle relative to the direction of the
original parton. The splitting probability depends on the type of the original
parton and the resulting partons (¢ — 99,9 — qd,q — qg). These splitting
are a perturbative effect which is referred to as parton branching. After many
such splitting, the energy of the resulting partons decreases and it is followed
by the step of hadronization. At this stage the partons are combined into
states of color singlets thus forming hadrons. Hadronization is a process that
can not be described perturbatively [15].

In ATLAS, jets are reconstructed from topological clusters (topoclusters).
A topocluster is a group of neighbouring calorimeter cells, which exhibits
significant energy depositions. The calorimeter cells are designed to monitor
the shower of jets and measure their kinematic properties, which at first
approximation matches those of the original parton [16].

Jets are objects that can be defined in several of ways. Each clustering
algorithm is a well defined mathematical set of rules, meant to combine near
by topological clusters to jets. The jets in this analysis were defined using
the anti-k; algorithm [17]. Anti-k; belongs to a broader class of algorithms
named sequential recombination algorithms. In these algorithms the distance
between jet constituents is quantified using:

AR,
AR?

d;; = min(pry?, pT?‘p)

ARz’j = (yi y]) + (¢ ij) (2.5)
dip = pT?p

With pr;, y;, and ¢; being the transverse momenta, rapidity, and azimuth
of particle 7. For the anti-k; algorithm the parameter p=-1. The algorithm
steps are as follows:

1. Compute all the d;; and d;5 and find the minimum.

2. If the minimum is a d;; merge ¢ and j into a single element and return
to stage 1.

3. Otherwise, if it’s a d;p, declare element 7 as a final jet, and remove it
from list of remaining items. Return to step 1.

4. Repeat until no particles are left.
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The fact that p has a negative sign means that the jets are formed around
high momenta, hard particles, as they are classified first.

2.3.2 Kinematics of Proton Proton Scattering

The main physical process relevant to this analysis is pp — pp collisions. For
these collisions, since the mass and kinetic energy of the incoming protons
is equal, the centre-of-mass frame and the laboratory (or detector) frame
coincide in the interaction point. However, since the proton is a composite
particle, the actual interaction occurs between the parton (quark and gluon)
constituents, which means that the colliding centre-of-mass frame differs from
the laboratory frame. Regardless of the details of the interaction, some
kinematic relation still hold [14]. In the scheme of 1 + 2 — 3 + 4, one
can define the Mandelstam variables:

5= (p1 +p2)2 ) t= (Pl - p3)2 ) U= (p2 - p3)2 (2-6)

where p; is the four-momenta of parton . For massless partons the Mandel-
stam variables satisfy: s+ ¢+ @ = 0 and two of those can be expressed as
a function of the third one and the scattering angle #* in the centre-of-mass
frame:

. 1 1
t= —§§(1 — cos0") , U= —§§(1 + cos 0") (2.7)
The rapidity of a parton is defined as y = % ln(g%gj), with F being the parton

energy and p, its momenta along the collision axis. This variable is invariant
up to a constant under a boost in the z-direction. In the centre-of-mass
frame, the rapidities of the outcoming partons, y*, are opposite, and can be
related to the scattering angle by:

cos 0" = tanhy” (2.8)

The Mandelstam variable § can be expressed using the transverse momentum
pr and rapidity in the centre-of-mass frame:

§ = 4p? cosh? y* (2.9)

One can also express y* and the centre-of-mass rapidity y using the rapidities
of the outcoming partons in the laboratory frame ys 4.

Ys + Y4 s _ Y3~ Y
2 Y 2

y= (2.10)
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From the above relation one can derive that the scattering angle #* in terms
of Y3a:
cos 0" = tanh(%) (2.11)

2.3.3 Cross Section and Luminosity

In particle physics, the probability of different processes is often referred to in
terms of cross section, o. It is measured in units of barn, with 1 b = 10728m?2.
But for a given process or phenomena, the cross section alone is not enough
to determine the probability of witnessing it in a colliding experiment. For
that the concept of luminosity, L, is introduced. L is defined through the
rate R of events of some type and the cross section for them to happen.

R=L-o (2.12)

One can deduce the total number of events in a given time interval ¢ simply
by integrating the above:

t+6t
N = a/ Ldt. (2.13)
t

which introduces the concept of integrated luminosity. For a given cross sec-
tion for a new phenomenon, a higher integrated luminosity will thus increase
the chances for discovery. Conversely, if the integrated luminosity is known,
information on the cross section can be deduced from the number of events
observed. N and L are experimental quantities, while ¢ is a theory para-
meter, containing the information about the modelling of the physics process
— the information we are really interested in. Knowing the integrated lu-
minosity is thus the key to make theory interpretations of an experimental
event count, and it is given in units of fb~* or pb™'.
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Chapter 3
LHC and the ATLAS detector

" CERN Meyrin®

Figure 3.1: Aerial view of CERN with an illustration of the LHC ring.

The Large Hadron Collider (LHC) is a ring collider, designated to collide
protons (and heavy ions) with high center-of-mass energy, and located in
CERN, on the border of Switzerland and France. The LHC ring is 27 km,
inside an underground tunnel of varying depth between 45 - 170 meters. An
illustration of LHC with respect to the surroundings is given in Figure 3.1.
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Figure 3.2: An illustration of the steps taken in accelerating the protons to
their final energy and injecting them to the LHC.

The process of accelerating and colliding protons is done in a number of
steps and is demonstrated in Figure 3.2: Hydrogen atoms are stripped from
their electrons, thus becoming protons. They then go through a series of
accelerators, from each they emerge more energetic. First is Linac2, a linear
accelerator that brings the protons to ~50 MeV. They are then injected into
the Proton Synchrotron Booster (PSB) where they reach an energy of 1.4
GeV. From there the protons reach the Proton Synchrotron (PS), bringing
them to 26 GeV, then to the Super Proton Synchrotron, which increases
their energy to 450 GeV. Finally the protons are injected in bunches to the
LHC ring, where their energy is further increased to 6.5 TeV. In this last
step the bunches of protons are injected into the LHC in both directions,
clockwise and anticlockwise. Their paths meet in four different points along
the ring, where the collisions occur. Around each such point is a detector,
set to measure and analyse the products of the collision.

The four detectors are ALICE[18], ATLAS[19], CMS[20], and LHCb[21].
ALICE experiment is set to probe heavy-ion physics, LHCb focuses on b-
physics, and both ATLAS and CMS are multipurpose detectors designed to
find the Higgs boson and to provide high precision measurements of proton-
proton, heavy ions, and proton-heavy ions collisions.

LHC started operating in 2010 with a centre-of-mass energy of 7 TeV.
During Run-1 in 2012, the proton beams had energy of 4 TeV (centre-of-
mass energy of 8 TeV) and bunch spacing of 50 ns. Run-1 was followed by
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a two years shut down in which the LHC underwent an upgrade, and when
Run-2 started in May 2015, it provided with beams of 6.5 TeV at 25 ns bunch
spacing.

3.2 The ATLAS Detector

Figure 3.3: The ATLAS detector at CERN.

This section outlines a reviews of the ATLAS detector, mainly based on
information drawn from [19]. Other sources are cited in the text.

The ATLAS detector, shown in Fig. 3.3, is a 25 meter high and 45 meter
long symmetric cylinder centred around the interaction point. It is comprised
of several sub-detector systems, each using different techniques to detect and
measure the properties of particles moving through it. The four major sub
detector systems in ATLAS are the Inner Detector (ID), the calorimeter
system, the muon spectrometer, and the magnet system. They are schemat-
ically depicted in Fig. 3.4. Each sub detector system is sensitive to different
types of particles, and the role each of the sub detector system plays in the
measurement is illustrated in Figure 3.5; Charged particles, like electrons and
protons, interact with material in the ID, while neutral particles pass through
it leaving no detectable signs. The calorimeter system uses two techniques
to measure the energy deposited by the particles passing through it; Photons

18
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Figure 3.4: A schematic view of ATLAS and it’s sub systems.

and electrons give birth to EM showers in the EM calorimeter, and Hadrons
are detected in the Hadronic calorimeter. Muons barely interact with any
of the material in the ID and calorimeters. They make it all the way out
to the muon spectrometer where they can be detected. Neutrinos escape
undetected as they almost do not interact with the material. Their presence
can be deduced from non-conservation of the total transverse momentum in
a collision. Hence the energy carried by neutrinos in a collision is denoted
by E%iss.

Before looking with more detail into the different sub detectors, let us
review the coordinate system used in the measurements of all properties.

3.2.1 Coordinate System

ATLAS uses a right handed coordinate system with its origin in the middle
of the detector at the interaction point, and its z-axis along the beam pipe.
The z-axis is directed towards the centre of the LHC ring, and the y-axis is
pointing upwards. It is possible to describe a point in space using a cylindrical
(r, ¢, z) set of coordinates, with r = /2% 4+ y? and ¢ = arctan(y/x). More
often the pseudorapidity 7 is being used instead of the polar angle 6.

n = —In(tan(6/2)) (3.1)

19



Muon
Spectrometer

i
¥
Neutrind|
G

Hadronic
Calorimeter

The dashed tracks
: are invisible to
o : AN the detector

Electromagnetic
Calorimeter

Solenoid magnet

Tracking
ixel/SCT
detector

http://atlas.ch

Figure 3.5: The principals of each sub system in ATLAS.

z

Where 6 = arccos(ﬁ). For relativistic particles the pseudorapidity is a
good approximation for the rapidity of the particle y, defined in Sec. 2.3.2.

3.2.2 Inner Detector

The inner detector[22] is the closest sub-detector to the interaction point.
It consists of three sub-detectors exploiting different techniques for particle
registration: the pixel detector, the semi-conductor tracker (SCT) and the
transition radiation tracker (TRT). They are used for the reconstruction of
trajectories (tracks) of charged particles, as well as the position of an in-
teraction (vertex), and for electron identification. To measure the particle
momenta based on the curvature of the reconstructed tracks, the ID tracking
system is embedded in a 2 T solenoidal magnetic field. A more detailed de-
scription of the magnets system in ATLAS will be given later in this section.

Pixel Detector The pixel detector comprises four layers in the barrel and
three disks in the end-cap region. In total, there are 1744 sensors with
46080 read-out pixels each, yielding approximately 80 million read-out
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Figure 3.6: The ATLAS Inner Detector.

channels. The pixels have a minimum size of 50 x 400 pum?. When
charged particles traverse the silicon sensors, many electron-hole pairs
are created. Due to an electric field which is applied across the sensor,
electrons and holes drift in opposite directions. The signal is read out
individually for every pixel. The pixel detector was originally designed
with only three layers in the barrel. The fourth layer, named Insertable
B-Layer (IBL), was installed as part of an upgrade to the detector in
the long shutdown during 2013/2104 [23]. It is the innermost layer at a
distance of 3.2 cm and it provides improved tracking performance and
improved vertecing resolution near the interaction point.

SCT - Semi Conductor Tracker The SCT is a silicon strip detector and
thus based on a similar principle of operation as the pixel detector. It
also consists of cylindrical layers in the barrel region. There are four of
these layers and nine additional disks in the end cap regions on both
sides. One SCT module consists of 768 strips which are 6.4 cm long
and separated by 80 um from each other. The strip detector can only
deliver a precise measurement in one dimension. This is extended to
two dimensions by gluing two modules backwards to each other where
one module is rotated by 40 mrad. The resolution which can be reached
is 17 pm in the R-¢ direction and 580 pm in z-direction. In total the
SCT has 6.3 million read-out channels.
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TRT - Transition Radiation Tracker The TRT is the most outer part
of the ID. It provides a large number of tracking measurements (typic-
ally > 30 hits per track), good pattern recognition, and it contributes
to identify electrons and distinguish them from other particles. The
detector consists of straw tubes filled with a gas mixture based on Xe,
CO,, and Os. In the middle of the straw there is a tungsten wire which
is coated with gold. When particles move through the TRT they are
ionizing the gas and the freed electrons move to the wire of a high
potential. The measured time it takes to reach the wire, determines
the distance of the track to the wire to a precision of 130 ym. The
TRT identifies electrons by measuring the amount of current collec-
ted by the wires in the tubes. As all charged particles, electrons emit
radiation when they cross a boundary between two media of different
refractive index. This radiation is called transition radiation, and is
proportional to v = F/m, which is much higher for electrons compared
with hadrons, due to their small mass.

3.2.3 Calorimeters

The goal of a calorimetr is to measure the energy deposited by particles
passing through it. ATLAS calorimeter system has two major components:
the electromagnetic (EM) calorimeter, and the hadronic calorimeter. Both
parts use the concept of a sampling calorimeter, in which active and passive
detector material alternate. The passive materials (absorber) are interacting
heavily with the passing particles which starts the showering process. The
active layers on the other hand are detecting the produced particles and
measure their energy. For an accurate energy measurement, it’s important
that all interacting particles will be fully absorbed in the calorimeter material,
and deposit their entire energy. The resolution of the EM calorimeter can be
parameterized:

o(F) a ., b ) )
I :\/(—) +(E) +c (3.2)

The first term is a stochastic term, dependent on the choice of absorber
and active materials and the thickness of the sampling layers, the second
term is due to electronic noise, and the third term originates from local
non-uniformities in the response of the calorimeter. The incident particle
energy resolution of the ATLAS calorimeter, neglecting the noise term which
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is subject to large variations depending on the LHC pile-up conditions, is
shown in Table 3.1. The coverage of the ATLAS calorimeters spans to the
region of |n| <4.9.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr eleciromagnetic
barrel

Figure 3.7: The ATLAS Calorimeter.

EM Calorimeter The EM calorimeter uses lead as the absorber and liquid
argon (LAr), cooled to 87 K, as the detecting material. In the barrel region
the coverage of the EM calorimeter is |n| < 1.475. It has two half-barrels
that extend in radial direction from 2.8 m to 4 m. Each half-barrel consists
of 16 modules, with each module covering an angle of A¢ = 22.5°. The end-
cap region covers 1.375 < |n| < 3.2 and is made out of two coaxial wheels
which are divided into eight modules. The EM calorimeter uses two main
processes to measure particles energy: For photons it is ete™ production,
and for electrons and positrons it is s emission of extra photons through
bremsstrahlung radiation. One can describe these showers using the radiation
length X,. One X, is the mean path an electron has travelled before losing
all but é of its initial energy to bremsstrahlung. It is equivalent to ~7/9
of the mean free path an average photon above threshold travels, before it
undergoes pair production. The thickness of the electromagnetic calorimeter
can be given in units of X,. The barrel region has a thickness of 22 X,
which corresponds to an inner radius of 1.15 m and an outer radius of 2.25
m, while the end-cap region is 24 X, thick (6.65 m in each direction along
the beam axis).
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Hadronic Calorimeter The hadronic calorimeter surrounds the EM calor-
imeter. It is designed to measure the energy of hadrons, in particular the
neutral ones which do not leave any track in the inner detector. The hadronic
calorimeter also prevents hadrons from penetrating through and arriving to
the muon spectrometer. The physics of the hadronic shower makes had-
ronic calorimetry much more complicated than electromagnetic calorimetry.
The lower momentum transfer, soft QCD interactions between hadrons and
nucleons are very difficult to model, meaning the simulations of hadronic
calorimeter are typically less accurate. The presence of missing energy also
add to the difficulty of modelling hadronic calorimetry. Either the energy
scale of the hadronic calorimeter must be independently determined, or the
calorimeter must be built specially to compensate for this lost signal. The
ATLAS hadronic calorimeter is non-compensating. Hadronic energy loss is
typically quantified by the absorption length, \g, defined as the mean dis-
tance required to reduce by a factor % the number of incoming relativistic
hadrons travelling through a medium. This is typically O(10) times longer
than the radiation length in a medium, requiring hadronic calorimeters to be
very thick. ATLAS features three hadronic calorimeters sub systems, that
use different techniques and/or materials depending on the respective de-
tector region.

The Tile Calorimeter uses steel absorbers and scintillating polystyrene
tiles as active material. A charged particle will excite some of the atoms in the
scintillator, these excited atoms will emit photons of particular wavelengths.
The scintillation radiation is the signal that is measured. The tile calori-
meter consists one central barrel, covering |n| < 1.0 and on each side, an
extended barrel, covering 0.8 < |n| < 1.7. The average radial depth is 7.4\,
and its main purpose is to measure the energy and directions of hadronic jets.

The Hadronic End-Cap (HEC) calorimeter is built out of copper as
passive material and LAr as active material. It is located inside the had-
ronic tile calorimeter extended barrels, has a depth of ~12)y, and covers
1.5 < |n| < 3.2.

The Forward Calorimeter (FCal) also uses LAr as active material.
It consists of three layer, and uses copper for an absorber in the first layer,
and tungsten in the outer two layers. The FCal is located inside the endcap
cryostat, in a region of high radiation level. It covers 3.1 < |n| < 4.9 and is
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Calorimeter Segment | Energy resolution og/E
10%

EM Barrel 5 ® 0.7%

Tile Calorimeter 5\9%’ ® 3%
50%

HEC e ® 3%

Table 3.1: Energy resolution in the ATLAS calorimeter systems
~10), long.

3.2.4 Muon Spectrometer

The outermost detector system of the big ATLAS cylinder is the muon sys-
tem. The only hint that signal in these chambers comes from a muon is
the simple fact that other charged particles are rarely expected to make it
as far out in the ATLAS detector system. Aside from the measurement of
the muon momentum the muon spectrometer is participating in the trigger
system. For that two different types of detectors are utilized: fast detect-
ors for the trigger system and precise detectors to measure the muon spatial
position accurately. The barrel part consists out of 3 layers at 5 m, 7.5 m
and 10 m from the beam line, and is divided into 16 azimuthal sections. The
two end-caps are built out of three wheels on each side at 7.4 m, 14 m and
21.5 m from the interaction point. The muon spectrometer has a number
of different types of sensors in order to measure muon tracks, and magnetic
field is required for momentum measurements and is delivered by the toroid
magnets.

The Monitored Drift Tubes (MDTSs) consists of three to eight layers
of aluminium tubes, 30 mm in diameter, filled with 93% Ar and 7% CO, gas
mixture at a pressure of 3 bar. It provides precision tracking measurements
in region of |n| < 2.7. A single MDT has a resolution of 80 um, but a cham-
ber with few layers of tubes reaches a resolution of 35 pm.

The Cathode-Strip chambers (CSC) are used in the inner-layer in

the forward region (2.0 < |n| < 2.7) due to their higher rate capability and
time resolution. They as well provide precision tracking measurements. The
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CSC are multi-wire proportional chambers, composed out of radial anode
wires, and cathode strips perpendicular to the wires. The CSCs have a pre-
cision of 40 pm in the bending plane and 5 mm in the non-bending plane.
The precision-tracking chambers are complemented by a system of fast trig-
gers chambers capable of delivering track information within a few tens of
nanoseconds.

The Resistive Plate Chambers (RPC) provide triggers in the barrel
region, where || < 1.05. The RPC chambers, arranged in towers in three
concentric barrels, are composed of units filled with a gas mixture of CoHoFy,
isoC4Hyo and SFg. The plates are coated from the inside with graphite and
connected to the high voltage system.

The Thin Gap Chambers (TGC) provide triggering in the endcaps
region, where 1.05 < |n| < 2.4. These are multi-wire proportional chambers.
The chambers are filled with a gas mixture of COy and nCsHy5. Inside each
chamber there are anode wires, made of gold plated tungsten, and cathode
strips which are perpendicular to the wires. When a charged particle will
pass through the gas, it will ionize it and create a negative (positive) signal
in the wires (strips) which is measured.

3.2.5 Magnet System

ATLAS uses two magnet systems, designed to generate fields which curve the
tracks of EM charged particles moving in the detector. The bending radius
of a charged particle trajectory is proportional to its velocity in the direction
perpendicular to the magnetic field. By considering the mass of the particles,
the momentum in that direction can be determined.

Fig. 3.8 shows a sketch of the magnet system geometry; Surrounding the
inner detector is a superconducting solenoid magnet, aligned with the beam
axis and provides a 2 Tesla axial magnetic field for the inner detector. The
second magnet system consists of three air-core toroids, one in the barrel
region and two in the end-cap region. These magnets produce a toroidal
magnetic field of approximately 0.5 Tesla and 1 Tesla for the muon detectors
in the central and end-cap regions respectively.
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Figure 3.8: The ATLAS Magnets System.

3.3 The ATLAS Trigger System

At the high luminosity intensity of the LHC the trigger plays an important
role. With a bunch spacing of 25 ns, ATLAS generates data at a rate of 40
MHz, corresponding to ~40 GB/sec [24]. This is vastly more data that can
be written to disk and the majority of the data will contain information of no
interest. The trigger system decides, in real-time, whether to record or reject
the data of a collision. The triggered and recorded information is called an
event. By selecting events passing predefined hardware and software criteria,
the recording rate is reduced to ~1 kHz. There are several channels of poten-
tial trigger chains which run in parallel. For instance events with deposited
energy above predefined energy threshold may be saved for further analysis.
In a specific data analysis, the triggers are assigned in order to select the
events that are interesting with respect to the phenomenon one is interested
in.
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For RUN-1 the ATLAS Trigger was composed of three parts: the Level-1
trigger (L1) which is hardware-based, and the Level-2 (L2) and Event Filter
(EF) which are implemented in software. The two software triggers were
replaced in Run-2 by a single High-Level-Trigger (HLT).

Level-1 Trigger L1 is built with fast custom electronics in order to get a
latency of less than 2.5 s, reducing the rate to a maximum of 100 kHz. From
the information of the calorimeters and muon tracks, the L1 trigger identifies
physics objects and classifies them to: jets, electrons/photons, muons, and
missing transverse energy (ER). Geometrical areas in the detector with the
presence or multiplicity of certain signals are flagged as Regions of Interest
(ROI) and are processed in the next trigger level.

High-Level-Trigger The HLT is a computing system connected by fast
dedicated networks. Sophisticated selection algorithms are applied to the
ROIs of L1, or to the full-event information, within an average processing
time of 200 ms. The output rate is reduced in the HLT from the 100 kHz
of L1, to an output rate of approximately 1kHz. All events passing the HLT
are written to disk.
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Chapter 4

Trigger Level Analysis

The pr distribution of jets produced at the LHC pp collisions is steeply falling.
This means that high-energy jet events are very rare compared to low-energy
ones, and jet triggers at low energy threshold fire much more often than the
ones at higher threshold. But the high energy events are often of much more
interest for many BSM searches. In order to reduce the relative triggering
rate of less interesting events, allowing more bandwidth for the ones con-
sidered more interesting, the ATLAS trigger strategy is to apply prescale
factors on triggers with low energy threshold. A prescale factor p means that
only one in every p triggered events is actually recorded. A trigger with pres-
cale factor p = 1 is called un-prescaled. To properly correct for the trigger
prescale, the corresponding number of events is multiplied by p. The statist-
ical precision is however smaller than that achieved by recording the full set
of events. This means a loss of sensitivity to new phenomena at lower pr,
implying that it will take more data (longer time) to discover them. Thus far
dijets searches in ATLAS have been focusing on events with high pr jets and
large prescale factors had been applied for triggers in the low pr regime. The
result is a region of low masses which is not being probed for new phenomena.
For spin-dependent interactions between quarks and dark matter, light masses
are favored due to thermal relic density constraints [11]. For instance, Fig-
ure 4.1 shows parameter region excluded from theory, compared to con-
straints from different searches, for the Z’ model discussed in Sec. 2.2. The
constraints are presented as a function of the DM fermion mass and the me-
diator mass, given as m, and Mg respectively, and considering axial-vector
couplings to both quarks and x with g, = % and g, = % The plot shows that
for Mr < 1 TeV there is still an unexplored parameter space for detecting
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such a model. This mass region is not covered by the 2015 dijets search, in
whcih the invariant mass distribution starts from 1.1 TeV [25]. This demon-
strates the importance of reaching lower dijet masses, and leaving no stone
unturned.
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Figure 4.1: Combined constraints from direct detection experiments (orange,
dotted), searches for monojets (green, dashed) and dijets (blue, dot-dashed),
as well as constraints based on theoretical arguments (red, grey). This figure
is taken from ref. [11].

The Trigger-Level-Analysis was formed to address this very subject. It
gains sensitivity at lower masses by using un-prescaled low pr triggers. In
order to record these events within the available bandwidth, only partial
events, containing the small subset of information needed for a dijet resonance
search, are saved to disk.
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This chapter contains a detailed overview of the Trigger-Level-Analysis, with
the necessary steps that were needed to implement this method in Run-2 of
the LHC.

4.1 The Data Scouting Stream

The trigger bandwidth limitation described above can be avoided by record-
ing only partial event information from the HLT. For 2015 the Data Scout-
ing (DS) stream [26] has been integrated into the ATLAS TDAQ system.
The following chapters uses the terminology:

e Data Scouting (DS): The technology used to stream HLT recon-
structed objects via partially built events.

e Trigger Level Analysis (TLA): The full analysis strategy and chain,
i.e. the usage of HLT objects (recorded via Data Scouting) in physics
analysis.

The DS stream records the event header and all HLT jet objects above a pr
threshold! for all events firing the L1_J75% trigger. For each HLT jet, the
stream records the jet four-momentum and a set of variables characterizing
the detector information within the jet (such as the jet timing, quality vari-
ables, and limited information about the structure of the jet). The stream
does not record any readout of individual calorimeter elements, nor does
it record information from the tracking or muon detectors. For 2016 it is
planned to have trigger L.L1_J100 seeding the DS stream, as the instantaneous
luminosity is expected to be higher. The 2015 average DS event size, only
containing the jet and minimal event information as detailed above, was 30
kB/event. It can be reduced to 10 kB/event when placing a cut of 20 GeV
on the trigger jets that are saved to storage, as planned for 2016.

Figure 4.2 depicts a comparison between the rate of the Data Scouting
trigger to the combined rate of single jet triggers, demonstrated here during
typical two hours of data taking in standard conditions. This show the

'In 2015 lower-than-expected luminosity allowed operation with the lowest possible
threshold of 4 GeV, while in 2016 the jet threshold will be 20 GeV.

2The naming convention of ATLAS trigger is TriggerLevel_TriggerObjects_pr Thresold.
For example, in this particular trigger, the first part of the name suggests it is a L1 trigger,
the ’J’” and ’75’ indicates that it is triggered by events with jets which have pr of at least
75 GeV.
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Figure 4.2: Trigger rate for the data scouting chain seeded by the Level-1
trigger J75 compared to the sum of the rates of all prescaled and unprescaled
central single jet triggers, during a time range of a single run, taken on Oct 9,
2015. Overlaps in the rate of the single jet triggers are considered negligible.

increase in statistics achievable using this data taking strategy. The single
jet rate is much lower than the Data Scouting rate due to the prescales
applied to remain within the overall bandwidth budget if recording the full
event.

4.2 Performance of Trigger Jets

To make use of the DS data, the performance of the objects reconstructed
at the trigger level need to be comparable to that of objects reconstruc-
ted offline. The definition of performance includes reconstruction efficiency,
jet identification (cleaning), calibration and corresponding estimates of fake
rates, energy scale resolution and uncertainties.

This work does not go into full detail in describing the performance studies
of the analysis. Broader discussion and explanation is given in [27].
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Reconstruction of Trigger Jets In Run-2, trigger jets and offline jets
share the same calorimeter inputs (topoclusters), and the jet reconstruction
software is the same in both cases. Still, there are differences in the calori-
meter reconstruction that mostly affect low-pr jets:

e A Bunch Crossing IDentification (BCID) offset correction is
applied to calorimeter cells offline, accounting for out-of-time pile-up
effects.

e A difference in the energy and timing calculation for the Tile
Calorimeter is present due to a different algorithm for online and
offline calculation.

Trigger Jet Identification and Cleaning Jet-like signature in the de-
tector can arise from processes other than the pp collision. These processes
can be sporadic noise bursts, beam induced background or cosmic rays. The
DS stream contain calorimeter information from the events, which helps in
identifying fake jets. This is known as the jet identification (cleaning) pro-
cedure. The cleaning procedure in the TLA is closely related to the offline
procedure, outlined in [25], with the exception that the track-based charged
fraction (CHF) variable is not available for events in the DS stream. This is
not a concern as the effects of jet cleaning are minimal for this analysis. Noisy
cells, beam background and cosmic rays usually give rise to single-jet events.
The dijet topology is already effective in rejecting most of these events, as
they will not contain two central jets with a small rapidity separation. In any
case, the impact of not having the CHF cut is cross checked in the analysis
and found to be negligible [27].

Trigger Jet Calibration Jets are reconstructed from multiple signals in
the detector, combined into a single object by a set of mathematical rules.
Energies of reconstructed jets therefore do not necessarily reflect the true
energy of the original partons. Differences can arise from the details of the
clustering algorithm, non-responsive parts of the detector, energy that falls
outside of the calorimeter or cells with energy below threshold, and dis-
crepancies between the energy measurement of electromagnetic and hadroinc
showers, where the hadronic calorimeter does not properly account for the
latter[19]. The jet calibration is applied to bring the jets as close as possible
to the energy of the original partons.
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Trigger jets can not pass the same calibration chain as offline jets since
some of the steps rely on detector information unavailable in the DS stream.
Whenever available, calibration constants are derived using trigger jets quant-
ities. The missing items in the calibration of trigger jets are:

e Residual pile up correction, which is based on the number of primary
vertices in an event (NPV), and the expected number of additional col-
lisions in the same crossing (u). Both variables are not recorded in the
DS stream.

e Jet origin correction which accounts for the jet position, not it’s
energy.

e Global Sequential Correction (GSC) which improves the jet res-
olution.

To compromise for missing the above steps, an additional data-driven
correction is applied to trigger jets, bringing them to the offline scale. This
correction is applied prior to the final in-situ correction.

After calibration, the offline Jet Energy Scale (JES) uncertainties are ap-
plied to trigger jets, with additional corrections to account for the differences
mentioned above.

Figure 4.3 show the invariant mass distribution of trigger jets compared
to offline jets after applying the jet calibration procedure. Events in the plot
are selected by the HLT j110 single jet trigger and are required to pass the
TLA selection cuts (with |y*| < 0.6). The average m;; response of trigger
jets compared to offline jets is shown in black and is within 1% of unity.
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Figure 4.3: mj; of trigger jets compared to offline jets, after applying jet
calibration. Events are selected by the HLT_j110 single jet trigger and are

required to pass the TLA selection cuts (with |y*| < 0.6).
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Chapter 5

Data and Background
Simulation

5.1 Data

This analysis uses two separate data stream. The Data Scouting stream
mentioned above is used for the search, and an additional Physics Main
stream is used for calibration and cross checks of the trigger jet performance.

Physics Main Stream This stream is used by all ATLAS analysis. It is
seeded from several triggers in the physics menu, and contains full event
information, including jets reconstructed both online at the HLT level
(trigger jets), as well as offline (offline jets) within the same event. A
subset of these events selected by a single jet trigger are those used to
cross-check the performance of trigger jets against offline jets.

Data Scouting Stream As mentioned in section 4.1, the DS stream con-
tains trigger jets seeded from HLT, which are used to create the m;;
distribution used in the search phase of the analysis. The DS stream
recorded an integrated luminosity of 3.4 fb~! during 2015, with the
LHC operating at 25 ns bunch spacing.
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5.2 MC simulation

5.2.1 QCD Background

This analysis uses simulation of QCD processes at leading order (LO) in
perturbative QCD. These are used for comparisons of jet quantities and for
tests of the techniques applied to the data to obtain the final background
estimate. The LO samples, from the Pythia8 [28] event generator, use the
A14 tune [29] and NNPDF2.3 LO PDF set [30], along with simulated pile-up
events corresponding to the 25 ns bunch spacing.

The un-prescaled nature of this analysis yields very high statistics, es-
pecially in low mass. This require generating equivalent statistics in MC,
which using the Pythia8 standard generation scheme is beyond the ATLAS
resources. Pythia8 provides a Power Law option to make event-level gen-
eration of a large number of events more efficient. This is done through
oversampling of 2 — 2 QCD events by a factor pr’’°", where pr is the
transverse momentum in the rest frame of the hard subprocess and POW is
an input parameter. Events are than assigned a compensating weight, the
inverse of this, which is used when plotting histograms of event properties.
In the generation of events for this analysis the power was set to POW = 5.
2.07 billion events were generated, and the gain in CPU time achieved with
this method is by a factor of approximately 100.

5.2.2 Statistical Power of Samples

In order to derive the statistics of a background sample, we define the effective
number of entries, N.f¢, as the number of events that would produce the
observed (i.e. Poisson) uncertainty in a bin assuming all events have identical
weight wesr. If N is the bin content and N is it’s error, then:

Negr = ((N)/(6N))* (5.1)

Wepy = N/Nesy (5.2)

Neyy is the figure of merit for deciding whether a background sample is suffi-
cient to reach the statistical power expected in data. One can also represent
this in terms of equivalent precision for unweighted events. N,y is the num-
ber of unweighted events needed to have the same precision as the weighted
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Monte Carlo sample. If N.¢r > N, where N is the number of events scaled
to a given luminosity, then the precision is sufficient to properly simulate the
desired luminosity.

The 2.07 billion of truth-level events generated for testing the background
estimation corresponds to effective statistics for 3.4 fb~! starting from dijet
invariant masses of 478 GeV. To better represent QCD nature, data-like
m;; spectra can be made by drawing numbers from a Poisson distribution
around bin values of a weighted MC background. Fig. 5.1 shows the number
of effective entries, the data-like distribution (in the region where the effective
statistics is sufficient), and weighted background, expected at truth level for
3.5 tb~1. The lack of effective events in certain bins is due to events with
very large weights. They could be removed, but there is no reason to do so as
they are outside the region where the background estimation is tested using
this sample.
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Figure 5.1: Effective number of entries, data-like and scaled distribution for
2.07B truth-level Pythia QCD events.
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5.2.3 MC Signal

The benchmark model for this analysis is a leptophobic Z’ DM mediator
with axial-vector couplings, described in section 2.2. Signal distributions with
varying Mp,eq and gq values are generated with Pythia8 event generator. It is
necessary however to choose parameter values that correlate to the sensitivity
reach of the search. The strategy to determine the signal grid is by performing
a search on QCD distributions with signal at different cross sections. This
can shed light on the sensitivity of the analysis. For this analysis however, at
the time of the signal preparation, the statistical precision of the background
MC was not sufficient to conduct this study. Instead the sensitivity had to be
estimated by comparing spectra with and without injected signal, using the
same statistical tools employed in the search phase, and explained in detail
in the following chapters. The final signal grid is shown in Table 5.1, the DM
mass m,was fixed at 10 TeV and g, was set to 1.5.1

M ea/GeV Jq
450 0.1 0.15 0.2 0.3
550 0.1 0.15 0.2 0.3
650 0.1 0.15 0.2 03 0.4
750 0.1 0.15 0.2 0.3 0.4
850 0.1 0.15 0.2 03 04
950 0.15 0.2 03 04

Table 5.1: Parameter grid in g, and M,,.q requested for full simulation with
25 ns configuration.

The signal samples cross-sections, acceptances and Gaussian core widths
are shown in Table 5.2. The width of the Gaussian core is calculated by fitting
the signal distribution using a Crystal ball function. The fitted parameters
of the distribution are used to define the core of the signal. The Gaussian
core width of the signal templates is roughly 6-8% relative to the resonance
mass. The acceptance depends on the kinematic cuts specified in the next
section, and on the invariant mass range of the search.

'For m, values far above the kinematic limit, the values of myand g, are not expected
to have any effect on the dijet resonance production and decay.
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5.3 Event Selection

The physics objects used in this analysis are trigger jets, reconstructed with
the anti-k; algorithm [17], and a distance parameter of AR = 0.4.

Dijets events selected for the analysis must have at least two jets with
pr > 50 GeV, and within || < 2.8. The rapidity separation of the two
jets must also fulfil |y*| < 0.6. Additional kinematic cuts on the highest pr
(leading) and second highest pr (sub-leading) jets in an event require pr >
180 GeV and pr > 75 GeV respectively, as well as for both leading, sub-
leading, and third jet to pass the cleaning criteria of Sec. 4.2. This selection
leads to an unbiased mass distribution for m;; > 455 GeV in Pythia QCD
MC when using a |y*| < 0.6 cut. The equivalent value with a |y*| < 0.3 cut
is 410 GeV. However, this does not determine the starting point of the mass
region considered for the search. The lowest mass used is determined during
the background estimation procedure.
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Chapter 6

Background Estimation and
Search Phase

This section describes the background estimation and search phase strategy
used in this analysis. Section 6.1 outlines the basic principles and challenges
of obtaining a background estimation representing QQCD. Section 6.2 discusses
an alternative fitting method for estimating the dijet background. In Section
6.3 the strategy of the search, and the statistical framework to interpret the
data are explained in detail. The tests conducted to check the robustness
of the background estimate and its response to the existence of signal are
presented in Section 6.4.

6.1 Estimating QCD Background

Searches in ATLAS for a resonance in dijet invariant mass distributions are
generally done using a data-driven background estimate (e.g. [10]). The
distribution is fitted using a function which falls smoothly with increasing
mass. The fitted function yields the baseline background estimation. It is
the hypothesis of a QCD-only interpretation of the results. A data-driven
method is preferred because a fully MC-based background prediction intro-
duces theoretical and experimental uncertainties (e.g., the uncertainty on the
jet energy scale) which would reduce sensitivity to signals. The challenges of
this approach is the lack of a (physically motivated) functional form describ-
ing the behaviour of the data, and the statistical precision - A consequence
of the (very) large amount of statistics recorded by the DS stream. The m;;
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Functional form Citation Label

f(@) =pi(1 — z)P2ats [25] our3param
f(x) = pr(1 — a)pegpstraine [31] our4param
flz) = Lbepov—pia® [32] UA2
f(@) =pi(1 — at/3)pgrs (33] Multijet9
flz) = (1 — atByprygmrempsin(@)  [34] GammaGamma3ParThird
= [34]

(1 o xl/S)pl % pP27Ps3 In(z)? 34

GammaGamma4ParThird

f ()

Table 6.1: Functional forms explored for fitting the QCD background, with
citation to previous results in which they have been used to fit similar dis-
tributions and label for reference in the rest of the text.

distribution predicted by QCD is a complicated non-analytic convolution of
matrix elements, quark and gluon PDF's, detector resolution, and kinematic
selections. However, one can draw conclusions from the prediction without
knowing it’s true functional form. The SM predicts an m;; distribution which
is smoothly falling. We expect BSM phenomena at a specific mass to pro-
duce an excess in the observed m;; distribution, localized around that mass.
If some smooth functional form can describe the overall shape of the m;;
spectrum, such localized signal can be hopefully detected. A necessary fea-
ture is that this background parametrization allows for a degree of smooth
variation of the QCD mass distribution, but does not accommodate localized
excesses. The overall shape can be determined, independent of the detector
response, by a fit of the function to the data. A list of functions considered
by this analysis is presented in Table 6.1, along with references to the ana-
lyses in which they have previously been employed. ATLAS has used the
form of our4dparam for all of its prior dijet searches. This ansatz was found
to provide a satisfactory fit to the QCD prediction of dijet production [25,
31].

There is no a priori reason to expect that a simple analytic function will
remain able to accurately describe the Standard Model contribution to the
data. Trigger Level Analysis takes the technique to a much larger dataset
than previously studied. As the number of events increases, the statistical
uncertainty associated with it’s measurement decreases, as dictated by Pois-
son statistics. One should question whether with increased precision the new
data will finally resolve small differences between simple analytic parametriz-
ations and the true complexity of the underlying mass distribution. Indeed,
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the ultimate goal of the TLA strategy is to take the search for lower-rate
signals into a statistics-rich regime. This implies that the precision with
which the background distribution shape is modeled, is a key to the ultimate
sensitivity of the search.

This method must be thoroughly tested in MC simulation, prior to ap-

plying it on data. Due to the above mentioned uncertainties in the MC
simulation, one cannot draw rigid conclusions about the performance of the
method on data. Nevertheless, the simulation is not random; it is our best
prior estimate of the shape of the m;; distribution of SM background events.
In addition, the presence of a small and broad signal in the data cannot be
ruled out. Such signal may not be detected as a localized excess, but rather
bias the fit and produce an inaccurate background parametrization.
The above discussion highlights the importance of having a characterization
of the method performance on QCD simulation. This is the reason the data
is blinded during the validation of the background estimation. That is, only
after the background estimation technique is found to work well on simula-
tion, it is considered ready to be applied, and the data is unblinded.

6.2 Sideband Fit Method

The search region for the analysis extends a lower bound in dijet mass, re-
vealing an unprecedented amount of statistics. Prior to the derivation of the
MC samples, the analysis team was concerned that a single, global, fit to
the entire spectrum will not accommodate the high precision dictated by the
data, as explained in Section 6.1. As an alternative, the sideband fit method
of estimating the background was developed, suggesting to divide the global
fit into multiple fits on multiple subregions of the spectrum. The diminished
mass range should help the fit to accommodate for the precision implied by
the high statistics. When the MC distributions were prepared and stood to
a fit test, both fitting methods fairly accomplished in fitting the data. Since
the sideband fit was not yet fully understood (in particular the relevant sys-
tematics) it was decided to discard this method for the moment and continue
the studies using the full-spectrum fit. For this reason its performance was
not tested to the extent shown in section 6.4. It is however very likely that
with the coming 2016 data, this method, or with some variation, will be used
for the background estimation.
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Figure 6.1: The basic scheme of the sidebands method fits. S is excluded
from the fit range, which consists of B1, B2 only. All three regions are
iteratively ”sliding” through the TLA region of interest.

6.2.1 Overall Description

The sidebands method is an iterative background estimation technique which
fits consecutive windows using any fit function ansatz from Table 6.1. The
technique starts from a desired mass point, and defines three region in each
iteration. B1, B2 are the sidebands regions and S is the signal region. For the
fit, all bins that fall outside regions B1 & B2 are excluded, thus the retrieved
fitted parameters correspond to these regions only. This is of course to avoid
a bias in the estimation if a signal exists in data. The fit is used to determine
the background only in the central bin of the S region. Next, B1, B2, and
S ”slide” by 1 bin, and the adjacent bin is estimated by another fit, with a
range set by the new sidebands regions. This is repeated in iterations until
the full desired mass range is covered. An illustration of the sidebands fit
principles is demonstrated in Figure 6.1.

This method is more suitable for low mass regions where distributions
are rich in statistics. In regions with less events, the reduced fit range makes
the impact of random fluctuation much more crucial. Since each bin in
the final background is estimated using a different subset of data bins, the
resulting high mass spectrum is often characterized by a non-smooth form.
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This is demonstrated in Figure 6.2, where the sidebands method is applied
to a data-like MC mass distribution featuring poor statistics at high masses.
This simulation was produced for the 2015 dijet analysis[25]. The simulated
event counts are marked in black circles and the predicted background is
shown by the red line. In the mass region where event counts are less than
~50 the background exhibits fluctuations and do not maintain the expected
smooth form. The bottom panel shows the significance of the background
compared to the simulated data. In producing Figure 6.2 S was set to 3 bins
and B1 = B2 = 4 bins.

A by-product feature of this method is that the final background estim-
ation begins from a higher mass than the full-spectrum fit. This is because
in the first iterations the low-edge bins of the data distribution are used to
calculate the fit (i.e. included in B1), but are not being estimated (not in-
cluded in S in any part of the calculation). One might think that this can
be accounted for by simply extending the edge of the fit by a few bins to the
left. However, the starting mass for the background estimation is determined
to avoid the kinematic bias of the trigger, and moving to a lower mass edge
degrades the reliability of the data. The shift in the starting mass between
the two methods depends on the size of B1 and S. It is however possible to
minimize this bias by varying the amount of bins in B1 in the first iterations,
while keeping the total d.o.f of the fit fixed. This idea can be illustrated with
an example: Assuming sideband sizes (Bl = B2 =5  bins) for the main
part of the procedure, one can set Bl to 2 bins, and B2 to 8 bins for the
first iteration. In the next steps, instead of sliding the three windows, bins
will be migrated from one sideband to the other, until the regions are in the
desired setup. From there the procedure continues like initially described. In
principle, the same effect occurs in the high mass end of the spectrum. This
however is less a concern as in this case the end point for the estimation is
not constrained by the performance of the experimental system.

6.2.2 Current Status

The sidebands method introduces extra free parameters to the stage of the
background estimation, which are the number of bins chosen for each window.
This choice has implication both on the resulting background, the strategy
of the search, and the systematic uncertainties of the final background es-
timation.

The number of bins in the S region can be motivated by the typical width
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Figure 6.2: Background prediction using the sidebands method on a MC

simulated dijets mass distribution. In the higher mass region where the
simulated counts are low, the prediction exhibits fluctuations.
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of signals relevant to an analysis. Choosing a too narrow signal window will
bias the spectrum and make it harder to distinguish an excess in the data,
as it is not all excluded from the underlying fits. A wide S means that
the background in S is estimated by more remote regions of the spectrum.
For the sidebands, using narrow windows may help the fit converge more
easily. On the other hand it is required to have a fair amount of bins (d.o.f)
to better describe the shape of the distribution, and decrease the impact
of random fluctuations. In any case, the windows sizes should be picked
by a dedicated study, whether on MC or data. At the time this work was
written, no such study was conducted mainly because of time and man-power
constraints. It is of high priority to conduct such study, and minimize the
arbitrary choices made in the analysis. Any choice made in the analysis,
is accompanied by some systematic uncertainty regarding that choice. This
case is not different. The implications of using a different setup for B1, B2,
S is yet to be quantified, and the extent of the affect this choice has on the
resulting background must be understood. Once these systematics will be
defined, it will be combined with the fit uncertainty, derived from the fit
covariance matrix, to create the full systematics for this method.

If the data holds an excess around some mass, part of the background will
be biased by it even if S agrees with the width of the signal. The estimation
of bins on the left of the excess, is done when B2 overlaps with signal bins.
As a result bins in just left of the signal will be overestimated, as the fit is
biased by the signal in B2. A similar thing occurs when the signal overlaps
with B1 to the bins just right of the signal. This however, has implications
on the limit setting phase only, as it does not affect the ability to discover a
signal, only on what the background looks on each side of it.

The next steps in the development of the sidebands fit should focus:

e Developing a robust procedure for selecting sidebands and signal re-
gions width.

e Understanding the systematics from choosing different values for the
sidebands and signal regions widths.

e Conducting the same studies elaborated in the following sub-sections,
specifically: it’s performance with injected signal, and resistivity against
spurious signals.

Figure 6.3 shows background predictions using the sidebands method
(green) and global fit (red). A calculation at next-to-leading order (NLO)
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Figure 6.3: Background prediction using the sidebands (green) and global fit
(red) methods. In the region where both predictions overlap, they show fair
agreement in their shape.

was used to derive the mass distribution, which was scaled to simulate 1
fb~' of data. The bottom panel, which again gives the significance of the
background with respect to the input histogram, shows that the shape of the
two background estimations fairly agree. The plot also demonstrates the dif-
ferent threshold mass of the two background, with the sidebands estimation
starting at a higher mass and ending in a lower one. The configuration of the
sidebands and signal region in the figure is S = 3 bins, B1 = B2 = 5 bins.

Figure 6.4 show the result of applying the sidebands method on the MC
simulation used to test the full background estimation procedure, and de-
scribed in chapter 5.2.
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6.3 Search Strategy

6.3.1 Search Phase

The term search phase refers here to the procedure done in the analysis to
determine the presence of a new physics signal. This procedure is based on
the BumpHunter (BH) algorithm [35], which scans the statistical significance
of bins in the data. This procedure is the same as the one used in ATLAS
high mass dijet analysis [25].

6.3.1.1 Statistical Significance of Data/Expectation

The significance of the difference between the data and the QCD hypothesis
Hj (which is the fit described in section 6.1) is represented by a p-value. It
is the probability of finding a deviation at least as big as the one observed
in the data, under the assumption that Hy describes nature. The number of
entries in each bin is assumed to follow a Poisson distribution. In this case,
if B events are expected in a bin, and D events are observed in that bin (D
is an integer and B is a real number), the p-value for that bin is:

inf
Ble® if D>B
p-value = < "5P (6.1)

B o—B if D<B

The p-value range usually spans over many orders of magnitude. There-
fore, it is possible to express it in terms of the z-value, which is the number
of standard deviations to the right of the mean of the normal distribution.
The mapping between a p-value to a corresponding z-value is given by:

& 1 22
zvalue V 27

e 2dx (6.2)
A z-value > 0 is equivalent to a p-value < 0.5 and negative z-values cor-
respond to p-value > 0.5. Significant deviations are characterized by small
p-values and z-value ~3 and above. Common statistical fluctuations in the
data usually yield z-values around 1-2. In this case the deviation is con-
sidered not interesting, as these fluctuations are expected. The deviations
are considered even less significant when the z-value is negative. It is worth
noting that the z-values do not tell us whether the observed number of events

p-value =
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is greater than the expected or not. It merely reflects how probable such dif-
ference is. For this reason, the residual is preferred when presenting the
results. For the residual, negative z-values are given the value 0, as they
are least interesting. For the remaining (positive) z-value, in bins in which
D < B the z-value is assigned a negative sign to indicate that the data falls
below the hypothesis.

6.3.1.2 The BumpHunter Algorithm

In cases where a signal is searched over a broad mass range and not in an
a priori defined mass location, the significance calculation must take into
account the fact that an excess in events anywhere within the range can
be considered a signal. This is known as the look-elsewhere-effect [36]. In
addition, a potential signal is expected to be distributed over a number of
bins rather than a single bin. The BumpHunter (BH) test can be used to
determine whether a significant excess is present in the spectrum. It examines
every set of adjacent bins from a minimum width of two bins to (in this
analysis) a maximum relative width of 20%. The statistical significance and
z-value are calculated for each such window by counting the total number
of events in the window. The region with the lowest probability is the most
prominent “bump.”

A frequentist p-value for the data is defined as the probability of observing
a bump at least as prominent in a large number of repetitions of the experi-
ment. It is important to distinguish between this frequentist p-value and the
one given by Equation 6.1. In Equation 6.1, the p-value is the probability
of the observed data/hypothesis difference in a single bin, assuming Pois-
son statistics. The BH p-value outlined in this paragraph is not calculated
analytically from some mathematical expression. Instead, a large number of
pseudo-experiments (10000) are generated by random Poisson fluctuations
around Hy. The BH test is used to scan each set of pseudo-data and find the
most significant excess (or deficit), anywhere in the spectrum. The p-value
is directly estimated from the results as the portion of pseudo-experiments
which yielded a more significant deviation than that observed in the data.
The ” Look-elsewhere-effect” is inherently taken into account in the algorithm,
as the entire spectrum of each set of pseudo-data is sought for deviations.

If the p—value obtained from the BumpHunter for the data is larger than
0.01, one may conclude that no statistically significant excess has been ob-
served and the analysis proceeds to the limit-setting stage. If, however, a

52



p—value smaller than that is observed, it indicates that an equally bumpy
spectrum would only occur by chance in fewer than 1% of cases if the data is
genuinely distributed according to to the background-only hypothesis given
by the fit. In this case it becomes necessary to ensure that this background
estimate is not itself biased by the presence of signal. The fit is then dis-
carded and a new fit is calculated without the bins corresponding to the most
discrepant window. The p—value is then recalculated by running the BH only
on the remaining regions of the spectrum, and by using an identically restric-
ted range for the fit and BH in all pseudo-experiments. If this p—value is
found to be above 0.01, the process stops and the last fit is used as the final
estimate. Otherwise, an additional minimal bin or bins are removed, the fit is
re-run, and the procedure continues as above until the p—value is acceptable.
It is desirable to remove the minimal number of bins so as to minimise the
chance of excluding genuine background fluctuations. After refitting, if the
largest remaining bump found is adjacent to the currently excluded window,
it is assumed to represent the tail of a signal bump, and a single bin is added
to the exclusion window on that side. If, however, the p-value remains low
and the largest remaining bump is not next to the excluded window, it is not
clear which side to extend, so one bin is added to each end of the excluded
window.

6.3.2 Search strategy for the TLA

The background estimation strategy for the TLA consists of fitting an ansatz
function to the entire dijet mass distribution (global fit), as explained earlier
in this section. This method is essentially identical to that applied in the
high-mass dijet analysis.

The fit is restricted to a range of m;;. The lowest dijet invariant mass for
this search is determined from two inputs:

e The mass cut required to remove the bias of the m;; distribution from
the trigger turn-on curve, as mentioned in Sec. 5.3.

e Tests of the fit on MC, varying the endpoint below and above the point
determined by the trigger bias study, to understand how well the fit
can accommodate bias from the trigger efficiency curve that is larger
than the 0.5% level assumed in the trigger turn-on study.

These studies, described in the following, will not conclusively determine a
reliable starting point as the Monte Carlo distribution does not necessarily
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represent the data distribution, but indicate that it may be as low as 443
GeV and likely no higher than 515 GeV. The upper edge of the mass range
is less critical and has less impact on the success or failure of various fits. A
value of 1.236 TeV was found to work in all MC tests and was selected for
the data. The exact start of the fit range is selected alongside the best and
alternate fit functions by the algorithm described below.

More than a single fit ansatz was considered for the search. An algorithm
is used to determine the fit function that is best suited for the dataset in-
volved by ranking the functions of Table 6.1 using the x? p-value of each
function to the data as a figure of merit. The function with the highest p-
value is selected as the nominal function, with the second highest selecting
an alternate parametrisation which is used to define an uncertainty on the
function choice. All functions considered for the background estimation are
tested in Monte Carlo, as described in Section 6.4.

6.3.2.1 Algorithm to be followed in each individual search to se-
lect a fit function and a fit range

The high precision of the TLA data requires functions to accurately describe
the shape of the data to a better degree than in previous dijet searches. In
addition, tests on MC are not sufficient to determine the exact impact of
the trigger turn-on on the shape of the mj; distribution. For these reasons
an algorithm was established for selecting the start point and the functions
used to fit a spectrum by iteratively testing various options on the spectrum
itself.

The algorithm takes into account that discrepancies between a fit and
the data can come from either a bump (signal), or a function that fails to
describe the data. Several observations were used in the formulation of the
algorithm to assist in this distinction:

e Lowering the start location for the fit generally degrades the fit quality
because:

— The spectrum begins to be affected by the trigger turn-on, which
changes the shape away from what is expected

— Rapidly increasing statistics in the lowest mass bins means that
fundamental disagreements between the true shape of QCD and
an ad hoc parametrisation will become more significant
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Significant disagreements due to the above factors are decreased by
raising the start location of the fit.

When a disagreement arises because of a true bump (such as one created
by injecting signal events into MC), the bump remains detectable even
with a small shift in the fit start location.

Allowing a window exclusion during a fit can do one of the two:

— Remove the impact of a signal to obtain an unbiased background-
only estimate (its designed purpose)

— Allow for better agreement between data and a fit which does not
describe it well, by eliminating a region of significant discrepancy.

Because of the tendency to eliminate a window when no signal is present
but a poor function is chosen, any fit which does not require a window
exclusion should be prioritised over any fit which does, regardless of
which of their p-values is higher.

The algorithm determined by the analysis team is the following:

1.

Select a cutoff below which a fit result is considered unacceptable. We
selected (x? p-val < 0.05||BH p-val < 0.01).

Begin fitting from the lowest possible mass bin as determined in MC
(443 for |y x| < 0.6, 394 GeV for |y*| < 0.3).

Test fitting the set of possible functions and do not permit the exclusion
of a window.

If two functions provide fits with p-values above the cutoff, the process
stops.

e Take the function with the best x? p-value to be the nominal and
that with the second best to be the alternate fit for defining the
fit choice uncertainty

e Re-fit with the selected functions, allowing for a window exclusion.
This is the nominal background prediction.

e If the resulting BH p-value is > 0.01, set limits. Otherwise, a
bump has been found. Add systematics to the BumpHunter and
follow the procedure in the case of an excess.
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5. If fewer than two functions provide successful fits, refit with all func-
tions allowing for a window exclusion of up to 20% window width to
mass ratio.

e If the p-values of the portion of the spectrum outside the window
now pass the cutoff criteria, this is a candidate bump. Test if it is
real by looking at start locations one bin and two bins higher up.
If a successful fit without a window exclusion is possible in either
of these cases, this is not a true bump. The successful fit will be
taken as the nominal background description.

e If the p-values of the portion of the spectrum outside the window
are still below the cutoff, move the start value to the next highest
bin and repeat from step 3.

6. If the preceding step is followed, moving the start value upwards a bin
at a time, until only 10 bins remain, and still no good fit is found, we
accept that the global fit can not describe the data, and focus on the
development of the sidebands method.

This is summarised in the flowchart shown in Figure 6.5.

The algorithm was tested extensively in data-like MC with and without
injected signal, as described below in Section 6.4.1. The results showed stable
performance in accordance with the expected outcomes, so the method was
adopted for use in data.

Choice of signal region In addition to the standard search spectrum
with a cut of |y*| < 0.6, an additional signal region with |y*| < 0.3 is also
considered in the analysis. This extra signal region is considered to access a
lower unbiased dijet invariant mass starting point, given the minimum p, >
185 GeV imposed by the trigger turn-on. This region allows an unbiased dijet
mass distribution above 410 GeV. The sensitivity of the two signal regions
was tested using expected limits with MC backgrounds. For a signal mass
of 550 GeV or below, the |y*| < 0.3 was found to be more sensitive for all
couplings. For this reason, the search phase for |y*| < 0.3 is performed only
if no signal has been found in the |y*| < 0.6 signal region. The results from
the |y*| < 0.3 signal region are used for the 450 mass points and for limits
on Gaussian signals where 20 of the Gaussian template is not contained in
the fit region.
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6.3.2.2 Systematic uncertainties of the background estimation

There are two systematic uncertainties associated with the global fit method:
the uncertainty associated with the choice of fit function, and the uncertainty
associated with the fit quality.

Uncertainty due to choice of fit function This uncertainty is related to
the differences between the selected nominal and alternate fit functions.
Both functional forms are fitted over a range of pseudo-data. The size
of the uncertainty in each bin is the RMS of the differences in that bin,
and the directionality is chosen to be from the nominal to the alternate.

Uncertainty due to fit quality The second uncertainty is that associated
with the quality of the fit itself. Under ideal circumstances this would
be derived as a confidence band on the function determined by the co-
variance matrix of the fitted parameters. However, in cases where the
likelihood function has a badly-behaved maximum, it is not possible
to accurately compute this covariance matrix using the minimization
algorithms of this analysis. In this analysis, fits including a parameter
for normalization of a signal template introduce this problematic be-
haviour by using a parameter which peaks at very small values but
has a hard physical cutoff at zero. A different method for estimat-
ing the error band is thus required. Since the confidence interval on
a function is meant to represent the lo region within which the fit
would fall in the large-number limit of repeated trials, it can also be
found by throwing pseudo-experiments and fitting each. This method
does not need accurate estimation of the parameter errors; instead, the
pseudo-experiments are generated using Poisson statistics based on Hy
so only the fit itself is required. Here, as before, Hy is defined from
the nominal fit; that is, the fit to the real data. A large number of
these pseudo-datasets are generated, each is fit using the same starting
conditions as the observed data, and the error on the fit in each bin
is defined to be the RMS of the function value in that bin for all the
pseudo-experiments.
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6.4 Robustness of the Background Estima-
tion

This section describes tests done on truth-level MC to ensure an acceptable
background estimation, robust against a number of possible scenarios. The
requirements of robustness for the background estimation technique are:

e The background estimation must not exhibit presence of spurious sig-
nals; defined as significant localized excesses or deficiencies due to dif-
ferences between the QCD shape and background estimation;

e [f the background estimation is significantly affected by the presence of
a signal, the signal must be identified and the signal window excluded;

e [f the signal is not identified, the predicted background values must not
be significantly affected, neither in the regions neighbouring the signal
nor globally.

First the algorithm is applied to data-like spectra and is required to give
the expected outcome with and without the presence of signal. It is than
tested for robustness against spurious signal, ability to distinguish a real
signal, and the bias to background from the presence of a signal.

6.4.1 Validation of search algorithm

99 different data-like pseudo-spectra were generated from the truth MC
sample to test the algorithm of 6.3.2.1. The pseudo-spectra were created us-
ing a different random number seed, and hence each represents one possible
outcome of QCD. The algorithm was followed to determine a background
estimate for each, consisting of a nominal function, an alternate function,
and a start location for the fit.

QCD-only MC Figure 6.6 shows the selected nominal distributions for
two random seeds. The evolution of the x? p-value as a function of the m;
starting point for those random seeds, is shown in Fig. 6.7 for all functions
of 6.1.

In approximately 75% of the cases, the nominal and alternate functions
selected were the UA2 function and the dijet four-parameter function, in
some order. Successful tests were possible for 95 out of the 99 seeds (where
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the other 4 suffered from some missing files). Of these 95 cases, all arrived
at a successful background estimation without a window exclusion beginning
from a mass point no higher than 515 GeV. The fact that the algorithm
produced no cases of a window exclusion/discovery in background-only MC
provides reassurance that any bump-like feature found in the data will be
the product of some actual feature rather than of a poor background para-
metrisation. This resistance to false discoveries is the most important trait
of the background estimate algorithm.

Tests in the presence of a signal For five of the 99 seeds used in the
background-only test, a set of new spectra were created, each with one of the
7’ signals added to the data-like MC at its nominal cross section. Thus each
mass point and width/coupling was tested in 5 different scenarios of stat-
istical noise. Examples of four different mass points in a single background
pseduo-spectrum are shown in Figure 6.8.

For samples with signals present, 84% of cases resulted in the UA2 and
dijet four-parameter functions being selected as nominal and alternate func-
tions, in some order. The rates of discovery for the various points are given
in Table 6.2, for the |y*| < 0.6 signal region. Results for the |y*| < 0.3 signal
region were not available in time as they would have needed the processing
of at least another 2B MC events to have sufficient data-like statistics below
450 GeV.

Mass [GeV] ¢,=0.1 g¢,=0.15 ¢,=0.2 g¢,=0.3 ¢,=0.4

450 0.0 0.0 - 0.0 -

550 0.2 0.6 0.4 0.2 -

650 0.0 0.4 0.6 1.0 1.0
750 0.0 0.6 1.0 1.0 1.0
850 0.0 0.0 0.6 1.0 1.0
950 - 0.4 0.4 1.0 1.0
1050 - - - 1.0 0.8

Table 6.2: Fraction of cases, out of 5 tests in unique background spectra, in
which each signal mass point was discovered.
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6.4.2 Spurious signal tests

Deviations between the QCD background estimation and the actual QCD
shape can result in spurious signal or deficiencies. To evaluate such dis-
crepancies the background estimation is done on a Monte Carlo distribution
which is scaled to the expected luminosity. The distribution is not intro-
duced Poisson noise as the fluctuation can overshadow any trends in the fit
deviation. Thus, this is a worst case scenario where the fit differences are
correlated bin-by-bin.

The spurious signal is defined as the difference in events within the most
discrepant region chosen by the BumpHunter algorithm. This number is
compared against benchmark signal yield and uncertainty on the background
estimation.

Figure 6.9 shows the search phase results on the scaled MC distribution
with all functions of Table 6.1. For both UA2 and the dijets four-parameters
function, the number of spurious signal events is under 20% of the signal
yield and no larger than 20% of the background uncertainty, which are the
requirements set by the high mass dijets analysis [25]. The other four func-
tions considered for the search are exhibiting visible trends in deviations, as
can be seen in their respective residuals pads.

The spurious signal in each bin is compared to the fit function uncertainty
in Figure 6.10, for the case of the UA2 and dijets four-parameters function.

6.4.3 Gaussian signals injection studies

To ensure that the fitting procedure is robust and stable in the presence
of signal, pseudo-data distributions containing both background QCD and
possible signal events are fitted using the four parameter dijets function,
ourdpar of Table 6.1. The initial background distribution is obtained by
generating random Poisson numbers around a fit to the scaled QCD mass
distribution from Monte Carlo. The signal events are drawn from Gaussian
distributions with varying mean and width. The Gaussian relative widths
tested are between 3 - 15 % and their mean mass values between 550 - 950
GeV using a |y*| < 0.6 cut. An additional 450 GeV mass point was tested
using a |y*| < 0.3 cut with a 15% width excluded. Applying a harder cut
makes it possible to have effective statistics from a lower mass threshold,
whereas with |y*| < 0.6 a signal at 450 GeV will coincide with the low edge
of the fit. The signal normalization is iteratively chosen to be close to the
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Figure 6.9: Spurious signal found by fitting the full scaled MC distribution
from 443 GeV to 1236 GeV with each of the six best-performing fit functions.
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threshold p-value for the BumpHunter algorithm (~ 0.01) where the signal
window is removed from the fit.

The top panels of Fig. 6.11 show the number of signal events needed
for a detection, divided by the background luminosity (3.5 fb~1), labeled as
discovery cross-section in pb. The bottom panels of the same figure show
the p—value closest to the discovery threshold. The individual cases where
the p—value were not close to 0.01 have been investigated: the cause of the
difference is a background fluctuation in the Poisson draw of the events inter-
fering with the algorithm used to increase the normalization. Forcing a higher
cross-section by hand, or changing initial data-like distribution, resolves this
issue. Algorithmically, this is not optimal. A possible solution would be
to draw more pseudo-experiments where different background distributions
are used and averaging the results. However, this study as is already gives
a rough idea of the cross-sections that the search phase is sensitive to, and
what kind of background biases they can induce.
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Figure 6.11: discovery cross sections for five different Gaussian widths. The
cross section here is the number of entries in the signal histogram divided by
the luminosity

What can be extracted from the results of Fig. 6.11 is that the search
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phase is not sensitive to resonances as wide as 15% of their mass. In a search
with a restricted fit range, and with low masses, 15% means a significant
number of bins.

Mass distributions containing signal right above and below the threshold
were also tested. Example figures for the 550, 750, and 950 GeV mass points,
Figs. 6.12, 6.13 and 6.14, show comparisons between the fit in cases of
inclusion/exclusion of the bump region. The 450 GeV mass point with the
ly*| < 0.3 cut is shown as well in Fig. 6.15. The top panel in the plots
show the ratio of the fit with and without the injected signal. The blue
line represents the ratio of the fit without any signal injected to the fit with
injected signal that is just under the threshold, thus indicating the bias from
having signal but not being able to discover it. The green line shows the ratio
of the fit without any signal injected to the fit where the signal normalization
slightly above threshold: in this case, the signal window is removed by the
BumpHunter algorithm and the background is refitted without the signal
window. The bottom two panels show the significance of the fits residuals
between pseudo-data (with signal) and the fit with signal for the two cases.

As expected, when the signal window is excluded, the difference between
the fit with and without signal is generally below 0.1%. This gives confid-
ence in the background estimation procedure in combination with the search
phase. Whenever the signal is not discovered however, the background es-
timation with injected signal shows a bias that is larger for wider signals and
for signals that are closer to the edges of the fit. This bias can be compared
to the fit function uncertainty and to the background uncertainty of the fit,
shown in Fig. 6.10 when including statistical uncertainties only. For higher-
mass, wider signals (> 10%), the bias is considerably larger than the current
uncertainty. From these studies, testing widths that are above 10% in the
Gaussian limit setting procedure is avoided.

6.4.4 Sanity-check for data-derived JES correction

An additional sanity-check is done testing the data-derived correction applied
in the calibration stage. The test is done by setting the correction factors
to the high-statistics MC truth sample. The MC simulation is already in
a fairly good agreement between trigger jets and offline jets response, and
therefore the jets would not need any further correction. Applying the scale
factors on the MC simulation results in a biased m;; distribution, which can
be used as a "worst case scenario” of applying a wrong scale on the trigger
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Figure 6.12: Ratio of fits with injected signal to pure background distribu-
tions, for Gaussian mean of 550 GeV and various widths for signals right
above and right below the discovery threshold.

jet kinematics in data. This check is done to ensure that a wrong scale would
not create an artificial bump.

Data-like spectra are derived from the MC m;; both before and after
applying the scale factors. These spectra are than fitted using the dijets
four parameter function, and the fits results are compared. Generally it is
not expected that this procedure should work on MC simulation. However,
Figure 6.16(a) shows that the fit remains stable on MC simulation even when
the scale factors are applied. In comparison with the fit on the original MC
distribution (Figure 6.16(b)) the fit results are worsen: At the high edge
of the mass range the residuals show no difference. In lower mass however,
there are differences in the residuals shape creating a localized 3-bins excess.
This is seen also as the BumpHunter p-value drops from 0.64 to 0.11 in the
scale factors case. This however is not significant enough to exclude a region
from the fit.
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(d) signal width = 10% (e) signal width = 15%

Figure 6.13: Ratio of fits with injected signal to pure background distribu-
tions, for Gaussian mean of 750 GeV and various widths.
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Figure 6.14: Ratio of fits with injected signal to pure background distribu-
tions, for Gaussian mean of 950 GeV and various widths.
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Chapter 7

Search Phase results

This section contains the results of the search on data. Section 7.1 presents
a preliminary test on a single run (25 pb™!), as well as the results from
unblinding a subset of the full data (0.8 fb~'). The results using the full 3.4
fb~! recorded by the Data Scouting stream are presented in Section 7.2.

7.1 Results on partial datasets

A test on data prior to unblinding was done by running the search phase
procedure on a single run (281317, 25 pb~!). This corresponds to ~ 1,/100
of the full Data Scouting stream statistics. The three parameter fit function
labeled our3param in Table. 6.1 was used with fit range between 460 - 1236
GeV. Results are shown in Figure 7.1. The three parameter function is not
the best performing function as predicted by the full background estimation
tests. It is used here because of the small statistics in the sample chosen
for this test. With such a low luminosity, the three parameter function is
sufficient and it does not add unnecessary degrees of freedom to the fit.
The next stage of the unblinding process examined a subset of the data,
constituting 800 pb~! of luminosity and equivalent therefore to roughly one
quarter of the full dataset. For this partial unblinding the full procedure
for selection of a function and a starting point was followed, as detailed in
Section 6.3.2.1. The resulting fits are shown in Figure 7.2. For the spectrum
with |y*| < 0.3 a p-value of 0.877 is found. The chosen function is the four-
parameter dijet function ourdparam with the resulting background starting
from 379 GeV. The best function for the spectrum with |y*| < 0.6 is UA2
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Figure 7.1: Fit of a single run (281317, 25 pb™') from the data scouting
stream. The three parameter function accurately describes the data when
the statistics are low.

with a fit range starting from 443 GeV. The p-value for this dataset is 0.921.
As the resulting p-values suggests, in neither case a significant discrepancy
was observed, and thus the unblinding proceeded to the final stage.

7.2 Results on the full dataset

The final unblinded search phase results using the full 3.4 fb~* of 2015 data
are shown in Figure 7.3. For both the |y*| < 0.3 and |y*| < 0.6 spectra,
the algorithm discussed in Section 6.3.2.1 selected the UA2 function as the
nominal background description with the dijet four-parameter function as
the alternate parametrisation. The |y*| < 0.3 spectra is fit from m;; = 394
GeV, while the |y*| < 0.6 spectra is fit starting from m;; = 443 GeV. This
is in agreement with the results found in Monte Carlo, where ~75% of fits
to background-only spectra exhibited a preference for these two fit functions
in one or the other order. The resulting BumpHunter p-values are 0.186 for
the |y*| < 0.3 spectrum and 0.439 for the |y*| < 0.6 spectrum. This is in
good agreement with the Standard Model and shows no indication of new
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Figure 7.2: Search phase results in a subset of the data, corresponding to
0.8 fb~'. (a) shows the search phase result using a cut of |y*| < 0.3, and (b)
shows the equivalent result using the nominal cut of |y*| < 0.6.

physics. Figure 7.4(a) shows the distribution of BumpHunter test statistics
from the pseudo-experiments used to derive the p-value for |y*| < 0.6. The
red arrow represents the BH test result for the data themselves. Figure 7.4(c)
shows the p-values for all mass windows considered in the search phase using
|y*| < 0.6. The analogous plots for |y*| < 0.3 are presented in Figures 7.4(b)
and 7.4(d).
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Figure 7.3: Search phase results in the full 2015 dataset corresponding to 3.4
fb~! of data. (a) shows the search phase result using a cut of |y*| < 0.3, and
(b) shows the equivalent result using the nominal cut of |y*| < 0.6.
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Figure 7.4: Search phase results in the full 2015 dataset corresponding to 3.4
fb~! of data. (a) and (b) show the value of the BumpHunter test statistic
in data for |y*| < 0.6 and |y*| < 0.3 respectively, compared to the distribu-
tion of test statistics for an ensemble of pseudo-experiments generated from
the background fit. (c) and (d) shows the Poisson p-value of each of the
mass intervals considered in the search phase for |y*| < 0.6 and |y*| < 0.3
respectively.
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Chapter 8

Excluding Bounds

With no observed indication of BSM physics, a limit setting procedure is fol-
lowed to set constrains on possible new physics models. Section 8.1 describes
the method used in the limits setting stage. The resulting 95% credibility-
level (CL) upper limits on for Z’ models are shown in 8.2. Model-independent
limits, assuming a Gaussian shaped signal, are presented in 8.3.

8.1 Limit setting method

The limits setting procedure uses a Bayesian approach, in which the prob-
abilities of new physics models are evaluated from the observations of an
experiment, according to Bayes theorem [37]. These probabilities are then
used to set 95% CL exclusion limits on the signal strength of such models
(given in 0 x A x BR) as a function of the resonance mass. The posterior
probability that the sought model H (A, ;) was observed given the data D is:

P(H(X;,0;)|D) o< L(DIH(As, 03)) 7 (A, 05) (8.1)

0; are the nuisance parameters, describing our knowledge about the ex-
periment and the systematic uncertainties. A is a parameter of the model,
and is proportional to the signal strength. (A, ;) is called the prior, and
it gives the probability distribution for the values of A and 6; prior to the
observation. It is assumed that 7(A,6;) = m\(\)me(6;) and 7y (\) is taken
as a constant. This indicates no prior knowledge on the signal strength in
the sought model. L(D|H (X, 6;)) is the likelihood function, which gives the
probability for D given H(A,0;). To set a limit on the cross section of a
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new physics process the posterior probability must depend on A only. The
nuisance parameters are integrated out to obtain:

P(H(\)|D) = /P(H()\,Hi)\D)dei (8.2)

To integrate Eq. 8.2 one must take into the account the systematic uncer-
tainties employed in ;. The following systematic uncertainties are considered
for the calculation:

e Fit choice uncertainty (Section 6.3.2.1)
e Fit quality uncertainty (Section 6.3.2.1)
e Luminosity uncertainty of 5%

e JES uncertainty derived for the calibration constants

The integration is performed numerically using a Markov Chain Monte
Carlo approach [38]. This is referred to as marginalization.

The 95% CL upper limit on the signal strength, Aypper, is obtained by
solving:

0.95 = / e P(H(N)|D)dA (8.3)

8.2 Limits on Z’ models

Limits on specific models are set using signal templates, usually derived in
MC. As described in Sec. 5.2.3, Z’ distributions were generated at various
masses Mpeq and SM couplings g, shown in Table 5.1. The models predict
a cross section dependant on M,.q. When the simulated events are applied
the reconstruction steps and the same selection cuts as data, the acceptance
A, defined as the fraction of events passing the selection cuts, is obtained.
Each signal distribution is used in combination with the background estim-
ation, as the hypothesis for a Z’ model with the corresponding M,.q and
gq- In the language of the previous section, this hypothesis is represented
by H(A,0;). The procedure in Sec. 8.1 is than applied, and the result of
Eq. 8.3 gives the observed 95% CL upper limit on cross section times ac-
ceptance times branching ratio, o x A x BR, for that Z’ model. Observed

79



limits are set for masses in which a MC signal distribution was generated.
They can be compared to the expected limits, which are obtained by treating
the background estimation as an observation. The background estimation is
fluctuated multiple times with Poisson statistics, and each fluctuated distri-
bution replaces D for the derivation in the previous section. The expected
limit is the median of the distribution of 95% CL exclusion limits, obtained
from the various fluctuated pseudo-data. A theoretical representation for
the 7’ model is obtained from a MC calculation of the cross section for the
specific model as a function of the mass. The limit on the Z’ mass for a
specific model occurs when the observed limit is the same as the theoretical
prediction.

The observed limits, expected limits, and theoretical prediction can be
seen in Figure 8.1 for the |y*| < 0.6 selection, and in Figure 8.2 for |y*| < 0.3.
The distribution of pseudo-data used to derive the expected limits is also used
to set 1o and 20 error bands, indicating the values where 68% and 95% of
the distribution is held.

If indeed no new physics process is observed in the data, the expected
and observed limits should fairly agree. It can be seen in Figure 8.1 that the
limits are weakened with respect to the expectation near the signal points
at 650 GeV. This can be explained by noticing that the most discrepant
interval found by the BumpHunter algorithm is between 595-685 GeV. In
regions where the data is high compared to the fit, it requires more signal
events to simulate a significant excess with respect to the data.

Figure 8.3 shows the ratio of observed 95% CL upper limits to the value
predicted by theory, as a function of M,eq and gq. Expected limits are shown
in parenthesis. A ratio below unity implies that the model is excluded with
95% credibility. For the 450 GeV mass point, the signal region with |y*| < 0.3
was used to calculate limits. Masses above and including 550 GeV are con-
strained with |y*| < 0.6. The solid (dashed) red curve represent the observed
(expected) limit, derived from extrapolation across the coupling axis. For
the |y*| < 0.3 this curve is given as a dot at 450 GeV.

The TLA results can be combined with exclusions from other ATLAS
searches to give current bounds for possible Z’ models, as shown in Fig-
ures 8.4 - 8.5. 95% CL observed and expected upper limits on g, as a func-
tion of M,eq are shown in Fig. 8.4. The darker blue curves show the results
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from a “high-mass” search using the traditional triggering strategy for dijet
resonances [39]. The red (purple) curves show the results from a search trig-
gering on events containing a photon (gluon), such as those radiated from
the initial state partons that would produce the resonance [40]. The lighter
blue curves show the results from the Trigger-Level-Analysis.

Figure 8.5 show regions in a DM mass—mediator mass plane excluded at 95%
CL by a selection of ATLAS dark matter searches. Two scenarios are con-
sidered for the computation of the exclusions: In (a) the Z’ couplings to DM
and to quarks are taken to be g,= 1 and g,= 0.25, and in (b) g,= 0.1 and
gy= 1.5. In both scenarios the coupling of Z’ to quarks is assumed to be
universal to all flavors.

8.3 Model-independent limits

The fact that many models show similar features in data makes it plausible
to set limits which are as close as possible to model-independent exclusion
limits. Instead of simulated MC events, the signals probed are generated
from a Gaussian template. This is a valid approximation, as many signals
have a Gaussian or Gaussian-like core. The normalization of the Gaussian
plays the role of A in terms of the nomenclature of Sec. 8.1. When divided by
the luminosity o x A x BR is obtained, and the limit can be compared to that
of 7Z’. Gaussian signals with mean values m¢g between 425 GeV - 1.1 TeV and
widths-to-mass ratios of 10%, 7%, and the detector resolution were probed.
Different widths have implications on the affect of statistical fluctuations on
the resulting limits. This is explained by the fact that similar numbers of
events are spread over a different number of bins. Narrower signal can be
aligned with local fluctuations, making it most vulnerable for this effect. The
limits on o X A X BR are plotted in Fig. 8.6 and summarized in Tables 8.1
and 8.2. As is the case of the model-specific limits, the generic Gaussian
limits are weakened near ~650 GeV, the region with the largest excess in the
data compared to the fit. As for signal region, the |y*| < 0.6 cut was used
to set the limit in cases where 20 of the Gaussian was within the fit range.
The two signal regions are separated in Fig. 8.6.
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Mass [GeV] Resolution width 7% width/mass 10% width/mass
500 4.1 - -

550 2.0 2.5 -

600 4.3 5.4 9.3
650 3.9 5.2 7.2
700 2.5 3.4 4.7
750 1.3 1.9 2.4
800 1.1 1.2 1.5
850 0.73 0.81 0.95
1000 0.81 1.0 1.4
1050 1.0 1.6 -

1100 1.1 - -

Table 8.1: Limits on cross section times acceptance times branching ratio for
generic Gaussian signals using the |y*| < 0.6 cut.

Mass [GeV] Resolution width 7% width/mass 10% width/mass

425 3.8 4.1 -

450 24 2.7 3.5
500 - 1.8 2.2
950 - - 4.4

Table 8.2: Limits on cross section times acceptance times branching ratio for
generic Gaussian signals using the |y*| < 0.3 cut.
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Figure 8.1: Observed and expected limits on Z’'models with a range of coup-
ling, using the |y*| < 0.6 selection.
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Chapter 9

Conclusions

This thesis presents a search for a resonance in dijet final states using Trigger-
Level-Analysis, which employs a new strategy in ATLAS to increase sensit-
ivity in low mass regions. Masses below 1 TeV are prominent search regions
for interactions between quarks and dark matter through the decay of a me-
diator particle. Currently, The bandwidth allocated to inclusive jet trigger
forces ATLAS to apply prescale factors on these triggers in order to record
data in a manageable rate. As a consequence, dijet searches in ATLAS have
been focusing on larger masses, and in Run-2 dijet masses below 1.1 TeV
have not been yet covered.

The jets used in the Trigger-Level-Analysis are triggered by a single un-
prescaled L1_J75 trigger. They are reconstructed at the HLT level and only
a subset of the jet properties is saved to disk. Using this reduced data format
lowers the average event size from ~ 1-2 MB to ~ 30 kB. This increases the
available statistics in sub-TeV dijet masses, but introduces other complic-
ations; Some of the information discarded is generally used to veto events
based on jet properties, as well as in the jet calibration scheme. To address
this, alternative methods were developed when possible and the performance
of the jets was validated through various tests before proceeding to analyze
the data.

The large amount of statistics available in the Trigger-Level-Analysis imposes
difficulties for a data-driven background estimation; As dictated by Poisson
statistics, an increment in event counts decreases the relative statistical un-
certainties on the measurement. Fitting a simple analytic function to the
data, as generally done in dijet searches, is not guaranteed to work when the
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precision of the data is very high. In addition, in order to remain sensitive
to new physics, the uncertainties on the background estimation are required
to remain low. The procedure for modeling the background and searching
the data for a resonance is robust against various possible scenarios. It takes
into account the possibility that the data is too precise to be modeled using
the current methods, and was carefully designed to distinguish this case from
that of a potential new physics signal. This procedure was rigorously tested
in MC before applying it on data.

During 2015, 3.4 fb™! of data were collected in the Trigger-Level-Analysis.
The data shows agreement with the Standard Model as the most prominent
resonance corresponds to a p-value of 0.439 (0.186 when using a tighter con-
strain on the dijet rapidity difference). With no sign of physics beyond the
Standard Model, exclusion bounds were set on various Z’ models, as well as
on generic gaussian-like core models.

This is the first analysis in ATLAS to use jets reconstructed at trigger

level for a physics search. This procedure is to be repeated both using the
data collected in 2016, and in further analyses.
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