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Abstract

A Search for Long Lived Neutral Particles Decaying to Hadronic States in Proton-Proton
Collisions in the ATLAS Detector at y/s = 8 TeV and /s = 13 TeV at the LHC

Rachel Rosten

Chair of the Supervisory Committee:
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Physics

A search for the decay of a heavy scalar boson into pairs of long-lived neutral particles
in 20.3 fb~! of proton proton collisions at /s = 8 TeV and 3.2 fb™! at /s = 13 TeV
in the ATLAS detector is presented. The search focuses on final states where both long
lived particles decay within the hadronic calorimeter of the detector, resulting in jets with
unusual properties. No excess was observed and limits were set on the lifetime of the long

lived particles for various combinations of scalar boson and long lived particle masses.
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Chapter 1

THEORETICAL BACKGROUND

The motivation for long-lived particle searches begins with the near-completeness of the
Standard Model. Three of the four known forces and all observed particles are represented,
along with their interactions, within the theoretical framework of the Standard Model. It
has been remarkably successful at predicting and describing the subatomic world, but is not
complete. There is, of course, the noticeable absence of gravity. Other observed phenomena,
such as dark matter or the local (and perhaps universal) baryon asymmetry, are also not
explained by the Standard Model. We necessarily seek further evidence of physics beyond
the Standard Model to explore the underlying phenomena behind our current observations.
With an endless supply of possible models produced by industrious theorists it is prudent
to devise some general searches for new physics based upon shared features of many models.
One common element of many theories is the presence of long-lived particles, where here
“long” is not infinite but is large enough for particles to possess macroscopic decay lengths.
This analysis searches for one such type of long-lived particle with the optimistic intent of
discovering physics beyond the Standard Model and the more pragmatic intent of eliminating

phase space for theories containing such particles.

1.1 The Standard Model

The Standard Model (SM) of particle physics describes the known fundamental particles of
nature and their interactions. These particles are the six quarks, six leptons, twelve gauge
bosons, the Higgs boson, and all their corresponding anti-particles. They can be can be
neatly displayed in a single table as in Table 1.1. What follows is a brief description of these
particles and their properties followed by a similarly brief description of the Standard Model.



Table 1.1: Standard Model Fundamental Particles

Fermion Gen I | Fermion Gen II | Fermion Gen III Bosons
. e n T ¥
S| -l 3 0511 Mev -1 1 105.7 MeV -1 3 1777 GeV 010
o Ve v, v, w*
.q
0 3 <22eV 0 3 <0.17 MeV 0 1 <155 GeV +1 1 804 GeV
u c t Z
2
2 1 2 1 2 1
= 2 1 23 Mev 2 1 1275 Gev 2 1 17307 GeV 0 1 91.2 GeV
é d s b g
1 1 1 1 1 1
~1 1 48 Mev -1 1 95 Mev —1 1 418 Gev 010
t 1 1 h
EM Charge Spin Mass 0 0 125 GeV

Table 1.2: The particles of the Standard Model are shown organized by the three fermion
generations separated by quarks and leptons on the left and the bosons in the last column
on the right. Beneath each particle label is, from left to right, its electromagnetic charge
in units of e, its spin, and its mass. Quark masses are quoted at a renormalization scale
=2 GeV.

1.1.1 Particles and Forces

Leptons and quarks are both fermions and therefore possess half-integer spin. They are
differentiated by the presence of color charge in the quarks. The strong force, responsible for
the confinement of quarks and gluons, acts only on particles carrying color charge. The Higgs
and the mediators of the forces, the W, W, Z, and the photon, are all bosons, integer spin
particles that can interact (when allowed by other conserved quantities) with the fermions
as well as with one another (except for the photon).

The leptons come in six flavors forming three generations of spin 1/2 particles. For each
flavor there exists the corresponding anti-particle. We have, in the first generation, the
electron and the electron neutrino. In the second are the muon and muon neutrino while the
third contains the tau and tau neutrino. The electron, muon, and tau each carry a unit of

electric charge while the neutrinos are eponymously neutral. The neutrinos themselves are



nearly massless and often approximated as massless in particle physics (collider) interactions.
The observation of neutrino flavor observations [12, 13| indicates that there is a non-zero
difference between the neutrino masses so at most one can be truly massless. The SM takes

them as massless but neutrino masses can be non-trivially added.

The six quarks are similarly found in three generations. The down and up quarks,
responsible for the familiar proton and neutron, possess nearly degenerate mass and carry
charges of —%e and —1—%6 respectively. The strange and charm quarks forms the second
generation, while the bottom and top quarks form the third with similar charges. The mass
differences between quarks is increasingly large and the most massive quark, the top, is so
short lived that it is the single quark to escape the effects of confinement. This is not because
the top does not experience the strong force, but because it decays via the weak force with

a lifetime smaller than the timescale of the strong force.

Confinement is the result of the strong force which governs the interaction of color charge,
either red, green, or blue, carried by quarks as well as gluons. The strong force acts between
colored particles and increases with distance, forcing quarks into color singlet states of trios
of valence quarks or quark-antiquark pairs. Only color singlets can exist as free particles. If
a gluon existed in the color singlet state it would allow for interaction via the strong force

over large distances. No evidence of such an interaction has been observed.

The bosons which mediate the forces between particles are all spin 1 particles, while the
Higgs boson is a scalar. The vector bosons are absorbed and emitted by other particles,
“communicating” the forces between them. The photon mediates the electromagnetic force,
the W and Z bosons the weak force, and the eight gluons mediate the strong force. The gluons
exist in color states composed of two colors, always one color and one anti-color, each. They
are never color singlets and thus they, like the quarks, are subject to confinement. The role

of the Higgs will be discussed later in this section.



1.1.2 Standard Model Formulation

The Standard Model (SM) of particle physics is a non-abelian gauge field theory. As a field
theory, it is a formulation of a set fields extending throughout spacetime, the excitations of
which are quantized and are the particles we observe. Forces between particles are the result
of interactions of the boson fields with themselves and the fermion fields. As a gauge theory
it is invariant under a continuous group of local transformations. Specifically, such transfor-
mations leave the action - the integral of the Lagrangian between two times - invariant. The
gauge fields correspond to gauge groups whose generators are the gauge bosons. The SM is
based on the SU(3) x SU(2) x U(1) gauge symmetry describing the strong force (SU(3)c),
weak force (SU(2)y), and electromagnetic force (U(1)y).

Global invariance under a U(1) or SU(N) gauge symmetry corresponds to a conserved
charge or charges. To revisit quantum electrodynamics (QED), we can consider U(1) in
isolation. The global U(1) invariance corresponds to invariance under rotation of the phase
of the field and necessitates the conservation of electric charge. Local invariance, where the
degree of rotation is spacetime dependent, in turn necessitates the electromagnetic gauge
field, A*, and thus the photon, to maintain the invariance of the action. There are N? — 1
generators of an SU(N) group, hence three weak gauge bosons and the eight gluons. In the
case of the strong force the global SU(3) invariance necessitates the conservation of color

charges while the gluon field is required for its local invariance.

QCD is a non-abelian gauge theory and is thus asymptotically free provided there are
sufficiently few flavors of quarks [14]. Given an SU(3) gauge group the maximum number
of allowed flavors is 16 - QCD is safe with its mere 6 quark flavors. The possible existence
of additional, as yet unobserved, heavier quark flavors has not been ruled out. Asymptotic
freedom that is the complement of confinement of quarks and gluons discussed previously.
At short distances (and at high energies) the forces between particles are very weak, while

at longer distances (say, around the radius of a proton), the force is strong.

In the SM Larangian the gauge group of QED is instead a result of the combined SU(2) x



U(1) symmetry. The above-mentioned conservation of electric charge ) actually arises from
global invariance under SU(2) x U(1) symmetry: conservation of weak isospin, I, corresponds
to global SU(2) rotations while weak hypercharge, Y, corresponds to global U(1) rotations,

with electric charge given by:

Q==+1 (1.1)

The generators of this SU(2) gauge group are three W bosons while that of the U(1) gauge
group is the B boson. Electroweak symmetry breaking, summarized shortly, results in the
transformation of these four bosons into the familiar ones and predicts the now-confirmed

existence of the Higgs boson.

The SM Lagrangian is most easily understood by beginning with the QCD terms, intro-

ducing the electroweak terms, and ending with a description of the addition of mass terms.

The QCD terms can be written as:

1 _
Locp = —§trGWG‘“’ + (0, — igsGLT* )y u + id(0, — ig: G}, T™)v"d (1.2)

The matrix field G, is the gluon field strength tensor while G, is the gluon gauge field,
with the index “a” running over the eight gluon fields. The “u” and “d” terms are the
Dirac spinors for up-type and down-type quarks, respectively, and are summed over all three
generations. The strong coupling constant is represented by gs and the SU(3) generators are
T®. Finally, the v* are the Dirac matrices. The first term in Lqcp is then the gauge term for
QCD, with the quarks’ kinetic terms and their interaction terms with the gauge field arising

from the right two terms.

The electroweak terms can be written as:
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The gauge fields B and W correspond to U(1) and SU(2), respectively and their field
strength tensors are in the gauge term on the top line. The lepton (e) and neutrino (v) fields
are components of yp, for left-handed states and are separated for right handed states. The
significance of this separation will be discussed shortly. It should also be understood that,
although they are not written in Equation 1.3, analogous fields for up and down type quarks
are present in the full Lagrangian. The Pauli matrices appear as ¢ and the two coupling
constants are ¢g; and gs.

It can be easily observed in the decay of charged pions that the weak force, responsible
for their decay, couples to left-handed helicity states for particles and right-handed ones for
antiparticles. Helicity is the sign of the dot product of a particle’s spin with its direction
of motion. More accurately, the weak force couples to left-handed chiral states for particles
and right-handed chiral states for antiparticles. These correspond to left-handed and right-
handed helicity states, respectively, in the limit of low mass with respect to particle energy.
The near-masslessness of the neutrinos present in the decay of charged pions allows the effects
of this coupling to be observed via the helicity suppression of the lighter electron final state
as compared to the muon final state. The spin 0 pion produces two daughters with opposite
spin and momenta, and thus the same helicity, favoring decays where the left handed chiral
state contains a larger right-handed helicity component for the charged daughter.

The masses of the gauge bosons presented a challenge for electroweak unification. A



locally gauge invariant electroweak force required massless gauge bosons, but the weak force
was known to be a short range force thought correctly to be mediated by massive particles.
Fermion masses also presented a problem to unification. Consider a generic fermion mass

term:

Llermion — ) Mapg + he. (1.5)

mass

where M is an arbitrary mass matrix. The left- and right-handed terms are coupled, but they
transform differently under SU(2). Such a mass term is not gauge invariant. The inclusion
of mass terms for the massive gauge bosons and fermions must arise from some additional

source.

1.1.3 Higgs Mechanism

The Higgs Mechanism [15, 16, 17, 18, 19] was the brilliant solution to the mass problem in
electroweak unification [20, 21, 22|. It is the addition of a new scalar field to the Lagrangian
that gains a vacuum expectation value below the scale of electroweak symmetry breaking.
We can label the three W fields Wy, W5, and W3 and with some foresight introduce the

following definitions:

W*=§§mew» (16)

cos 6 sin 6 B
T w W (1.7)
Z° —sinfy cos Oy w3
If Oyy is chosen such that:
tan By = g (1.8)
92
Then the two gauge fields can be written as:
1 3
P RS (1.9

9%"‘92



and

1
A, = ———(:W> + ¢1B,) (1.10)
N A g

Here, W*, Z, and A are the familiar weak and electromagnetic fields. The angle O
introduced here is the Weinberg weak mixing angle.

The new field is the complex scalar field ¢:

1 +
6= ZO (1.11)

The superscripts refer to the electric charge @) of the two components. The field carries weak
hypercharge Y = 1, so by Equation 1.1 the I3 = —i—% component has EM charge ) = 1 while
the I3 = —% component is neutral.

This field is a doublet under SU(2) and so the new addition to Lgy is:
Ly = D,o'D'é — 1*¢lo — M9 ¢)” (1.12)

1 R O R
D,=0,— @gl§BM — 29251/1/” (1.13)
This is the Lagrangian of a scalar field with mass p and a self-coupling parameter A scaling
interactions of the field with itself. The general renormalizable potential bounded from below

which corresponds to such a field can be written as:

1
V(9) = Si°¢” + A¢' (1.14)
Taking p? > 0 and A > 0 yields a single stable minimum for the Higgs field at 0. If,
however, the mass-like term is negative y? < 0 and A > 0 the scalar field has a nonzero
minimum at (¢) = v given by:
2 2

= — 1.1
2\ 2 (1.15)

where v is the vacuum expectation value, the VEV, of the field.
A convenient gauge to work in is one in which both the real and imaginary parts of
¢T and the imaginary part of ¢y possess a vanishing expectation value. For the remaining

component ¢ — ¢ + v and Ly is taken as:
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Where the Pauli matrices have been applied to expand and simplify the equation. Sub-

(92W,; — 1B, (1.16)

stituting in Equations 1.6, 1.9, and 1.10 yields:

1 gov _ 1v%(g? + ¢2
L= SR+ (w4 L) g (1.17)

Evidently, there are now two charged W bosons with mass %~ and a neutral Z boson
with mass %m . The terms for the photon field cancel, leaving it massless. The Z and
W= masses are related by myw = my cos fw. If the Higgs field is present then the masses of
these particles arise from electroweak symmetry breaking!

The final piece of the SM are the fermion mass terms. These are added by coupling

the left and right-handed fermion fields to one another via the Higgs field, yielding a gauge

invariant term. The term for up-type quarks, for example, is:
LEmon = — Ay dog + he. (1.18)
where the coupling strength ¢ increases with fermion mass (i.e. a Yukawa coupling).

1.2 Physics Beyond the Standard Model

Despite its successes the Standard Model is known to be incomplete. Searches for physics
beyond the Standard Model (BSM) are numerous thanks to the myriad theories of the nature
of BSM physics itself. The present analysis performed a search for neutral long lived particles
based on one particular BSM model, a hidden sector model. However, as will be described,
long lived particles (LLPs) are a common feature of many BSM models and provide strong

motivation for developing analyses around their signatures.

1.2.1 Motivation

Aside from its obvious exclusion of gravity there are many observed phenomena not accounted

for in the Standard Model. For example, the matter described by the SM is estimated to
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account for only about 5% of the energy in the observable universe. A quarter is in the form
of dark matter and the remainder in the form of dark energy. Dark matter’s existence was
first surmised from the rotation curves of stars and galactic clusters and is now supported
by numerous other measurements and observations including the gravitational lensing of
background objects in the presence of stars and the anisotropies in the cosmic microwave
background. Yet to date the particle nature of dark matter is unknown and the SM provides
no plausible candidates. Neutrinos are too relativistic - too hot - to be adequate candidates
for the majority of dark matter while neutral hadrons are found in an abundance too small
to account for the amount of dark matter observed in other measurements. The nature of
dark energy is equally uncertain despite its critical role in driving the acceleration of the
expansion of the universe.

Other, perhaps more subtle, phenomena unexplained by the standard model include the
Higgs mass hierarchy problem, the fermion mass hierarchy problem, and the presence of
neutrino masses. Generically, a hierarchy problem is a large and seemingly unexplained
difference in magnitudes of related quantities. The Higgs mass hierarchy problem results
from the fact that the loop corrections to the mass squared of a scalar field are quadratically
divergent.

meps = mg + O(A?) (1.19)
Here myps is the observed mass of the Higgs, about 125 GeV. The tree-level mass is given by
m3 = —2p? and is a free parameter in the SM. The terms included in O(A?) are the one-loop
corrections to the Higgs mass and are proportional to the cut-off scale for the SM, A. A
is taken as the Planck scale, the energy at which the quantum effects of gravity cannot be
neglected. This sets the corrections to the Higgs bare mass to O(10' GeV)2. While it is not
impossible that the bare mass of the Higgs nearly exactly cancels out the corrections from
the loop diagrams, a scenario referred to as fine tuning, it is certainly seen as motivation to
probe for underlying mechanisms not yet discovered.

The fermion mass hierarchy problem concerns the large difference in fermion masses

between generations. (In fact, whether there are only three generations is also not established
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by the Standard Model.) The lightest fermions, the neutrinos, present an additional challenge
to the SM. That they possess mass was first demonstrated by observations of neutrino flavor
changing. Neutrino flavor eigenstates are a mixture of mass eigenstates and vice versa.
Hence, a neutrino created as an electron neutrino may be observed to be a different flavor
when detected. Yet not only are neutrino masses absent in the SM, it only includes left-
handed neutrinos while a renormalizeable model with neutrino masses would necessarily need
to include right-handed neutrinos as well.

The observed asymmetry in the presence of matter versus antimatter (i.e. our existence)
in the observable universe is also unexplained by the SM. The amount of asymmetry that
could result from CP-violating interactions allowed by the SM is insufficient to account for
the abundance of matter in the current universe. Without some extension or modification of
the SM and a corresponding experimental discovery (though we might expect the latter to

proceed the former), each of these topics, and others, remain discussed but not explained.

1.2.2  Long Lived Particles

Theorists provide varied and numerous models intended to address topics which the SM in
known to incompletely address. Developing a search dedicated to each model is not only
beyond the resources available to the physics community, it is inefficient. Instead, signatures
common to many models form a better motivator for building an analysis.

One common feature of many models is the presence or one or more types of long lived
particles (LLPs). A reason for their ubiquity is the presence of several mechanisms leading
to LLPs. They can be the result of small couplings, conserved quantum numbers, degenerate
masses, and other phenomena.

As an example, consider supersymmetry (SUSY). SUSY assigns a fermion superpartner
to each SM boson and vice versa. This solves the Higgs mass hierarchy problem as the
corrections from SM particles are canceled by those due to their superpartners. However,
no superparticles have yet been observed, implying that SUSY must be broken. Several
different proposed mechanisms exist for breaking SUSY. All either definitely, or possibly
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depending on parameters, contain particles which would possess long lifetimes and decay to
more familiar SM particles.

Likewise, a variety of models have been introduced to explain the existence of dark matter
(DM). Some of these add an extra sector, with its own gauge groups, separate from the SM
sector but which can communicate via some mediator particle. These are referred to hidden
sectors because they are hidden to the SM except via the communicator. Prior to the
observation of the Higgs many such models were introduced with the Higgs as a mediator
which could go unobserved if it strongly favored decays into the hidden sector. Yet extra
sectors provide an easy means of accommodating DM. If the lightest hidden sector particle
is stable, that is if it cannot decay to the SM via the communicator, then it is a candidate
dark matter particle. Assuming the coupling between sectors is weak, then particles which

do decay back to the SM can do so with long lifetimes.

1.2.3 Hidden Sectors

Hidden sector models [23, 24, 25, 26] propose a sector of new particles which couple to the
SM via some communicator particle. These sectors are frequently a part of a broader theory
but may constitute a stand-alone model as well. The hidden sector model used in the 2012
analysis is from a class of models called the Hidden Valley models. In the Hidden Valley
framework a new non-abelian gauge group G, adds a new sector, where the subscript “v”
hereafter indicates “valley” quantities. For example, ¢, would be a “valley quark”. This
hidden sector is weakly coupled to the SM sector by a communicator particle which mixes
with its hidden sector counterpart. If the communicator has a high mass and the mixing is
sufficiently weak then such a sector could remain hidden until experiments generate collisions
at high enough energies to access it regularly.

In the specific Hidden Valley model considered in 2012, G, is confining and the sector
contains at least two valley quarks ¢, which consequently hadronize into valley hadrons. They
are neutral under the Standard Model gauge group Ggy and thus not directly detectable
(although any with infinite lifetimes would be dark matter candidates). The SM sector
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particles are likewise neutral under GG,. The massive communicator particle - in this case
the Higgs or another scalar boson - requires sufficient energy for its production and thus
the production of valley particles. The lightest valley particles which are produced may
decay back to SM sector particles via the communicator, but need do so via an off-shell

communicator and thus possess long lifetimes.

Consider a hidden sector gauge group G, consisting of an SU(3) x U(1) group. A scalar
field @ is added and the U(1) symmetry is spontaneously broken as in the SM. The ®,
associated with this field mixes with the SM Higgs or some SM sector ® that has yet to be
discovered. Two massive ¢, a valley up and valley down quark, are present and hadronize
like their SM counterparts. They carry a U(1) charge and the lightest v-hadrons they can
form are an isospin triplet of m, analogous to the SM pions. The valley-neutral m, decays
to SM particles via the ®,, neutral in both sectors, which mixes with the SM ®. The SM ¢

possesses a Yukawa coupling to SM fermions and so decays preferentially to heavy fermions.

The exact nature of the decays and particles within the hidden sector are actually not the
focus of this search. They are merely one mechanism by which long lived neutral particles
may be produced and decay to the SM. A more generic toy model can simply consider some
SM scalar ® decaying to a pair of scalars or pseudoscalars s, as in Figure 1.1, with the details
at the vertex taken to be unimportant. Here the s is the long lived particle, invisible to the
SM, which decays to SM fermions. Due to the Yukawa coupling with the ® the decays will

primarily be to kinematically accessible heavy quarks.

Due to the lifetime of the s, the signature resulting from their production by a collision
in a particle detector will consist of a spray of particles (from the hadronization of the SM
fermions) seemingly detached - that is, displaced - from the collision point of the protons.
Detectors and their standard software are developed based on searches for and measurements
of more familiar signatures associated with SM decays and will not be tuned to such a
signature. Dedicated searches for displaced signatures are therefore necessary to detect such

decays resulting from a hidden sector or any similar phenomena giving rise to LLPs.
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Figure 1.1: A diagram illustrating the type of decays considered in this analysis. A scalar ®
decays to two long lived particles s which in turn decays to pairs of SM fermions.

1.3 Proton Proton Collisions

The evolution of particle states when two protons collide at high energies needs to be un-
derstood in order to predict the final states that result. A description of both hard and
soft processes is necessary in order to accurately understand and simulate collisions. This
section describes briefly the theory of proton-proton collisions and gives an overview of the

terminology used to describe the resulting event.

1.8.1 The Hard Scatter

An interesting high energy collision of protons is actually a collision of partons - the scattering
is one of parton states. In the initial state each incoming proton is composed of a sea of
gluons and quark-antiquark pairs in addition to the three valence quarks. The majority
of a proton’s energy is generally occupied by particles within this sea of gluons, while the

valence quarks share the remainder. The internal energy distribution is described by a parton
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distribution function (PDF). This distribution must be determined non-perturbatively due
to the low internal energies.

A PDF gives the probability density for a parton to carry a some fraction x of the parton’s
total momentum at a given squared energy scale Q? determined by the expected momentum
transfer. Deep inelastic lepton-hadron scattering experiments and hadron-hadron collision
experiments are performed to determine each PDF’s dependence on x. Results must be
extrapolated to higher and lower Q? and this, combined with the original uncertainties from
the scattering experiments, explains why no universal PDF has been developed. Instead,
several are available and an overall systematic uncertainty is included in analyses due to the
uncertainty in the PDF's.

Figure 1.2 shows an example of the PDF produced by the MSTW collaboration, MSTW
2008. The function f(z,Q?) gives the probability of finding a parton of the chosen flavor
containing a fraction x of the proton’s total energy at the energy scale (). The PDFs are
parameterized as zf(z,Q?) as a function of x. Note the tendency for a high momentum
parton to be a quark, particularly a light quark. Collisions between pairs of gluons thus tend
to be softer overall than the collisions between pairs of quarks.

To determine hadronic cross-sections the PDFs are convoluted with parton cross-sections,
quantities indicating the relative probability of each possible physics process to occur. The
phrase physics process refers to the production of any of the possible final states from the
given initial state interaction. The total proton-proton cross-section, at an 8 TeV center
of mass energy, is 102 mb. This is the sum of the cross-sections for each possible final
state resulting from the proton-proton collision. The plurality is taken by the relatively-
uninteresting elastic scattering of the protons. The most sought after collisions involve two
high energy partons and are responsible for only a small fraction of the total cross-section.

The hard scatter itself generally involves only two partons and can be treated perturba-
tively, at least initially. A scattering event cannot result in a free parton due to the confining
nature of QCD. As one colored particle separates from the others in its proton the energy of

the gluon field increases, producing pairs of quarks or gluons from the vacuum. This causes
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Figure 1.2: The MSTW 2008 proton parton distributions at two energy scales [1].

a chain reaction of pair production until hadronization, the full confinement of all final state
quarks into color-neutral states, has occurred. The result is several hadrons collimated along
the direction of the initial parton’s momentum. The initial stages of jet formation can be
described perturbatively until the average energies become too low. Jets will be described

in more detail in Section 3.3.

1.3.2  The Underlying Fvent and Pile-up

Correctly modeling what happens during a collision in a detector does not stop with modeling
the hard scatter. Additional contributions to the environment surrounding the hard scatter
include the beam remnant, initial state radiation (ISR), and pile-up.

The underlying event (UE) refers to everything that occurs as a result of the collision

that is not the result of the hard scatter. While the hard-scatter of two protons involves the
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scattering event of two partons, remnants of the protons also participate in the event. The
exchange of momentum and change in the valence parton state result in the disintegration
of the proton and hadronization of the remaining partons. Almost all of the momentum of
these particles is usually parallel to the trajectory of the colliding protons and so generally
avoids the limited fiducial region of a particle detector.

Initial state radiation, another component of the UE, may have a greater impact on the
event’s final state. ISR is the result of an incoming parton radiating a gluon which will
hadronize and form a soft (low energy) jet or a soft contribution to the jets resulting form
the hard scatter. Final state radiation (FSR) analogous to ISR but for outgoing partons,
can have a similar effect. Inaccurate modeling of ISR and FSR is important in general, but
in events with decaying neutral LLPs it may impact the frequency at which a neutral LLP
decay is interpreted, in terms of the signature it produces, as being the likely result of SM
interactions only.

While the hard-scatter and UE refer to the interactions involving a solitary pair of pro-
tons, such an event is relatively unlikely in modern colliders which collide protons in groups
called bunches to maximize the probability of a hard-scatter occurring. Pile-up refers to mul-
tiple parton-parton interactions in the same event which are the result of separate proton
collisions. The cross-section for interesting hard-scatter events is much smaller than that for
less interesting, low energy “glancing blows” between partons. As a result, there is typically
one primary vertexr or PV where a hard-scatter took place and several less interesting sec-
ondary vertices which are the pile-up vertices. Technically, these extra collision are in-time
pile-up. Out-of-time pile-up are measurements resulting from a different collision which are
incorporated into the current event. Both in-time and out-of-time pile-up will alter the final
state of an event and may result in a signature from the hard-scatter that is consistent with
a LLP decay being instead interpreted as likely belonging to a purely SM event.

The impact of pile-up on this search, and of the correct modeling of ISR and pile-up, will

be discussed in Section 5.4.
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Chapter 2
EXPERIMENTAL APPARATUS

The ATLAS (A Toroidal LHC AparatuS) detector is a general purpose detector build to
study collisions provided by the the Large Hadron Collider (LHC). ATLAS is composed of
several layers of subdetectors which will each be detailed. Special attention will be paid to
the electromagnetic and hadronic calorimeters (the ECal and HCal), which are of primary

importance to this search.

2.1 The CERN Accelerator Complex

At 27 km in circumference the Large Hadron Collider [27] is the world’s largest particle
collider. Buried about 100 m underground near the city of Geneva and under the European
Center for Nuclear Research (CERN), the collider is designed to collide hadrons at a max
center of mass (CM) energy of 14 TeV, 7 TeV per beam, with a luminosity of 103 cm™2s72.

The protons collided by the LHC start their journey as the nuclei of hydrogen atoms,
each ionized using a duoplasmaton, and are accelerated by an electric field to 94 keV. The
duoplasmaton consists of a cathode emitting electrons into a vacuum chamber into which a
gas, in this case hydrogen, is introduced. The gas becomes ionized upon interacting with
the electrons, forming a plasma. Charged grids accelerate the plasma into a beam which is
ejected from an aperture of the device.

The protons are not fed directly into the LHC and are instead accelerated to higher
energies in several stages through the CERN Accelerator Complex before their injection into
the collider. The stages of the CERN accelerator complex are displayed in Figure 2.1. The
94 keV protons are injected into LINAC (LINear particle ACcelerator), where their energy

is increased by over a factor of 50 to 50 MeV. The protons are then passed to the circular
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Proton Synchrotron Booster (PSB) and accelerated to 1.4 GeV, when they are passed on to
the Proton Synchrotron (PS) to be accelerated to 25 GeV. The penultimate injection is into
the Super Proton Synchrotron (SPS), where the protons are accelerated to 450 GeV. Finally,
the protons are injected as the counter rotating beams in the LHC ring and accelerated to
their final energy. In 2012, the LHC operated with 4 TeV beams for an 8 TeV CM energy.
In 2015, this was increased to 6.5 TeV beams for a 13 TeV CM energy.

o\/
LINAC P4, ¥ \i =
—p=Pp= D> linacs
BOOSTER

D P (antiproton) P e+ (positron)
P P (proton) D e-electron
ion 4P proton/antiproton conversion

Figure 2.1: The CERN accelerator complex [2]. The linear particle accelerator injects pro-
tons into the Proton Synchroton Booster (PSB). Protons from the PSB are injected into
the Proton Synchroton, and then into the Super Proton Synchrotorn. Finally, protons are
injected into the LHC, the largest ring pictured. The acronym LEP refers to the Large
Electron-Positron Collider, which proceeded the LHC. The rings labeled AD (Anti-proton
Decelerator) and EPA (electron-position accumulator) are not a part of the LHC experiment
but are used by other experiments.

The LHC ring is composed of eight segments, each containing a straight section as well as
a curved section along which a portion of the 1232 LHC superconducting magnets bend the
beam, as shown in Figure 2.2. The straight sections are 528 m in length and identified by their
midpoints, Point 1 through Point 8, with beam injection near Point 1. Beam acceleration
is achieved via the Radio Frequency (RF) cavities located at Point 4. RF cavities contain

an oscillating electromagnetic field at a frequency such that protons of the desired velocity
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experience no force while traversing the cavity but all other protons are accelerated by the
field to bring them to the desired energy. At Points 3 and 7 collimators focus and shape the
beam. Collisions occur at Points 1, 2, 5, and 8, where the detectors ATLAS, ALICE, CMS,
and LHCb are respectively located. Finally at Point 6, when the protons beams have lost
a sufficient amount of particles they are dumped, i.e. directed toward a graphite target, in

order to remove them from the collider.

TOTEM

CMS

RF
cavities

Clesning Cleaning

Figure 2.2: The large hadron collider [3]. The primary function of each octant is labeled,
included the location of the RF cavities that separate the protons into bunches. Blue stars
mark the location where the proton beams are crossed, producing proton collisions for the
LHC detectors built around the collision point. The red and blue lines mark the antiparallel
paths of the two proton beams in the detector.

Protons do not circulate the LHC in a continuous stream. Instead, protons are separated
into bunches of ~ 10! protons each. The RF cavities have an operating frequency of about
~ 400 M H z, corresponding to about 35640 potential wells in the RF field, called buckets.

The LHC is optimized for a 25 ns separation between proton bunches, while the bucket sep-
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aration is about 2.5 ns. This corresponds to a maximum of 3564 proton bunches per beam.
The proton beams’ buckets are filled in stages from the injections of the upstream accel-
erators, necessitating injection gaps in the bunch pattern in which no protons are present.
Furthermore, the bunch pattern will include abort gaps - long trains of unfilled bunches
needed to cleanly dump the beam. The “kicker” magnet responsible for diverting the beam
into the graphite target requires ~ 3 us to reach full field strength. The abort gap is needed
because protons dumped early would be thrown into the superconducting magnets or the
detectors rather than the target. The inclusion of injection and abort gaps results in only
2808 potential proton bunches out of the 3564 potential bunches when operating with 25 ns
bunch spacing. In 2012, the LHC used 50 ns bunch spacing and 1380 bunches per beam.
Bunch crossings (BCs) nominally refer to the crossing of opposite sense proton bunches
in ATLAS. However, deliberately unfilled bunches are interspersed with filled ones to create
BCs in which only one, or neither, “bunch” actually contains protons. This is done in part
to allow for the study of backgrounds resulting from a source other than the collision. The

bunch crossings (BCs) relevant to this analysis are:

e Filled BCs: Both buckets are filled with protons

e Empty BCs: Both buckets contain no protons and 5 buckets on either side of the BC

are also unfilled

e Unpaired Isolated BCs: One bucket is filled while the other is unfilled, and the unfilled

bucket is also surrounded by at least 3 unfilled buckets on each side.

The requirements for additional unfilled buckets for a BC to be officially Empty or an Un-
paired Isolated BC serve to isolate the unfilled bucket participating in the crossing from
protons leaking from filled buckets into unfilled ones. Empty BCs are used for the study
of non-collision non-beam backgrounds, while Unpaired Isolated BCs are of interest for the

study of beam-induced non-collision backgrounds.
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2.2 Luminosity and pile-up

Each bunch contains ~ 10 protons upon entering the LHC, is several centimeters long in
the longitudinal direction, and only about 1 mm wide in the transverse direction. These
bunches are squeezed using quadrupole magnets at the points of collision to increase the
proton density with respect to the collisional cross-section, 8*. The goal is to increase the
probability of collisions and thus the integrated luminosity, £, delivered to the detector.
Higher integrated luminosity indicates a larger number of scattering events, providing more
data to physics analyses. In 2012 the peak luminosity was 8 * 103 ecm~2s72. The integrated

luminosity as a function of time throughout the 2012 and 2015 runs is shown in Figure 2.3.
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Figure 2.3: Integrated luminosity versus time in 2012 (left) [4] and 2015 (right) [5].

The number of expected events for a given process depends on the process cross-section

(0) and the integrated luminosity (£):

N = Lo (2.1)

The cross-section depends on the center-of-mass energy and the particular particles in-
volved in the full process, but the luminosity depends only on the beams. The parameters

describing the beam are time-dependent the instantaneous luminosity is equal to
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Here N, is the number of protons per bunch, n;, is the number of colliding bunches, and

L

(2.2)

v, is the relativistic gamma factor, f,. is the collision frequency. The protons in the beam
naturally repel one another, gaining transverse momentum and increasing the transverse
width of the bunch. The beam is squeezed and shaped to minimize this effect. The nor-
malized transverse beam emittance €, is a measure of the beam divergence in the xy plane.
Finally F'is a geometric factor accounting for the angle at which the beams are crossed at
the interaction point.

A bunch-crossing frequently results in more than one proton-proton collision. Multiple
collisions in a single BC is referred to as “in-time pile-up” due to the final states of multiple
scattering events being incorporated into a single event. Detector elements may also record
collisions from bunch-crossings preceding or following the current bunch-crossing if their
response time is greater than the bunch separation. This phenomenon is refereed to as
“out-of-time” pile-up. Pile-up increases jet and track multiplicity in events and may impact
trigger and analysis efficiencies. It naturally depends on luminosity and averaged around 15

collisions per event in both 2012 and 2015.

2.3 The ATLAS Detector

While the LHC provides the hardware to accelerate and collide protons beams it is the sev-
eral detectors spread along the ring which provide the hardware and software to analyze the
resulting collisions. Any detector is built as a balance between the optimal design for its in-
tended scientific purpose and the available materials, funding, and physical limitations. The
ATLAS detector [6] was designed as a multi-purpose detector intended to give as complete
as possible a picture of the production and decay of particles resulting from proton collisions,
thus allowing it to be used both for precision measurements and for searches for new physics.
The detector was therefore designed to have precise measurements of both the momentum

and energy of a variety of particles within a large volume.
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ATLAS, shown in Figure 2.4, is barrel shaped and oriented with its axis of radial symme-
try along the beampipe. The long, cylindrical middle portion is properly called the “barrel”
and end portions on either side, disc-shaped to cover as much area as possible perpendic-
ular to the beampipe, are termed the “endcaps”. ATLAS contains three subdetectors de-
signed for different measurements: from the beampipe outwards they are the inner detector,
the calorimeters, and the muon spectrometer. Each of these subdetetors is also composed
of several subsystems. The calorimeters, for example, consist of an inner electromagnetic
calorimeter and an outer hadronic calorimeter. Data recorded by the inner detector is used
to reconstruct tracks from charged particles passing through it, allowing for the determina-
tion of the particle’s charge and momentum. The calorimeters measure the energy deposited
by both the charged and neutral particles it stops. Finally, the muon spectrometer provides
tracking for particles, primarily muons, that escape the calorimetry. ATLAS additionally
has a magnet system providing a 2 T solenoidal magnetic field within the inner detector and
a 0.5 T toroidal magnetic field within the muon spectrometer. These magnetic fields bend
the trajectory of charged particles passing through them, allowing for the measurements of
momenta and charge. Figure 2.5 shows the typical interactions of a variety of particles with
the subsystems of ATLAS.

ATLAS uses a right-handed cylindrical coordinate system. In Cartesian coordinates, the
z-axis runs along the beam pipe, the x-axis points towards the center of the LHC ring, and
the y-axis points skywards. The azimuthal angle is represented by ¢, while the polar angle

6 is usually replaced by the pseudorapidity 7 for convenience. 7 is defined as

0

n=— ln(tan(é)) (2.3)
Compare this to the true rapidity y, itself defined as
1. E+p

= —In(—— 2.4

y=3 G0 (2.4

Rapidity is invariant under boosts in the z direction, while only differences in pseudorapidity
are similarly invariant. However, as the mass of a particle approaches zero the two quantities

converge.
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Figure 2.4: A cutaway of the ATLAS detector with each subsytem labeled [6].
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Figure 2.5: The interactions of several common particles with the ATLAS detector [7].

A measurement frequently used in analyses as a measure of the closeness of two particles
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or objects is AR, defined as:

AR =/ An? + A¢? (2.5)
While R is generally taken as:

R= 22+ (2.6)

2.8.1 The Inner Detector

The Inner Detector (ID), shown in Figure 2.6 is designed to detect the passage of charged
particles in order to determine their momentum and charge. It is comprised of concentric
layers of detecting material and has a total radius R of 1.2 m and length in z of 6.2 m. This
corresponds to a pseudorapidity region of |n| < 2.5, beyond which particle detection must
rely solely on the calorimeters and muon spectrometer. Three subsystems with different
detector technologies form the ID: the pixel detector, lying closest to the beampipe, followed
by the semi-conductor tracker (SCT), and the transition radiation tracker (TRT). Figure 2.7
shows a cross-section of the ID with distances in R and z and several values of n labeled.

As the particles traverse the layers of the ID they interact with the active material, result-
ing in local ionization. The magnetic field in which the ID is immersed results in a bending of
the path along which the charged particles travel, allowing for the determination of the sign
of the charge and its momentum. By combining the locations in which these interactions oc-
curred in a sort of sophisticated connect-the-dots, ATLAS software can reconstruct the path
along which the particle passed. These tracks are also extrapolated back to the beampipe
in order to determine the interaction point (IP), which is the location of the highest energy
collision within the detector.

The pixel detector has the highest granularity of the three subsystems, appropriate given
its location closest to the barrel where the charged particle density is at its highest. It is
composed silicon (Si) sensors containing pixels 50 pm x 400 pm (¢ x z) in size which are
arranged in three layers in both the barrel and endcap. The innermost barrel layer is located

at R =51 mm and the outermost at R = 123 mm, while on either end the first endcap disk
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Figure 2.6: The Inner Detector of ATLAS [6].
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Figure 2.7: A cross-section of the Inner Detector with relevant distances and angles la-

beled [6].

is located at |z| = 495 mm and the last at |z| = 650 mm. A typical particle will traverse all

three pixel layers. The resolution in the barrel is ~10pm in (R — ¢) and 115 um in z, while

in the endcap the radial resolution is 115 um while the (R — ¢) resolution is 10 pm.

The SCT is composed of modules containing microstrip sensors made from silicon wafers,

each 120 mm long and 60 mm wide. The modules are arranged in four layers (300 mm <

R < 510 mm) in the barrel and nine (850 mm < z < 2730 mm) in each endcap. There are
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strip planes per module, glued back to back and offset by 40 mrad as shown in Figure 2.8,
with the inner strip aligned along z in the case of the barrel and radially in the case of the
endcaps. The offset allows for a more accurate position measurement of the location of hits
in the detector. A single strip can only indicate the transverse location of a hit, yielding
R and ¢ coordinates in the barrel, for example. The 40 mrad stereo angle allows for the
determination of the longitudinal coordinate, z for the barrel example. A typical particle will
pass through all four layers in the barrel, yielding four space points for track reconstruction.
The resolution is 17pm in R—¢ in the barrel and endcaps and 580 pm in z (barrel) and R
(endcaps).
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Figure 2.8: An SCT module [6]. The two strips are glued with a 40 mrad offset to allow for
the determination of full 3D spacepoints.

The TRT is the outermost subsystem of the ID and the largest by volume. The 4 mm
diameter straw tubes that compose the TRT are filled with a xenon-based gas and contain
a central gold-plated tungsten-rhenium wire held at 1.56 kV which collects the electrons
produced when a charged particle ionizes the gas in the tube. Highly relativistic charged
particles crossing the boundary between mediums with different dielectric constants produce

transition radiation. To aid in particle identification, polypropylene fibers (barrel) and foil
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(endcaps) are interleaved with the tubes to initiate the production of transition radiation
by low-mass particles. The pulse collected by the central wire is therefore larger in the case
of low-mass particles, aiding in differentiating light particles such as electrons from hadrons
such as pions. The barrel consists of 73 layers of 71 cm tubes parallel to the beampipe in the
barrel, and 160 planes of 37 cm tubes arranged radially in the endcap. Position information
is poor along the length of the tubes, so each tube provides hit information in two dimensions
only with a R — ¢ and R — z resolution of about 130 um per straw in the barrel and endcap,
respectively. Generally a particle traversing the TRT will not leave a hit in each layer - the

average is ~ 30 hits per track.

2.3.2 The Calorimeters

The ATLAS calorimetry, Fig 2.9, consists of an inner electromagnetic calorimeter (ECal)
and an outer hadronic calorimeter (HCal). Together they cover the pseudorapidity range
In| < 4.5. Coverage in 7 is important for reconstructing properly the presence of particles,
such as muons and neutrinos, that escape the calorimeters without being stopped. The ECal
covers |n| < 1.475 in the barrel and 1.375 < |n| < 3.2 in the endcaps. The HCal covers
In| < 1.7 in the barrel, and 1.5 < |n| < 3.2 in the endcaps. The calorimeters measure the
energy of charged and neutral particles via a series of interactions which produce a cascade
of particles that are then absorbed by dense materials. Complete absorption of the cascade
allows the energy of the initiating particle to be determined. Both the ECal and the HCal are
sampling calorimeters: alternating layers of an active medium which measures energy and a
dense absorbing material which initiates showers interact with and eventually stop incident
particles. As a result of the necessary interactions with the absorber, not all of a particle’s
energy is absorbed by the active material. Careful calibration is needed to correct the initial
energy measurements. The ECal specializes in measuring the energy of particles which
interact via the electromagnetic force, especially electrons and photons. Incident particles
lose energy via bremsstrahlung and interactions with the material via pair production and

other QED processes to produce photons and additional electrons in a series of interactions.
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The HCal specializes in measuring the energy of incident hadrons, which produce pions and
other particles upon interacting with nuclei via the strong force. These particles decay and

their decay products, electrons and photons, are absorbed.

Tile barrel Tile extended barrel
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end-cap (HEC)
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end-cap (EMEC) ————
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barrel -
3 4 LAr forward (FCal)

Figure 2.9: The ATLAS calorimeters [6].

The electromagnetic calorimeter uses lead absorbers and liquid Argon (LAr) as the ac-
tive medium. The incoming particles interact with the lead, producing secondary particles.
Interaction of the secondary particles with the argon results in the ionization of the argon.
Electrons freed by the ionization are drawn to and collected by electrodes, which are kept
at high (about 2 kV) voltage, on the lead surface. The layers are arranged in an accor-
dion geometry, as shown in Figure 2.10, preventing coverage gaps in ¢ that would otherwise
be present due to the space required by the readout electronics. The ECal covers up to
In| < 3.2. The barrel is composed of two half-barrels, one for z > 0 and one for z < 0, with
inner radii of 2.8 m and outer radii of 4 m. The portion of this region covered by tracking
(In| < 2.5) includes three ECal layers, with the innermost layer finely segmented to allow for
precise position and pointing measurements of the incident particle. This innermost layer

has a granularity of 0.003 x 0.1 (An x A¢), while the granularity of the middle layers is
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0.025 x 0.025 and the outer layer is 0.050 x 0.025. The |n| region outside of the tracking
coverage (|n < 2.5) is covered only by these coarser middle and outer layers. The middle
layer has the greatest depth and is responsible for collecting most of the shower. The endcap
consists of one wheel on either side of the barrel, with internal and external radii of 0.3 m
and 2.1 m respectively. A presampler is placed in the transition region between the barrel
and endcap (1.5 < |n| < 1.8) to improve the energy measurement by identifying showers

initiated in material before the calorimeter.
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Figure 2.10: The structure of the electromagnetic calorimeter of ATLAS [6]. The shaded
pink regions indicates the spatial extent of a single cell, one in the inner layer and one in the
other layer.

The radiation length X, of a particle is the distance in some medium over which the
particle loses 1/e of its energy via electromagnetic interactions. Prior to interacting with the
calorimetry particles will have already lost some energy in the material they have already
traversed. Figure 2.11 shows the thickness of material, as measured by X, for the ECal. For

the region |n| < 1.8 a thin layer called the presampler precedes the main layers to improve
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the energy resolution, allowing for a more accurate energy measurement for particles which
have lost a significant portion of their total energy in material preceding the calorimeter. The
preceding material has a radiation depth of 2-6 radiation lengths for electrons and photons.
By contrast, the depth of the ECal ranges between 22 and 33 radiation lengths. The lower
end of the range corresponds to the transition region, the region between the barrel and
endcap covering 1.37 < |n| < 1.52, which also includes more inactive material than other

sections of the ECal.
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Figure 2.11: The cumulative depth as measured by the radiation length, Xy, of the electro-
magnetic calorimeter [6].
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The average energy resolution in the ECal is

OR 10%
= 2.7
E E[GeV] (27)

ECal cell time resolution is ~ 0.1 ns. While accurate energy measurements are needed to
properly reconstruct a collision event accurate timing aids in discriminating between possible
signal and certain types of background events.

Hadrons, even neutral hadrons, will also interact with material in the ECal, but the
parameter of interest is the nuclear interaction length A rather than the radiation length.
The nuclear interaction length of a hadron is the mean distance the particle will travel before
undergoing an inelastic interaction with a nucleus in the surrounding medium. The ATLAS
ECal has a nulclear interaction length of ~ 2.3. Hadronic showers will therefore typically
begin in the ECal and intensify in the HCal. The depth of the calorimetry in terms of the
interaction length is displayed in Figure 2.12.
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Figure 2.12: The depth of each layer of the ATLAS calorimetery as measured by the inter-
action length X [6].

The hadronic calorimeter has poorer position resolution than the ECal, typical of hadronic

calorimeters intended to be paired with electromagnetic calorimeters. Hadrons generally
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require a greater depth of material to be fully stopped and absorbed than do charged leptons
such as electrons, in other words Apadron > Xotepton 1 generally true. The HCal barrel, also
called the “tile calorimeter” or “tilecal” uses scintillator tiles as the active medium interleaved
with an iron absorber. The endcaps use copper as an absorber and LAr as the active material
and share the EM endcap cryostats. The barrel covers || < 1.7 while the endcaps cover
1.5 < |n| < 3.2.

The barrel is segmented into three sections, a 5.8 m long central section (covering |n| <
0.8) with two sections flanking it which are each 2.6 m in length and called the “extended”
barrels (covering 0.8 < |n| < 1.7). Each wheel has an inner radius of 2.28 m and an
outer radius of 4.25 m. Trapezoidal shaped iron and scintillator tiles are layered plane
perpendicular to the beam axis and are stacked in wedge-shaped modules. Each tile spans
the full module width in phi. A diagram of a barrel module is shown in Figure 2.13. In each
of the three barrel sections total of 64 modules, with a single module covering ¢ ~ 0.1, are
arranged radially around the beam axis to achieve full ¢ coverage.

Tiles are grouped into cells each spanning a portion of the length in z and several stacks
of tiles in the radial direction. The arrangement of the cells in the modules of the tilecal
is shown in Figure 2.14. Light produced by each of the scintillators in a cell is transported
by wavelength shifting optical fibers to a single photomultiplier tube (PMT). There are a
total of three layers of cells per module, with the thickest layer being the central layer. The
granularity of the inner and middle layers is 0.1 x 0.1 (An x A¢), while the outer layer has
a coarser granularity of 0.2 x 0.1 (An x Ag).

The HCal endcap consists of copper plates stacked plane parallel along z with LAr be-
tween. The endcaps are segmented into two wheels each, each wheel containing 32 wedge-
shaped modules. A single module contains two cell layers stacked longitudinally rather than
radially as they are in the barrel. For 1.5 < |n| < 2.5 the endcap has a granularity of 0.1 x 0.1
(An x A¢), while for 2.5 < |n| < 3.2 the granularity is a coarser 0.2 x 0.2 (An x Ag).

Additional modules are installed in the transition region between the barrel and endcap,

which includes a variety of inactive material such as the cryostat walls. These modules are



35

Photomultiplier

Wavelength-shifting fibre

Steel

Scintillator

Figure 2.13: A diagram of a module of the hadronic calorimeter [6].

intended to recover energy lost to the inactive material and somewhat improve the poor
energy resolution in this region. The combined HCal and ECal have a depth of ~ 11
interaction lengths at || = 0 and posses an average energy resolution of about op/E =

50%/+/ E[GeV]. The timing resolution of the HCal cells is ~ 1 ns.

Three additional layers of calorimetry, called the forward calorimeter or FCal, are in-
tended to extend the coverage in 7 as far as possible (3.1 < |n| < 4.9). The innermost layer
is composed of copper and liquid argon, while the middle and outer layers use tungsten and

argon. The inner layer is designed to extend EM calorimetry while the outer layers extend
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Figure 2.14: The arrangement of cells in a central barrel module (left) and an extended
barrel module (right) in the hadronic calorimeter [6].

hadronic calorimetry. They add a depth of 7 to 9 interaction lengths in the forward region
but have an energy resolution of og/E = 100%/+/E[GeV].

2.3.83 The Muon Spectrometer

Muons exhibit much greater penetration of material than other charged particles generated
by collisions and resulting decays. They do not interact via the strong force, they radiate
bremsstrahlung far less than the much lighter electron, and are still light enough that they
can travel some distance before decaying. Their proper detection and the measurement of
their momenta necessarily requires a dedicated detector. The outermost subsystem of AT-
LAS is dedicated to these particles. The muon spectrometer is designed for muon tracking
and covers |n| < 2.7. To allow for momentum and charge determination the MS is immersed
in a magnetic field provided by the toriod magnets around which it is built. The MS sub-
detector is itself composed of four different subsytems. The Monitored Drift Tube chambers
(MDTs) and Cathod Strip Chambers (CSCs) provide tracking information while Resistive
Plate Chambers (RPCs) and Thin Gap Chambers (TGCs) provide triggering. Figure 2.15
shows the transverse geometry of the MS while Figure 2.16 shows the geometry in the R — 2
plane.

The MDTs form the bulk of the MS. Over 350,000 30 mm MDTs with lengths varying
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Figure 2.15: The geometry of the muon spectrometer in the transverse plane, sectioned in
the barrel [6].
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Figure 2.16: The geometry of the muon spectrometer in the R — z plane [6].

between 1.8 m and 5.1 m are arranged in several layers around the calorimetry. They cover
In| < 2.7, except for the innermost endcap layer which possess a coverage of only |n| < 2.0.

In the barrel the MDTs are arranged into three concentric layers, called stations, at radii
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~5m, ~ 7.5 m,and ~ 10 m. Each station is divided into 16 sectors, alternating between
small and large, composed of two MDT multilayers each containing three or four layers of
MDTs. Larger sectors contain more MDTs and are located between the toroid coils while
the small sectors are positioned adjacent to the coils. Small and large sectors overlap to
insure full phi coverage. Muons passing through the magnetic field are bent along 7 - thus
the MDTs are oriented perpendicular to the z—axis and to the radial direction, providing
precision coordinates in the bending plane (1) but no useful information in ¢. The endcaps
are arranged in wheels located at |z| ~ 7.4 m, ~ 10.8 m, ~ 14 m, ~ 21.5 m.

Each MDT contains a tungsten-rhenium central wire anode held at 3 kV and contains
a pressurized Ar/COy gas mixture. Muons passing through the tubes ionize the gas and
the resulting electrons are attracted to the wire. The drift time of the electrons to the wire
depends on the distance between their production point and the wire. The drift circle is
defined by the distance of closest approach (the drift radius) to the wire and series of drift
circles are used to reconstruct tracks. The drift radius can be determined to within ~ 80 pm.
This corresponds to a resolution for the full chamber of about 40 ym in the bending plane
(in contrast to around 5 mm in the transverse plane).

The MDTs are limited by their counting rate, which would be unacceptably high for
the forward (n| > 2.0) region on the innermost endcap layer. To accommodate this high
rate, CSCs are located at high 7 in the the inner layer of the endcap. They are multiwire
proportional chambers with two cathodes on either side of a gas gap and a set of anode wires
running through the middle of the gap. The cathode planes are segmented, one in 7 and one
in ¢, to provide accurate n — ¢ position measurements with a resolution of 60 ym per plane.
Four gas gaps per CSC allow for four hits per track for muons passing through the CSCs.

The RPCs and TGCs provide triggering and precision coordinate measurements in the
barrel and endcaps, respectively. In the barrel, the RPCs are located on either side of the
middle station and on the inner surface of the outer station, covering |n| < 1.05. They are
gaseous parallel-plate detectors between 22 mm and 35 mm wide. Their fast response time

allows for triggering on muons while their small size provides the ¢ coordinate information
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the MDTs cannot resolve. In the endcaps, seven layers of TGCs, which perform well in
a high event-rate environment, surround the middle MDT station. Three layers form the
innermost chamber while two each compose the outer layers, covering 1.5 < |n| < 2.4. Like
the CSCs, the TGCs are multiwire proportional chambers. The 1 and ¢ coordinates are
provided by the wires and cathode plates, respectively.

2.3.4 The Magnet System

The magnet system of ATLAS generate a magnetic field for the the ID (in the R—¢ plane) and
the MS (in the R — z plane). Two different magnet subsystems are used: a superconducting
solenoid magnet for the ID and air-core toroidal magnets for the MS. The solenoidal magnet
is aligned on the beam axis and rests just inside the electromagnetic calorimeter, which acts
as the return yoke for the magnet and shares its cryostat. It provides a 2 T magnetic field
throughout the ID. The toroid magnets form eight coils arranged radially about the beam
axis, one set each for the barrel and each endcap. The barrel toroid provides a ~ 0.5 T

magnetic field while the endcaps toroid provide ~ 1 T'.
2.4 Luminosity Detectors

Measurements of luminosity are performed with two detectors: LUCID and the Beam Con-
dition Monitor (BCM) [27]. These measurements are crucial for tracking pile-up and the
integrated luminosity. An accurate luminosity measurement is needed to predict the expect
number of events from any given physics process.

LUCID (LUminosity measurement using Cerenkov Integrating Detector) measures lumi-
nosity via Cerenkov radiation. It is located 10 cm from the beampipe at z = +17 m. Twenty
aluminum tubes, 1.5 m long with a 15 mm radius, are arranged around the beampipe and
point toward the center of ATLAS. The tubes are filled with pressurized C; F10 gas, providing
a Cerenkov threshold of 10 MeV for passing electrons. At the back of each aluminum tube
is a photomultiplier tube to measure the Cerenkov light produced by electrons and other

charged particles passing through the gas. When the intensity of Cerenkov light is above the
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PMT threshold a hit is recorded.

The BCM is a safety mechanism in addition to a luminosity detector. If its measurements
indicate that the beams might damage the detector it will send a beam dump request. Four
BCM modules are positioned symmetrically around the interaction point at two stations.
Stations are located at z = £1.84 m and the modules are located only 5.5 ¢m from the
beampipe. Two are placed in the horizontal plane and two in the verticle, with each pair
measuring the luminosity independently. The BCM modules are contain diamond sensors
with high sensitivity and response time. They distinguish between beam background such as
BIB, which will hit one station and then the next, from particles resulting from beam-beam

interactions, which result in particles arriving at the stations simultaneously.

2.4.1 The Trigger System

The frequency of bunch-crossings can reach as high as ~ 40 MHz. In contrast, the frequency
at which ATLAS can record events is constrained by data storage space and event processing
time to be a “mere” 200 Hz. Clearly, many events cannot be recorded. To complicate the
matter, most collisions will result in interactions and final states which are not of any interest
to most analyses. For example, elastic collisions are frequent but not useful in searching for
new physics. It is therefore necessary to devise a means to capture as many interesting events
as possible out of the roughly 10 events occurring in ATLAS over the year.

The ATLAS trigger system [6] was designed to increase the concentration of interesting
events by reducing the number recorded events to only those containing potentially inter-
esting physics. It must make the decision to keep or reject an event quickly and is therefore
not capable of performing a detailed analysis. To allow for some reconstruction of physics
objects, the trigger system is applied in a chain of three stages. At the first stage, called
L1 or Level 1, the rejection of most events reduces the initial 40 MHz event rate from the
detector to about 75 kHz as output from the L1 trigger. These events are passed on to Level
2 (L2) where they are accepted at about a 3.5 kHz rate and passed on to the Event Filter
(EF). The EF selects events at a rate of about 200 Hz and only the data from these events
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are saved for further analysis.

Triggers may additionally be “prescaled” at any level. A prescaled trigger only runs on
a fraction of possible events. For example, a trigger with a L2 prescale would only consider
some of the events satisfying its L1 requirements and would not be run at all on the others.
This is done to keep individual triggers which would have a very high rate, including many
triggers used for calibration, from overloading or using too large a share of the processing

resources.

Level 1

The L1 trigger is fully hardware-based and is therefore the least changeable of the trigger
chain. It uses basic measurements to make quick decisions of not only whether to outright
reject and event, but also where localized reconstruction at L2 should be performed. The
available measurements are coarse and use only the calorimeters and the MS, with ID in-
formation unavailable until Level 2. Each decision much be reached within 2 us due to the
limited amount of memory available to the Readout Buffer (ROB) to store each event. The
ROB stores the data temporarily and passes a portion of it to L2. Upon receiving the L2
decision it will either discard the data or transmit it to the EF.

Jets, electrons, photons, and 7-lepton identification is performed with the calorimeter.
Energy is summed in trigger towers, 0.1 x 0.1 regions in 1 x ¢ that include both the ECal
and HCal. Multiple trigger towers can be combined to perform energy measurements. For
example, L1 jet identification uses a wider region in n X ¢ to determine Er than does L1 7
identification: 0.4 x 0.4 in 17 X ¢ for a jet vs 0.2 x 0.2 in n X ¢ for a 7. Muons, on the other
hand, are identified in hits in RPC and TGC stations in 0.2 x 0.2 regions in n X ¢. Muon
momentum is also estimated from these hits. For the calorimeters and MS, if the energy
or momentum-hit thresholds are sufficiently high a Region of Interest (Rol) is identified
in 7 X ¢. An event is passed on to Level 2 if the measurement within the Rol exceeds the
combined thresholds set by any L1 trigger. Thresholds may use multiple Rols to require

several objects above a certain Er (calorimeter) or pr (MS), or to place cuts on X Er or
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The High Level Trigger

Taken together the 1.2 and EF triggers are called the High Level Trigger (HLT). They are
software-based and can therefore be altered without needing to physically alter the elec-
tronics. However, adjustments to the trigger that loosen requirements can obviously not be
applied retroactively to capture long-since rejected events. As a result, HLT trigger changes
are not made very frequently.

The L1 trigger is said to “seed” the L2 trigger. While the L2 trigger performs reconstruc-
tion with the normal detector granularity, it does so only in the Rols identified by the L1
trigger. Inner detector information is first incorporated at this level, allowing the L2 trigger
decision to incorporate tracks. Jets, muons, and the electron, photon, and 7 reconstruction
are of course refined.

The reduction of the event rate at L2 to about 3.5 kHz allows for the reconstruction of
full events. Jets and other objects reconstructed at L2 are reconstructed again, using the
full detector, to yield the most accurate estimation of their properties. While the algorithms
used are not identical to those used offfine, that is those used on the data which has been
saved to disk and can be processed at a relatively leisurely pace, they are nonetheless a close

approximation.
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Chapter 3
OBJECT RECONSTRUCTION

Particles passing through ATLAS interact with its subsystems in several ways (Fig-
ure 2.5). Details of the various particle interactions with the detector need to be combined
in order to identify and describe the particle producing them. Due to the high multiplicity
of particles in a collision event this process is subtle and must utilize multiple algorithms

and combinations of detector elements.

3.1 Tracks and the Primary Vertex

Tracks reconstructed from individual particle-detector interactions reveal the passage of
charged particles through the ID of ATLAS. They are used both to identify the particles
produced in the collision as well as to locate the primary vertex - the proton-proton interac-
tion point - by extrapolating their paths beyond the layers of material into the beam pipe.
By convention the geometry dependent parameters used to describe tracks, such as 7, ¢, the
transverse component of the momentum pr, and the impact parameters are calculated at
the track perigee, the distance of closest approach to the z-axis, and uniquely identify the
track.

Tracks are reconstructed from spacepoints, which are three-dimensional representations
of detector measurements [28]. ATLAS uses two different track reconstruction algorithms:
the “inside-out” algorithm and the “outside-in” or “back-tracking” algorithm [28, 8]. Their
names refer to the order in which spacepoints are connected to form tracks. The inside-out
algorithm runs first and “seeds” the track with silicon hits before extrapolating outwards
and finding coincident hits in the TRT. The outside-in algorithm runs afterwards and uses

leftover TRT hits to seed tracks which are then extrapolated back towards the IP to locate
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coincident silicon hits.

3.1.1 Space Point Identification

Pixel spacepoints are simple to determine due to the high granularity of the pixel detector .In
contrast a single SCT sensor cannot be used to accurately determine the three-dimensional
coordinates of the interaction of the passing particle within the module. As described in Sec-
tion 2.3.1, two SCT microstrip sensors are glued together back-to-back at a small stero angle
to allow determination of the the coordinate orthogonal to the beam direction. A typical
particle leaving the interaction point will pass through three pixel modules and four SCT
modules, resulting in a maximum of seven unique spacepoints to a track. The intersection
of the trajectory of two or more charged particles may result in shared spacepoints. If a
particle passes through inert material or dead modules “missing” spacepoints, also called
“holes”, may result.

Spacepoints cannot be constructed in the TRT. The drift time for ionization electrons
to reach the wire is converted into a drift radius for each TRT. Given the direction of the
particle a pair of drift circles produces two possible drift segments, referred to as left-right
ambiguity. Several TRT hits necessarily need to be combined to determine which side of a

wire the particle passed by if the track is not also incorporating hits from the silicon layers.

3.1.2 Track Reconstruction

Spacepoints from the pixel detector and first SCT layer are combined into track seeds for
the inside-out algorithm. Tracks candidates are then extrapolated from the seeds into the
SCT layer by layer, incorporating SCT hits and recalculating the track goodness of fit 2.
Any hit resulting in a large x? is removed as an outlier.

Not all seeds result in viable track candidates and not all track candidates result in tracks.
Many charged particles are created in most collisions that are considered interesting and they
leave many hits within the ID. Fake (not associated with the trajectory of an actual particle)

track candidates will be present due to the large hit multiplicity and must be rejected. To
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rank track candidates by their likelihood to correspond to an actual charged particle the
candidates are first refit with a more complex algorithm that includes more detailed detector
geometry information. Candidates with many unique hits and few holes will be identified.
Refitting can then be performed after shared hits are assigned to these higher quality tracks.
Figure 3.1 illustrates an example of track candidates sharing hits and possessing holes in the
SCT layers. Candidates with poor quality will be rejected from further processing. Finally,
the set of surviving candidates are extended as tracks into the TRT to find associated hits
and one more stage of refitting is performed.

After the inside-out track finding is completed, the outside-in track finding algorithms
runs first by removing TRT hits matched to inside-out tracks and then using TRT segments
to seed tracks. This algorithm is useful for identifying tracks corresponding to particles
resulting from the interactions of primary particles in the inner layers of the detector such
as tracks resulting from converted photons. Fitting is performed only in the R — ¢ plane in
the barrel and the R — z plane in the endcap for broad 7 slices due to the inability of the
TRTs to provide coordinate information along their length. Tracks are extended into the
SCT and pixel layers to find associated hits which were not assigned to inside-out tracks,
refit, and poor quality tracks are removed in a manner similar to that used by the inside-out

algorithm.

3.1.53 Primary Vertex Reconstruction

Vertices are located by extrapolating tracks into the beampipe and looking for the intersection
of multiple tracks [28, 29, 30]. The primary vertex is the vertex at the location of the proton-
proton hard-scatter. Vertex finding is seeded using the z coordinate of the intersection of
the beamline and each extrapolated track. The “first” seed is the global maximum in the
z coordinate distribution. Tracks within 7o, of the seed are candidates for inclusion in the
reconstructed vertex. However, the tracks must satisfy certain quality criteria to be used
in vertex reconstruction. Tracks are required to have pr > 400 MeV, 9 silicon hits with no

pixel holes, and |dyg| < 4 mm. The impact parameter |dp| is the distance of closest approach
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Figure 3.1: An example of various types of hits in the SCT layers. A sensor hit is one within
a single SCT strip while a module hit is one in both of the paired strips. An ambiguous hit
is one shared by two or more tracks. Track candidates with few holes and ambiguous hits
are the first to be considered as actual tracks.

in the zy-plane of the track to the z-axis. The constraint on |dy| prevents the reconstruction
of vertices outside of the beampipe. To determine the vertex position iterative fits are made
in which outlying tracks are given lower weights in each iteration to improve the fit y? until
a minimum is found. The vertex with the highest sum track p% is taken as the primary
vertex, the location of the hard scatter, while the other vertices are assumed to be pile-up
vertices. The overall vertex reconstruction efficiency (number of reconstructed vertices over
the number of in-time interactions) is above 80% for events with few vertices but falls to

50% for events with 40 or more interactions [31].

3.2 Electrons, Photons, and Muons

Electrons, photons and muons are common particles and are present in many events. Their

accurate and efficient reconstruction is therefore fundamental to many analyses. Reconstruc-
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tion of electrons and photons uses a combination of the inner detector and the electromag-
netic calorimeter. Both of these particles are usually stopped by the ECal. Muons, on the
other hand, deposit only a fraction of their energy in the calorimeter and their reconstruc-
tion, unsurprisingly, incorporates the muon spectrometer. None of these three objects are
explicitly used in this analysis but their accurate reconstruction is still important to calcu-
lations such as that of the event’s missing energy, which is used for identifying non-collision

backgrounds [32].

3.2.1 FElectron Reconstruction

Electrons are reconstructed using a combination of inner detector and calorimeter require-
ments [33, 34]. Reconstruction begins from seed clusters in the middle ECal layer using 3 x 5
cells in  x ¢. A valid seed must possess Er > 2.5 GeV in this region. If a suitable track
with pr > 0.5 GeV is found near the cluster then reconstruction proceeds using a sliding
window algorithm, an algorithm where a window of fixed 1 X ¢ is positioned to maximize
the enclosed energy. Reconstruction continues with the identification of the electron’s ID
track. Candidate tracks are permitted to have at most An < 0.01 to the cluster. In the
event that multiple candidate tracks are present the track closest to the cluster barycenter is
chosen. Tracks are also required to satisfy ID hit requirements which aids in the rejection of
converted photons. For forward electrons (|n| > 2.5), matching to ID tracks are necessarily
not performed. However, all candidate electrons are subject to further cuts on the shower
shape and leackage into the HCal to reject background electrons and fakes. Due to the small
depth of the first layer of the ECal most of the energy of an electron is deposited in the
second ECal layer. The width of the shower is affected by the bending of the electron track
in the magnetic field. A cut is also placed on the ratio of the cluster energy to the electron

momentum, which should be near one due to the electron’s low mass.
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3.2.2 Photon Reconstruction

Photon reconstruction is designed to identify both converted and unconverted photons [8, 33,
35]. Converted photons undergo pair production within the detector material. Unconverted
photons, by contrast, undergo no material interactions prior to reaching the ECal.

Photon reconstruction is seeded in the same way as electron reconstruction. In the case
of photons, seeds are selected if they lack associated tracks, or if they posses a track or track
pair consistent with a photon conversion. A track pair results when a track is reconstructed
for both the electron and positron, the intersection of which defines the conversion vertex.
Single tracks are frequently TRT-only tracks while track pairs tend to include Si hits. As
with electrons, cuts are made on the shower shape and on leakage into the hadronic calorime-
ter to reject background and fakes. Photons which reach the calorimeter are not bent by
the magnetic field and so will tend to create very narrow showers. Converted photons are
reconstructed from the electron showers and tracks left by their decay products. Additional
cuts are applied to unconverted photons to discriminate between single photon showers and

pairs of photons resulting from neutral meson decays.

3.2.8 Muon Reconstruction

As with ID tracks, the track parameters of muon tracks (pr, 1, ¢) are calculated at the
perigee of the extrapolated track. Muons can be reconstructed using only the MS (stand-
alone muons) or by combining MS and ID tracks (combined muons) [36, 37]. ID tracks with
corresponding MS segments, but not tracks, result in a third type of muon called the tagged
muon. In all three cases MDT hits are combined into segments within single MDT chambers.
Within the short distance of a chamber the trajectory may be approximated as a straight
line, i.e. the track bending is assumed to be negligible. The segments will incorporate trigger
(RPC or TGC) coordinate information, when available, to refine their position resolution.
MS track reconstruction requires at least two muon segments pointing towards the IP

which result in a good (low x?) fit to a possible track. These tracks are extrapolated towards
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the beampipe, accounting for both multiple scattering and energy loss to detector material.
The typical muon will lose ~ 3 GeV in the calorimetry.

If an extrapolated standalone muon track lies near an ID track, an attempt is made to
combine the two. If the x? for the combined fit is low enough, the muon is designated a
combined muon. The track parameters for the combined muon may be a reweighted average
of the MS and ID tracks or may be derived from the fit parameters of the combined track
depending on the algorithm chosen for the combination.

Low pr muons may not produce enough hits in the MS to directly reconstruct an MS
track for the muon. However, they will still leave ID hits. If an ID track extrapolated to the
MS is associated with one or more track segments, even if those segments were not themselves
reconstructed into a track, then the track is designated a tagged muon. The tagged muon’s

track parameters are identical to those of the ID track.
3.3 Jets

The hadronic collisions in ATLAS produce a variety of particles, including huge numbers of
quarks and gluons. These quarks - with the exception of the top quark - and gluons (via
their radiated quark pairs) quickly hadronize, producing a collimated shower of particles
with a net momentum equal to that of the initiating quark or gluon. Some of these particles,
such as the 7y, decay more or less instantaneously while others, such as the K, and 7+, are
more likely to reach the calorimeter without decaying. This shower of particles is termed a
“jet” and is an extremely common object in LHC collisions. Figure 3.2 shows, as a function
of jet pr, the average fraction of each particle present in a jet by the time they reach the
calorimetry. The majority of the energy in the average jet is carried by photons and charged
pions while neutral hadrons carry less than 20%. In addition to production in the initial
proton-proton collision, jets can also result from hadronic decay modes of particles such as
the Z or 7.

Within the terminology of event reconstruction in a detector, “jet” takes on an additional

meaning. Track jets are the collection of tracks left in the inner detector by charged particles
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Figure 3.2: The relative fraction of each particle found in jets in ATLAS as a function
of jet Er [8]. The fractions correspond to jet particle content at the inner face of the
electromagnetic calorimeter.

that are part of the jet. However, the majority of the time “jet” is used in this analysis it

refers to the reconstructed calorimeter object.

Within the calorimeters an attempt to reconstruct a track corresponding to a particle
in a jet would be misguided. The calorimeter’s purpose is the measure the energy and re-
lated properties of the jet. Incoming particles interact with the calorimetry and deposit
their energy across many cells both parallel to and perpendicular to the incoming particle’s
momentum. Instead of tracks, roughly cone-shaped collections of energy deposits are recon-

structed and analyzed. These objects are the jets that form the backbone of this analysis.

A jet may have one or more charged tracks in the ID corresponding to the the passage
of particles forming the jet. It may have muon tracks or segments associated with it as well
if a muon was produced as part of the jet or if the hadronic calorimeter fails to fully absorb
the energy of the shower and some particles “punch through” the calorimeter. Ideally, the

reconstructed energy of a jet will be well calibrated and include the full shower. To approach
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this ideal any jet reconstruction algorithm should be both infrared and collinear safe. An
infrared safe jet clustering algorithm will reconstruct the same jet in the presence of soft
particles. These soft particles are numerous from ISR and the underlying event and should
not affect the jet shape or have a significant impact on its final energy. On the other
hand, two collinear, hard particles are likely products of the same shower and should not be
reconstructed as separate jets. Collinear safe algorithms correctly group hard objects into
the same jet.

Jets which result from the decay of a long-lived neutral particle will have properties,
such as the spatial extent and distribution of their energy deposits in the calorimeter, or the
presence of charged tracks in the inner detector pointing towards those deposits, that depend
on how displaced from the primary vertex their decay is. The accuracy and precision of the
jet reconstruction determines how well these jets can be separated from showers of particles

that originate at the primary vertex.

3.3.1 Clustering and Initial Reconstruction

Offline jet reconstruction begins with the formation of clusters, which is performed by a
topological clustering algorithm [38, 39, 40]. Reconstruction begins with a high energy seed
cell. Other cells are iteratively added to the seed cell to create a topological cluster, a
“topocluster”, and these clusters are in turn combined to form jets. Jets in this analysis are
reconstructed from topoclusters using the anti-k; algorithm [41], an infrared and collinear
safe sequential recombination algorithm.

Topoclusters group neighboring cells in the n — ¢ plane with significant (high with re-
spect to noise) energy deposits in order to reconstruct the stages of showering that occur
within the calorimeter material. Ideally each cluster contains the energy of a single track jet
particle which has survived until the calorimeter. The seed cells are required to possess a
signal-to-noise ratio Een/0noise > 4, where the noise is the expected RMS of the electronic
noise and which includes a pile-up contribution. For each seed cell neighboring cells are iter-

atively added if the neighbor satisfies the requirements Feep/0p0ise > 2. Cells satisfying the
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signal-to-noise threshold but neighboring more than one cluster result in a merging of the
clusters. Neighboring cells satisfying only Feen/onoise > 0 rather than the higher threshold
and neighboring multiple cluster do not initiate a merging of clusters and instead are added
only to one of the clusters. As a final step after the clustering of cells has been completed
the local energy maxima for each cluster are located. A cluster is split into multiple new
clusters or more than one local maximum is found. The resulting clusters are then used to
reconstruct the event’s jets.

Jets in this analysis are reconstructed with the anti-k; algorithm, but several algorithms
exist for combining clusters into jets. The principal strategy is to determine if the separation
of two clusters is large enough, with respect to their energy, that they are likely to be the
result of different showers rather than part of the same jet. The relevant parameters are the
distance dj; between clusters ¢ and j, and dig, the distance between ¢ and the beamline. The
algorithm loops over clusters 7 and j and compares all dj; and dig to identify the minimum
value. If the smallest value is a dj; then clusters ¢ and j are identified as belonging to the
same jet and are merged, while if it is a d;g then 7 is identified as belonging to a separate jet
and is removed from the set of clusters.

Jet clustering algorithms differ in how they define d;; and d;g. In general

PAY:
dij = mm(kmp, ktjp) RZJ (31)
dip = k7 (32)
and
A% = (v —y)* + (61— ¢5)° (3.3)

where ky; is the transverse momentum of ¢, y; is its rapidity, and ¢; is its azimuthal angle.
The distance parameter R has several common values. Larger R will be less likely to un-
derestimate the energy of wider jets, but will also be more prone to overestimating energies
due to incorporating soft jets not originating from the initiating parton. The case p = 1

corresponds to the ki jet reconstruction algorithm while p = —1 corresponds to the anti-
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ky algorithm [41]. The Cambridge/Aachen algorithm uses p = 0 [42, 43]. Each final jet’s
four-vector is the sum of the four-vectors of each of its topoclusters.

This analysis uses anti-k; (p = —1) jet reconstruction with R set to 0.4. Note that d; is
large if either both of the clusters are soft or if their spatial separation is very large. This
requires particularly hard objects to be close to collinear to be reconstructed as the same jet
while softer objects will tend to be merged to harder ones over similar distances. Pairs of

soft particles tend not to be combined and the softest are removed as soft jets.

3.3.2  Jet Quality

Not every reconstructed jet is considered of sufficiently good quality be incorporated into an
analysis. Jets might be the result of noise or some other source that is not the hard-scatter
or they may contain a large number of dead or noisy cells. Most analyses use a definition of
good jets defined by a dedicated jet data quality group [44]. Searches for exotic events, such
as this one, require modification of the standard criteria.

Common jet parameters for determining the quality of a jet include, with respect to the

distribution of energy between calorimeter layers:
e EMF': The fraction of the total jet energy deposited in the ECal layers;
e FMax: The largest fraction of energy deposited in a single layer,

and with respect to calorimeter sections:
e HECT: The fraction of energy deposited in the hadronic end cap;

e TileGap3 fraction: The fraction of energy deposited in the calorimetry covering the

transition between the barrel and endcap,
and with respect to the distribution of energy in the cells:

e LArQ: The fraction of LAr cells with a Q-factor greater than 4000, where the Q-factor
is a measure of the difference in shape between the measured pulse and the predicted

pulse which is used to reconstruct the cell energy;
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e HECq: Similar to LArQ, but calculated only in the hadronic end cap;

e Dead fraction: The fraction of the jets energy that needed to be extrapolated from
dead cells, which simply use the average of surrounding cells for their energy and are

flagged by data quality experts;

e NegativeE: The sum of the energy of cells with negative energy, which results from

noise and noise suppression,
and finally:

e CHIf: The charge fraction, which is the ratio of the sum of the pr of tracks associated

with the jet over the jet’s own calibrated pr;

e timing: The energy weighted mean of the cell timing, where each cell’s timing is
calculated with respect to the time of flight of a speed of light particle from the IP to
the cell;

e 1): The reconstructed jet’s 7.

Jets are first compared to a list of criteria built from these parameters to determine if
they are “bad” or “ugly”. A jet that is neither of these is designated a‘“good” jet. A bad jet
satisfies at least one of the following criteria:

Related to HEC noise spikes:

e HECf > 0.50 and HECQ > 0.50;
e HECf > 1 — [HECQ|;

e NegativeE> 60 GeV,
Suggesting non-collision backgrounds:

e |Timing| > 10 ns;

e |1 < 2.0] and FMax > 0.99;



95

e |7 < 2.0] and EMF > 0.95 and CHf < 0.05;
e |n < 2.0] and EMF < 0.05 and CHf < 0.10;

e |n > 2.0] and EMF < 0.05,
Suggesting EM coherent noise:
e |n < 2.8| and EMF > 0.90 and LArQ > 0.80.

Ugly jets satisfy at least one of the following related to the the jet lying in a region where

accurate reconstruction is less probable:

e TileGap3 fraction > 50% of the jet energy;

e Dead fraction > 50% of the jet energy.

LAr noise can result in a noisy cell being reconstructed as a jet or result in poor recon-
struction of a jet from the collision. Jets associated with noise spikes generally have large
negative energy or poor signal quality in the readout from the calorimeter. Jets from non-
collision background more frequently have larger (and often more negative) timing than a
typical collision jet. They often contain fewer high energy cells than a collision jet as well.

For Standard Model jets, showers of purely neutral hadrons are unusual enough that
removing low EMF jets will not remove too many collision jets. The search described here,
which explicitly seeks low EMF jets as a signal, risks losing a substantial number of events
if the low EMF criteria are left in place. The low EMF criteria are therefore removed and
other cuts are implemented to remove events resulting from non-collision backgrounds. The

treatment of non-collision backgrounds is described in Section 5.3.

3.3.83 Jet Energy Calibration

The purpose of jet calibration is to relate the energy measured by the calorimeters to the true

energy of the particles depositing the energy and thus the energy of the initiating parton.
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As shown in Figure 3.2, on average only about 60% of a jet’s energy is carried by charged
particles (generally hadrons) and roughly 25% is carried by photons (many of them from
7o decays). The hadrons, charged or neutral, deposit most of their energy in the hadronic
calorimeter.

The initial reconstruction of jet energy is done at the electromagnetic scale (EM scale).
The EM scale was developed using test-beam measurements for electrons and muons, the
muons being necessary to study the deposition of energy in the HCal. It is so named because
at this scale the energy of a jet’s electromagnetic shower, which is usually dominated by
photons, is correctly calculated. Due to the difference in response of the ECal and HCal, the
hadronic component will be inaccurate at the EM scale.

In general, a shower of pure hadrons will be reconstructed with a lower energy compared
to a pure electromagnetic shower with the same true energy. This difference in response is
due in part to energy lost in hadronic interactions in the production of muons, which escape
the calorimeter with most of their energy intact, and energy lost to inwvisible energy, the
freeing of nucleons or excitation of nuclei during the nuclear interactions. For this and other
reasons jets must be calibrated before they are used in an analysis [39, 45, 46, 47].

Accurate reconstruction of the jet energy is non-trivial, complicated by several factors in

addition to the different responses of the HCal and ECal:

e Energy deposited outside the calorimeter: via punchtrough and in material preceding

the calorimetry

e Energy deposited outside the jet: the trajectory of soft charged particles may be bent

outside of the jet cone

e Energy deposited inert elements in the calorimeter: in dead cells and structural material

in the calorimeter

e (Calorimeter non-compensation in the HCal: only a portion of deposited energy is

measured in active cells
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e Pile-up and other effects depositing excess energy in calorimeter cells that are included

in the jet
e Noise thresholds resulting in mis-measurement in cells with small energy deposits

An alternative initial energy scale is the local cluster reweighting (LCW) scale. Each
cluster is assigned as being either electromagnetic or hadronic in origin based on its shape.
Weights are then applied to their energy which are derived from single pion MC simula-
tion. This weighting corrects for the different response of the HCal compared to the EHal.
However, as is the case of jets beginning at the ECal the jets still require calibration, but
typically have a smaller correction to their energy.

Jet calibration combines several complementary corrections and calibrations:

A correction to the jet origin

A pile-up correction

Energy and 7 calibration

A residual in situ calibration applied only to data

The complete set of corrections alter both the energy and the direction of the jet. Initial
jet reconstruction is performed using the geometrical center of the detector as the jet origin.
The origin correction only changes the jet direction to point to the primary vertex and does
not affect the energy of the jet. Jet energy is modified by the other corrections. The pile-
up correction results in an offset of the jet energy at the EM scale, while the remaining
corrections produce a scale factor to be applied to the jet’s four-vector.

Pile-up and the underlying event may result in an increase in the reconstructed energy
of the event. The LAr cells are specially sensitive to out of time pile-up in addition to in
time pile-up - they are affected by collisions in the 12 preceding and 1 following BC. The

pile-up correction is derived on MC and is based on the number of primary vertices (Npy ),
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the pile-up (u), and the bunch spacing and is applied as an offset at the EM scale before any
other corrections are applied.

The energy and 7 calibration is also derived on MC where it is intended to restore the
reconstructed energy to the truth value, correcting for effects including energy lost to inert
material or deposited outside of the jet cone. The correction depends on both the jet energy
and the detector n of the jet.

The final in situ residual calibration is derived using multijet MC and collision data. This
last correction is applied to jets in collision data and is determined from collision events by
comparing the energy of a reconstructed jet to a reference object such as a photon, Z, or

another jet.
3.4 Missing Energy

ATLAS has sufficient coverage in the transverse direction for the calorimeters to capture most
particles other than neutrinos and muons. Furthermore, the initial transverse momentum of
the colliding protons is near-zero. From this last point, is is expected that the net momentum
in the transverse direction of colliding particles will be equal to zero. However, the momenta
of all particles cannot be determined, while the energy of most particles can be. To measure
the momentum balance in the event the quantity ER is used [48]. The ER is defined as
the negative vectorial sum of energy in the transverse plane of all objects reconstructed in
the event. The E¥s also includes the transverse momentum of reconstructed muons due to
their tendency to escape the calorimeters.

Were every particle or its decay products captured by the calorimetry the EXS of the
event would be zero. Neutrinos, of course, violate this ideal and escape the detector, taking
their energy with them. Thus in a Standard Model event a large EX is a signature of
events with one or more high pr neutrinos. However E can result from other sources as
well.

Non-collision backgrounds are a non-negligible source of EX. Beam halo muons, muons

traveling parallel to and roughly in time with the proton bunches, can leave energy deposits in
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the calorimeters. Likewise cosmic ray muons or showers may deposit energy in the calorime-
ters. The spatial distribution of the deposited energy will rarely be symmetric around any
collision and instead result in reconstructed EX*. Other possible sources of EX arise in
various models addressing physics beyond the SM, such as from escaping LLPs.

The ER from the calorimeters is calculated as:

Ncell
Emss — Z E; sin 0; cos ¢; (3.4)
=1
) Ncell
B = — Z E; sin 6; sin ¢; (3.5)
=1
E’rrniss — \/(E;mss)Q + (E;niss)Q (36)

where Fj;, 6;, and ¢; are the cell energy, polar angle, and azimuthal angle respectively. The
sum excludes cells flagged as noisy by the ATLAS database and only includes cells belonging
to topoclusters in a further effort to suppress noise.

Muons are included in the EM calculation when they are found with |p| < 2.7. For
In| < 2.5 combined muons are used, while standalone muons must be used for 2.5 < |n| < 2.7

where ID tracking is not available. The contributions to E¥** from muons are simply:

Nmuon

EP == 3" p, (3.7)
=1

Nmuon

mps == 3%, 35)
=1

where the z and y components are added to the calorimeter contribution before taking the

square root.
3.5 Measurements of Luminosity and Pile-up

The luminosity measurement is important for predicting pile-up, measuring cross-sections,

and thus predicting the final number of events expected in any analysis [49, 50]. The instan-
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taneous luminosity is given as:
L — /’Lnbf"'

Oinel

(3.9)

where p is the average number of interactions per bunch-crossing, n; is the number of bunches
per beam, f, is the rotational frequency of the beams, and 0, is the inelastic proton-proton
cross-section. The parameters n, and f, are machine parameters while o;,; is measured.

It is necessary to know the pile-up present during collisions, but p cannot be directly
measured due to the non-ideal acceptance and efficiency of the detector. Instead, a coefficient

meas

€ is used to relate p to the measured fineqs, i-€. W = €u, where € accounts for the

acceptance and efficiency of the luminosity detectors. If one defines 0,;s = €0, then:

meas

nbfr

Ovis

L="t (3.10)

This definition and substitution is valid if the luminosity and number of interactions are

meas s determined based on an

measured by the same luminosity detector. The value of
extrapolation of the fraction of BCs with a hit in the luminosity detectors above the thresh-
old value. A calibration measurement is needed to determine o,;; from the instantaneous

luminosity in terms of machine parameters using:

ny fr N1 N3

L =
213,20,

(3.11)

where N;(2) is the number of protons per bunch in beam 1 (2) and ¥,(,) characterizes the
profile of the overlap of the bunches in the horizontal (vertical) plane. If the number of
protons per bunch, which is provided from LHC measurements, is accurately known then
this luminosity can be calculated. The parameters X, and >, are measured using Van
der Meers calibration scans. In a Van der Meers scan one beam is displaced incrementally

in the horizontal or vertical direction and the interaction rate is recorded. At zero beam

meas meas

is at a maximum value, p}/2*, and o0,;s can be written as:

meas 27'('23321/
Max Nl N2

displacement separation, p

(3.12)

Ovis =

With this final equation it is possible to determine € and thus the actual p from the luminosity

and flmeqs Provided by the luminosity detectors.



61

3.6 Data Quality and Good Events

Not every event selected by a trigger is an appropriate candidate for physics analysis. It is
the job of various data quality groups to identify which events (or more accurately which
consecutive sets of events, called Lumiblocks (LBs)), should be rejected from a physics
analysis. Reasons for rejection include sections of the detector being off, significant detector
defects which small offline corrections are unsuitable for fixing, and software problems that
may result in some data in the event being lost.

The result of the data quality groups’ efforts is a good runs list (GRL) that is applied
to every analysis to identify events suitable for analysis as well as a set of data quality
recommendations to be applied both at the event level and to physics objects. The good
jet criteria are in fact an example of such recommendations. All standard event level DQ
requirements, including the GRL, are applied in this analysis. Modified good jet criteria are

also applied as described above.



62

Chapter 4
MONTE CARLO SAMPLES

To properly understand the ways in which theoretical particles will interact with the
detector and the signatures they will leave it is necessary to generate simulated data. In
general, simulated samples of SM events are also produced. The simulated events can then
be studied to determine useful analysis cuts for separating signal from background, as well
as to understand the nature of various backgrounds or the impact of different systematic
uncertainties. The simulated data used in ATLAS is Monte Carlo (MC) data, created by
randomly sampling relevant probability distributions. MC sample creation involves several

steps:

e Generation: determination of the hard scatter and initial decays

e Simulation: determination of the particles interactions with the detector elements and

fields

e Digitization: determination of the signals produced by the detector elements

The same reconstruction software used on collision data can then be applied to the output
from the digitization step.

This analysis uses several MC samples for both signal and background studies. The
software used to produce them and the physics parameters used for the samples are described

below.
4.1 MC Production

The first step in creating a signal MC sample is the simulation of the pp collision. The goal is

to describe the initial state of the partons prior to the hard scatter itself, the underlying event,
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and the multihadronic final state. Event generation involves randomly sampling parton PDF's
to determine the initial parton states and randomly sampling cross-sections to determine the
particles that will be produced by the collision. Only particles that will decay before reaching
the beampipe have their decays simulated in this step. Jets from prompt decays therefore
have their particle content already at least partially simulated at this stage. The underlying
event is also simulated at this stage, but pile-up is not.

There is one exception to the rule that decays beyond the beampipe are not simulated. If
the particle is unknown to the next stage of the sample production process the location of the
decay will be determined at this stage based on the decay tables provided to the generator.
This will be the case for certain theoretical particles which will not interact with the detector
prior to decaying to SM particles. The 7, produced in the analysis signal samples falls into
this category.

Several event generators exist, but this analysis chose to use PYTHIA [51] for all 8 TeV
event generation. PYTHIA contains a library of hard processes as well as models for various
parton showers, parton interactions, decays, and elements of the underlying event.

The first stage of production only generates the fragmentation, hadronization, and radia-
tion resulting from the collision. It does not determine how, where, and when the generated
particles will interact with ATLAS itself. These interactions are simulated with GEANT4
(G4) [52]. G4 is a toolkit dedicated to the simulation of particles passing through mat-
ter. This includes when and where particles will interact with sensitive materials to leave
hits. Given the geometry, materials, field information, and environmental information (tem-
perature, etc.) within the detector as well as the relevant parameters (such as interaction
lengths and possible decay products) of the particles entering ATLAS G4 will choose which
physics processes occur throughout the detector volume. G4 is capable of simulating decays,
bremsstrahlung, and other processes which create additional particles within the detector
volume. The performance of G4 is validated via the comparison of MC and data for well-
studied and understood objects such as photons.

G4 determines how particles will interact with ATLAS, but not what signals the electron-
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ics will output. Digitization is the transformation of the output of the simulation (G4) stage,
specifically the simulated hits, into an approximation of the output of the detector electronics
themselves. This stage produces Raw Data Objects (RDOs) which are the input into the
reconstruction algorithms discussed in Section 3. Creation of the RDOs requires simulating
charge flow to readout electrodes and the front end electronics, and correct conversion of the
resulting electronic signals with respect to voltage or current thresholds. Electronic noise is
therefore necessarily simulated. Prior to the reconstruction the event is overlayed with actual
min-bias data to model pile-up. This is the final stage of sample generation that differs from
the production of actual data samples. After digitization the reconstruction stage proceeds

identically on both real and simulated data.
4.2 Signal Samples

The HV signal samples are generated using PYTHIA 8.165. The & is produced via gluon
fusion gg — ® and decayed to pairs of m,: ®y, — m,7,. Neither the &4 nor the 7, are part
of the default PYTHIA package, but very similar particles are. The compatible particles are
members of the Minimal Supersymmetric Standard Model. For the ®y4 the heavy neutral
Higgs H°, with properties matching that of a same-mass SM Higgs. The m, is simulated
with the A% a pseudo-scalar which couples to the H°. Only the decay of the H® to A is
permitted and the masses and A° lifetimes are set as desired.

The analysis created eight samples with around 300,000 events each for various combina-
tions of @y, and 7, masses for a lower mass range (100-140 GeV) of mg and five for a higher
me range (300-900 GeV). The higher mass samples were generated late into the analysis and
as a result were not used to tune the analyiss cut flow in any way. All samples were generated
at /s = 8 TeV and had lifetimes chosen to allow for a large number of decays throughout the
ATLAS volume. The masses of the ® and 7, along with the process cross-section are shown
in Table 4.1 on the left-hand side. The branching ratios of the 7, at each mass are shown on
the right. In all cases the 7, decays via its coupling to the ®, which couples to mass in the

same manner as the Higgs and therefor favors the heaviest kinematically available daughter
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particles.

Table 4.1: The various me and m,, mass points generated for this analysis.

(a) me and m,, combinations (b) m, branching ratios

mu o 7, Mass 7, Mass | BRbb | BR 777~ | BR ¢¢

[GeV] | [pP] | [GeV] [GeV] | [%] (%] (%]
126 | 19.0 | 10, 25, 40 10 70.0 16.4 13.4
® Mass o m, Mass 20 86.3 8.0 5.6
GeV] | [pb] | [GeV] 25 86.6 8.1 5.3
40 86.5 8.5 5.0

100 [29.7| 10,25
2 : 4.
140 | 15.4 | 10, 20, 40 50| 8 8.8 9
150 84.8 10.2 4.8

300 3.59 20
600 0.52 | 50, 150
900 0.06 | 50, 150

The kinematic distributions of the generated low mass and high & samples are shown in
Figure 4.1. The colliding protons have little transverse momentum. However, the ® may
gain some momentum in the transverse direction (pr) as a result of the particle recoiling off
of a jet in the underlying event. The ® will also tend to have some momentum along the
beam direction as a result of an imbalance in the momenta of the colliding gluon pair which
creates it. This propagates to the n distribution resulting in the two peaks on either side of
n=0.

The 7, kinematic distributions are shown in Figure 4.2. The 7 distribution of the ® affects
the n distributions of the m,. As a result of the ® carrying little pr the m, are generally
back to back (Figure 4.3) in ¢ and may have high pr if the mass difference between the
® and 7, pairs is large. Greater boosts from the mass difference correspond to narrower n

distributions because the any longitudinal contribution to the boost from the ® is relatively
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smaller.

The EXss distributions are of interest to many analyses considering long lived particles,
this one included. By considering only events in which both long lived particles decay within
the calorimetery it is possible to eliminate events with high EM a sign in signal that one
of the long lived particles has escaped the detector. Figure 4.4 shows the EX distribution
of the signal samples along with the ¢ distribution of the ER. In the high mass samples
the 7, are quite massive and result in punch-through jets at a significantly higher rate than

in the low mass samples.
4.3 Background Samples

In addition to the simulated signal samples simulated QCD multijet samples were also pro-
duced. These samples were used in part to develop the multijet background prediction as well
as to study various systematic uncertainties relevant to the analysis. The samples are part of
a set of official ATLAS samples and were produced centrally. Samples were generated using
PYTHIA 8.165 and are separated by the pr of the leading jet. Each of the eight pr slices
includes the weighting information required to combine the samples into one representative
sample. The weighting depends on a PYTHIA assigned weight, the sample cross-section,
the efficiency of the pr filter used to isolate each pr slice, and a pile-up weight also used in
the signal samples which accounts for the discrepancy between the pile-up distribution used

at the time of the creation of the samples and that which was actually observed in data.
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Figure 4.1: The kinematic parameters of the low mass (left) and high mass (right) ® in the
generated signal samples.
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Figure 4.2: Kinematic distributions of the 7, produced in the low mass (left) and high mass

(right) ® samples.
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Chapter 5

ANALYSIS

The MC samples produced as described in Section 4.2 contain events which may be similar
to those produced in a collision, but which are only one theoretical possibility. An analysis
searching for theoretical particles must develop a set of cuts, a set of requirements, on the
parameters of the various reconstructed objects in simulated signal events. The purpose
of these cuts is to isolate the signal from various sources of background in order to either
identify new physics, if the former is not possible, to set limits on the phase space associated
with the signal model. This also requires the careful analysis of backgrounds which can fake

signal events.

This analysis [53, 54| is interested in decays of long-lived neutral particles decaying to
hadronic states. Such particles produce a variety of unusual signatures depending on which
subdetector of ATLAS each LLP decays in. The analysis focuses on the signature resulting
from the decay of both LLPs within the HCal, which produces pairs of relatively unusual
jets. For example, these jets have abnormally high log,,(En/FEry) compared to jets from SM
multijet events because SM jets tend to carry a large fraction of their energy in photons and
charged particles. Figure 5.1 shows, on the left, the log,,(En/Ern) distribution of 7, which
decay in the HCal, those decaying in the ECal, and the same distribution for QCD jets in the
QCD multijet MC sample. The large hadronic component of jet energy compared to the EM
component is usually associated with non-collision backgrounds or detector problems such
as noise. In these cases the energy comes not from hadrons associated with a collision jet
but from some other source. Most analyses will therefore reject such jets for possessing poor
quality (Section 3.3.2). As a result, such jets from LLP decays may be present but overlooked

by most analyses. The cuts chosen to isolate these events and the relevant backgrounds are
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discussed in this section.
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Figure 5.1: Distribution of (a) logyo(En/Erm) and (b) the number of ID tracks associated
(AR < 0.2) for a SM multijet MC sample and a sample of jets from the signal sample where
the m, decays in either the ID or the HCal.

5.1 Event Selection

The initial cuts applied by the analysis in order to isolate signal are applied at the event
level rather than to individual jets. First and foremost, events are only considered if they
passed the CalRatio trigger, described below. The events are then required to pass standard
data quality cuts (Section 3.6). Additionally, a special analysis cut to reject beam induced
background events, called Line of Fire events and described below, is also applied here.

Finally, a cut on E is applied to discriminate against non-collision backgrounds.

5.1.1 CalRatio Trigger

The typical SM jet almost always has some fraction of charged particles and photons and so
will generally be accompanied by tracks in the ID and posses energy deposits in the ECal.
The unusual log,,(Eyu/Fgrm) of the jets sought by this analysis make them rare in events
gathered with standard jet triggers. These triggers are also highly prescaled, limiting the

total number of events saved for all events, including ones with unusual signatures. To insure
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a large supply of events with candidate-signal jets this analysis uses a dedicated trigger to
select events containing jets lacking large ECal energy deposits and ID tracks. This trigger
is called the CalRatio trigger [9].

There are a number of characteristics of m, decays that can be taken advantage of to
identify events more likely to contain signal jets. The daughters resulting from a 7, decay
in the HCal will have little time to separate. This results in a narrow width for the recon-
structed jet, even if the opening angle is fairly wide, because jet reconstruction assumes the
shower originates at the interaction point. The triggers used to find 7 decays, which produce
calorimeter objects typically narrower than those produced by hadronic jets, use a narrower
window than jet triggers to sum energy. This allows the L1 7 triggers to be unprescaled
at lower energies that L1 jet triggers. The CalRatio trigger takes advantage of the narrow
7, showers and by seeding the trigger with L1TAU40, the lowest energy unprescaled L1 7
trigger. This L1 trigger requires at least 40 GeV be present in 0.2 x 0.2 window in An x Ag.
At Level 2 the trigger requires that a jet be reconstructed with at least 30 GeV in |n| < 2.5.
The 7 criteria insure that the jet is reconstructed in a region in which tracking is available.
The jet is then required to have log,o(En/Frm) > 1.2 and possess no reconstructed tracks
with pr > 1 GeV within a window of 0.2 x 0.2 in An x A¢ around the jet axis. The cut on
log,o(Fu/Ern) is higher than is necessary to eliminate most SM QCD events, but was set
at this level to keep the trigger rate in data at an acceptable level.

At the EF level the jet is reconstructed again and the requirement Er > 35 GeV is made.
This is also the stage where the Line of Fire online cuts, detailed below, are applied.

Figure 5.2 shows the probability that a 7, decaying in the HCal will fire the CalRatio
trigger for various signal samples. The trigger’s Er threshold is more easily met by jets
from the decay of the high mass samples, which accounts for their significantly higher trigger
efficiency. The efficiency falls at larger decay lengths due to leakage of jet energy from the
HCal into the MS. It is additionally lower in the endcaps compared to the barrrel as a result
of the busy nature of forward events, which tend to include more low energy jets that can,

if coincident in n x ¢ with a 7, decay, result in tracks or ECal energy deposits that result in
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the jet’s rejection by the trigger.
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Figure 5.2: Distribution of the probability that a m, decaying in the HCal will fire the
CalRatio trigger for decays in (a) the barrel (b) the endcaps.

The trigger was developed on the signal samples at lower mass points. However, as shown
in Figure 5.3, the probability that a m, will satisfy the trigger requirements is higher for the
higher mass points. This is due to the greater probability of a higher energy jet satisfying

the Level 1 trigger criteria, which could not be lowered due to limits placed on trigger rates.

5.1.2  Line of Fire

Protons in the bunches may scatter inelastically with residual gases in the vacuum chambers
or with components such as the collimators, resulting in the production of pions and thus
muons. These beam induced background (BIB) muons travel parallel to the beam pipe and
roughly in time with proton bunches. At the calorimeter level the BIB muons are preferen-
tially, although not entirely, at ¢ &~ 0 and ¢ ~ w. When one of these muons passes through
the calorimeter it can undergo bremmstraulung and leave behind energy deposits. Due to
the muon’s trajectory these deposits will tend to be a line of cells at constant ¢ (hence the
term “Line of Fire” to describe such events [55]) and, if one or more of these deposits is

large enough, may result in the reconstruction of a jet (Figure 5.4). If this “jet” is in the
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Figure 5.3: Distribution of the probability that a m, decaying in the HCal will fire the
CalRatio trigger for decays in (a) the barrel (b) the endcaps for the high mass signal samples.
The me = 126 GeV samples are shown for comparison.

HCal, then it will naturally lack ECal energy deposits and ID tracks. An early version of the
CalRatio trigger lacked any algorithm for the removal of such events and was found to be
especially adept at triggering on them. Thankfully, the distinct signature left by BIB muons
allows for cuts to be placed both in the trigger and offline to remove such events.

The trigger level Line of Fire (LoF) cut takes advantage of timing. A BIB muon at a
calorimeter radius and in time with a bunch crossing will leave energy deposits in cells out
of time with what is expected from a particle traveling from the IP to the cell. A row of out
of time cells at the same ¢ is suggestive of a BIB event. The trigger vetos any jet and at

least four tile cells satisfying:

e Cell E > 0.24 GeV

AP < 0.2 between the cell and jet axis

AR > 0.3 between the cell and the jet (to isolate cells along the potential LoF that

are not too close to the jet)

t < —2 ns to help isolate cells with early enegy depositions

|t — 0t] <5 ns
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Figure 5.4: A typical Line of Fire event. The purple segments are muon segments while the
yellow towers are energy deposits in the tile cells. The hight of a tower corresponds to the
magnitude of deposited energy. The red lines represent tracks from the collision [9].

The metric for the timing compares the cell time ¢ to the expected time of a § = 1
particle. The expected time 6t is the timing of hit from a BIB muon traveling in time with

the bunch:

+- - 2 2
ot =22 ”CZ TR (5.1)

Where R is as defined usually and z is the z coordinate.

These cuts were developed on 2011 7 TeV data and were found to reject 91.0 + 0.2% of
events identified as being BIB events via a set of offline cuts.

The offline LoF cuts include a cut which duplicates the online LoF algorithm and an
additional set of cuts that makes use of muon segments. Muon segments parallel to the
beampipe and at the same ¢ as a jet are another signature of LoF events. A triangle cut
on the opening angle in ¢ between the the jet and a candidate muon segment, d¢, and the
fraction of muon momentum along the z-axis s (Yms = p./|p|) is used to eliminate these
events. The former isolates muon segments in line with the jet and the latter identifies
horizontal segments. In the barrel the cut requires two muon segments, one on either side
of the calorimeter, and the triangle cuts cover —0.98 < d¢ < 0.98 and —1.0 < g < —0.4

for negative n segments and 0.4 < s < 1.0 for positive ones. In the endcap jets are given
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the additional criteria require that the difference in radius between the jet’s leading cell and
the muon segment, dr, satisfy dr < 120 mm. The other cuts applied to endcap jets require
|06 < 0.2 and |yms| < 0.98.

Events identified offline as LoF events are rejected from the pool of events to be analyzed.
On the 2011 7 TeV data, the offline cell timing cut alone was found to remove 91.0 + 0.2)%
events while the muon segment cut was similarly found to remove 80.1+0.2% of the identified
LoF events. The combination of trigger cut and paired offline cuts reduce BIB events to a

near-negligible level as verified by the background estimation in Section 5.3.

5.1.3 Emss Oyt

In the benchmark model used by this analysis the only source of significant ER comes
from an LLP decaying beyond the calorimeters or from especially energetic jets punching
through the calorimeter. To reduce the background contribution from cosmic ray muon and
BIB events events are required to satisfy ER < 50 GeV. Figure 5.5 shows a comparison of
the £ distribution of a signal sample, events triggered on empty bunch crossings (cosmic
events), and events from the QCD multijet MC sample. This requirement on the ET was
chosen when only the low mass distributions were available and so is non-ideal for the high
mass samples. The samples generated with a high ® mass have high E¥*s (Section 4.2) due

to jets punching through the calorimeter, allowing some of their energy to escape.

5.2 Jet Selection

Cuts on individual jets are applied to events passing all event-level cuts. The 2012 cut flow
was developed using the low ® mass signal samples and, as will be shown, is less efficient
on signal samples with higher mass points despite their superior trigger efficiency. As an
initial step the CalRatio trigger objects (jets) were matched in n — ¢ to the JES calibrated
jets reconstructed by the full offline algorithm. Any offline jet matching a trigger object
is termed a triggering jet and the corresponding 7, is termed the triggering m,. Jets and

their corresponding 7, which do not match a trigger object are termed non-triggering. Most
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Figure 5.5: A comparison of the EMS distribution in a signal sample, the SM multijet
sample, and the cosmic muon sample.

events passing the trigger have a single triggering jet. In signal samples this almost always

corresponds to an LLP decaying within the HCal, as shown in Figure 5.6.

The analysis searches for two jets consistent with the decay of neutral LLPs in order to
suppress the background. Most cuts are identical for the triggering and non-triggering jet
in the pair. Cuts are applied sequentially, first to the triggering jet and then to the non-
triggering jet. Each jet is required to first satisfy —1 < ¢ < 5 ns, a cut present to suppress
non-collision background and which will be discussed in further detail in the next section.
Jets are then required to satisfy a minimum cut on their Er, Er > 60 GeV for the triggering
jet and Et > 40 GeV for the non-triggering jet. In the event that two or more trigger jets
are present in the event only one jet is required to satisfy the higher cut. The cut values
are determined primarily by the Er distribution for triggering and non-triggering jets in
signal samples, which in turn depend on the Er distribution of the triggering =, as shown

in Figure 5.7 and Figure 5.8.

After the cut on transverse energy the jets are required to satisfy cuts placed on their
log,o(En/Ery) and the number of ID tracks associated with them. Jets must satisfy
log,o(En/ErM) > 1.2 and have no tracks with pr > 2 GeV within AR < 0.2 of the jet

axis. As shown in Figures 5.9 and 5.10, non-triggering 7, tend to produce trackless jets a
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Figure 5.6: Transverse decay position of the triggering and non-triggering 7, in the generated
signal samples.
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Figure 5.8: Average Er as a function of 7, decay position for triggering and non-triggering
7, in the generated signal samples.
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majority or near-majority of the time due to the neutral nature of the LLP, but because
many decay before the HCal the majority produce jets with ECal energy deposits and thus
low log,o(En/Frm). Triggering jets in general are more likely to pass these cuts given that
the CalRatio trigger already contained the same cuts but applied to the HLT tracks and jets.
In the case of the track cut, recommended quality criteria are used offline. To be considered,
a track must satisfy Pixel hits > 2 and Pixel + SCT hits > 9. The final cut applied to the
jets, |n| < 2.5 exists to limit the search to the fiducial region of the inner detector. The
full cut flow on all signal samples are shown in Tables 5.2 and 5.2 for low mass samples and

Table 5.2 for high mass samples.
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Figure 5.9: The log,,(Eu/Egym) of jets matched to triggering and non-triggering 7, in the
generated signal samples.
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Figure 5.10: Number of ID tracks with transverse momentum higher than 1 GeV in a
AR<0.2 cone around jets matching the triggering and non-triggering m, in the generated
signal samples.
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Event Selection Events Events Events Events
me = 100 GeV me = 100 GeV my = 126 GeV my = 126 GeV
my, = 10 GeV My, = 25 GeV my, = 10 GeV my, = 25 GeV

Signal Sample
m, proper decay m, proper decay | m, proper decay | m, proper decay
length = 450 mm | length = 1250 mm | length = 350 mm | length = 900 mm

Processed Events 294697 295399 298899 299600

HV Trigger 9310 6185 17748 13596

Quality Requirements 9009 5949 17103 13050

Emiss(< 50 GeV) 6971 4694 12500 9950

Requirement on first jet

jet with timing in (-1; 5) ns 6804 4616 12182 9783

Et > 60 GeV 6668 4538 12038 9649

Log Ratio>1.2 6231 4229 11287 9061

no track pt > 1 GeV 6054 4080 10941 8767

In] < 2.5 6054 4080 10941 8767

Requirement on second jet

jet with timing in (-1; 5) ns 5956 4043 10763 8659

Et > 40 GeV 4473 2836 9145 6726

Log Ratio>1.2 402 215 956 760

no track pt > 1 GeV 337 186 804 645

In] < 2.5 334 186 794 642

Two jet topology

expected at 20.3 fb~! 683 + 37 380 + 28 1022 + 36 826 + 33

Table 5.1: Selection flow for several lower mass MC samples. The row labeled expected are
expected number of events in 20.3 fb~!, including effects due to pile-up re-weighting.
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Event Selection Events Events Events Events
my = 126 GeV me = 140 GeV me = 140 GeV me = 140 GeV
my, = 40 GeV my, = 10 GeV my, = 20 GeV my, = 40 GeV

Signal Sample
7y proper decay | m, proper decay | m, proper decay m, proper decay
length = 1850 mm | length = 275 mm | length = 630 mm | length = 1500 mm

Processed Events 184500 290599 281900 299699

HV Trigger 6166 21372 17929 14522

Quality Requirements 5933 20602 17299 13973

Exiss(< 50 GeV) 4394 15076 12810 10283

Requirement on first jet

jet with timing in (-1; 5) ns 4281 14704 12590 10080

Et > 60 GeV 4226 14563 12448 9980

Log Ratio>1.2 3953 13729 11768 9423

no track pt > 1 GeV 3815 13246 11365 9104

In| < 2.5 3815 13246 11365 9104

Requirement on second jet

jet with timing in (-1; 5) ns 3760 13059 11211 9018

Et > 40 GeV 2722 11670 9454 7002

Log Ratio>1.2 252 1196 1070 773

no track pt > 1 GeV 206 970 882 624

In| < 2.5 206 943 867 617

Two jet topology

expected at 20.3 fb~! 430 + 30 1015 + 33 963 + 33 645 + 30

Table 5.2: Selection flow for several lower mass MC samples. The row labeled expected are
expected number of events in 20.3 fb~!, including effects due to pile-up re-weighting.
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‘ ‘ Event Selection Events Events Events Events Events

me = 300 GeV me = 600 GeV mge = 600 GeV me = 900 GeV me = 900 GeV
my, = 50 GeV My, = 50 GeV My, = 150 GeV My, = 50 GeV my, = 150 GeV
Signal Sample
m, proper decay | m, proper decay 7, proper decay | m, proper decay my proper decay

length = 800 mm | length = 500 mm | length = 1700 mm | length = 500 mm | length = 1300 mm

Processed Events 374173 375024 226406 372684 230111
HV Trigger 58344 73281 40405 72599 39234
Quality Requirements 55664 69400 38123 68691 36933
Emiss(< 50 GeV) 25676 20796 10945 18834 10178

Requirement on first jet H

jet with timing in (-1; 5) ns 25171 20176 9593 18328 9148
Et > 60 GeV 25125 20169 9589 18307 9143
Log Ratio>1.2 24633 19957 9493 18135 9060
no track pt > 1 GeV 23730 19181 9125 17445 8712
[n| < 2.5 23730 19181 9125 17445 8712

Requirement on second jet H

jet with timing in (-1; 5) ns 23522 19039 9048 17283 8635
Et > 40 GeV 22251 18228 8686 16394 8331
Log Ratio>1.2 3028 2661 1249 2475 1148
no track pt > 1 GeV 2335 1945 939 1822 879
In| < 2.5 2263 1876 920 1769 854

Two jet topology
expected at 20.3 fb~! 441 + 9 53 +1 43 +£1 6 +1 4+1 H

Table 5.3: Selection flow for the high mass MC samples. The row labeled ezpected are
expected number of events in 20.3 fb~!, including effects due to pile-up re-weighting.
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5.3 Backgrounds

The two jet final state is chosen for this analysis in order to suppress background events, but
does not eliminate them. Three primary contributions to the background are considered, two
sources of non-collision background (NCB) and the background resulting from SM multijet
events. Of these, the SM multijet background has the largest contribution to the final
background estimate. Each background is separately estimated with a different method,

each of which will be describe in this section.

5.3.1 Cosmic Ray Muon Background

Cosmic ray muons reaching ATLAS tend to travel in the downward direction, primarily
arriving via the two access shafts (Figure 5.11). The muons are minimum-ionizing particles
which traverse the detector that may bypass the ECal and ID while passing through the HCal
volume. Reconstruction software is unaware of their origins and will reconstruct jets from the
energy deposits they leave as if the deposits originated from the IP. These jets are therefore
a background to a high log,,(Fu/Egm) jet search. As they are created independently of
any proton-proton collision in the detector they arrive at a constant rate. The background
estimate is determined by applying the analysis cut flow to a cosmic-specific dataset and
then scaling it proportionally by luminosity to estimate the cosmic contribution to the final
dataset.

The background trigger K F _j35_adtcem_L1TAU_LOF_HV _EM PTY , which is live dur-
ing empty BCs, was used to study cosmic events in isolation. This trigger is functionally
identical to the collision trigger despite its lower L1 threshold because the HLT chain runs
only if a L1 T AU40 item is present in the event. The analysis cutflow was applied to events
passing this trigger with the exception of the cut requiring a good PV and the timing cuts
applied to the two jets. No PV will be present during an empty BC due to the lack of
collisions. The timing cut was removed, as described below, in order to increase statistics.

The cut flow for these events is shown in Table 5.4 and 5.5. The removal of the timing cut
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Figure 5.11: ATLAS detector and surrounding cavern [10]. Cosmic ray muons are expected

to arrive through the two large access shafts.

requires an application of a correction to rescale the estimate to the narrow timing window.

Further corrections are needed in order to account for differences in the numbers of empty

and filled BCs during runs and to account for the lack of a collision during an empty BC

cosmic event.

Cut Number of Events
CalRatio Triggered Events 138678
No Line Of Fire Jets 130578
No DQ Flags 130394
MET (< 50 GeV) 4425

Table 5.4: Event level cut flow for events firing the empty bunch crossings CalRatio trigger.

miss

As expected, the cut on EF results in a severe reduction in the number of remaining

events in the dataset. The two jet requirement also has a severe effect on the number of pure

cosmic events surviving the cut flow. Events possibly containing a single cosmic jet and a
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Cut Number of Events

Look for a Trigger Jet (first )

Trigger object matches offline jet 3077
Jet Er > 60 GeV 2386
log,o(Fu/Egm) >1.2 2386
No tracks with pr > 1.0 2386
Jet n < 2.5 2386
Second Jet (second )
Jet Ep > 40 GeV 6
logo(En/Ern) >1.2 4
No tracks with pr > 1.0 GeV 4
n <25 4

Table 5.5: Jet selection cut flow for events firing the CalRatio empty bunch crossing trigger.

jet from another source are addressed later in this section.

Timing Correction

Timing, along with EX* have the most power in reducing NCB. Cosmic ray muons arrive
at a constant rate in time, so are as likely to be present at the time of a collision as they
are to arrive earlier or later. The result is a relatively flat timing distribution, as shown in
Figure 5.12, shaped only by the data-taking infrastructure and the electronics of ATLAS.
Signal and the SM multijet background, by contrast, are the result of the collision and have
a peaked timing distribution with a slightly positive mean. The —1 < ¢ < 5 ns window was
chosen so as the contain most of the signal in the low mass samples while eliminating a large

amount of the cosmic background.

A pure cosmic event producing two jets passing the analysis cuts will either be the result
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Figure 5.12: The jet timing distributions of several low mass ¢ samples compared to those
of the SM multijet background and the CalRatio triggered cosmic ray dataset.

of a single muon leaving jets at two different times or will result from a cosmic shower. The
probability that both jets will lie within the —1 < ¢ < 5 ns window is low (Figure 5.13 left-
hand side). Removing the timing cut to improve the background estimate is appropriate if the
other variables used in the analysis are independent of the jet’s timing. This was determined
to be the case and an example distribution in five time slices is shown in Figure 5.13 on the
right-hand side.

Due to the uncorrelated nature of the other jet parameters to the timing in the cosmic
events the scale factor to account for the lack of the timing cut in the background estimate
is simply the fraction of the analyzed events with both jets in the timing window. This
corresponds to 5% (147 out of 2937 events) of cosmic dijet events, or a scale factor of 0.050.

Only 5% of dijet events have both jets within this region.

BC' Rescaling

The next correction that needs to be applied accounts for the difference in the number of
empty and filled BCs in 2012. Framed differently, this correction accounts for the different
live times of the background trigger to the main CalRatio trigger. To scale the number of

events from the empty BC dataset passing the cut flow to the number expected in collision
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Figure 5.13: Left: The jet timing distribution of the leading and sub-leading jets in cosmic
dijet events. The red square marks the boundaries of the timing cuts on the first and second
jets in analysis cut flow. Right: The Erp distributions of jets in cosmic dijet events when
partitioned into timing intervals. The jet properties were found to be independent of their
jet timing.

data the ratio of the number of empty BCs with the CalRatio trigger active to the number
of filled BCs with the CalRatio trigger active was calculated. To do so both the bunch group
set and the prescales of the tirgger during each lumiblock is taken into account.

A typical run in 2012 several times as many filled BCs as empty ones. Figure 5.14 shows
a typical bunch group set (BGS) used in 2012. Period A was an exception and contained
about three times as many empty to filled BCs as other periods.

Prescaling was negligible for the primary CalRatio trigger - the trigger was prescaled for
only 13 lumiblocks (less than 0.02% of 2012 total). The empty BC trigger, in contrast, was
prescaled for about 5% of lumiblocks. Both the LB by LB prescaling and BGS information
were extracted from the COOL database to determine the number of lumiblocks during
which each trigger was active. The scale factor is determined by the ratio of active empty

BCs to active filled BCs:

_ Number of Filled Bunch Crossings

SF =
Number of Empty Bunch Crossings

(5.2)

The empty CalRatio Trigger was active for a total of 45.4 x 10° BCs, while the main
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Figure 5.14: BGS 489, the typical bunch structure for LBs in which the surviving events are
found. There are 390 empty BCs for every 1368 filled ones.

trigger was active for 129.7 x 10°. The corresponding scale factor is 2.851.

Track Coincidence

An actual cosmic event firing the trigger during a collision and passing all cuts will necessarily
have to have a collision vertex present due to the data quality criteria that events are required
to pass. Such events will therefore have tracks present from the collision. One of these tracks
will occasionally overlap with the cosmic jet, resulting in a failure for the jet to satisfy the
tracklessness requirement.

The correction due to track coincidence was estimated using events selected by a random
trigger, EF'_J15_passthrough=L1_RDO_FILLED, to determine the track distribution ex-
pected from random collisions. This highly prescaled trigger passes events with at least one
very low (15 GeV) energy jet and makes no other requirements. The probability of a track
lying within a AR < 0.2 cone was calculated as a function of n using the events selected
by this trigger. This probability was separately calculated for each period of data taking to
better account for different run conditions over the full data taking period. An example of

such a probability distribution is displayed in Figure 5.15. The n values of the two jets in
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Figure 5.15: The probability as a function of n of a random track resulting in a jet failing
the track isolation criteria in period C.

each event passing the full cut flow, as well as the event’s period, were used to extract an
event weight from the probability distributions. Only four events survived the full cut flow

and their weights are listed in Table 5.6.

Event | Weight
1 0.583
2 0.626
3 0.573
4 0.545

Table 5.6: Event weights due to the n dependent probability of track coincidence with the
jet.

The final estimate for the cosmic ray background, weighting each event by the track
coincidence weight and applying the two scale factors, in 2012 collisions is 0.3340.22(stat)

events.



94

5.8.2  Beam Induced Background

Proton bunches circulating in the LHC are accompanied by a halo of muons resulting from
the interactions of protons with detector elements and gas. Muons reaching the hadronic
calorimeter do so traveling parallel to the beampipe and are primarily found in the horizontal
plane. These muons emit bremsstrahlung radiation while passing through the calorimeter,
leaving energy deposits which may be reconstructed as jets. As energy is deposited only in
the HCal while the muon does not pass through the ECal or ID a large energy deposit may be
reconstructed as a trackless, low EMF jet. This topology of this Beam Induced Background
(BIB) was discussed in more detail in Section 5.1.2.

Both the E¥* cut and the dedicated Line of Fire cuts dramatically reduce the amount
of BIB surviving the cut flow. Pure BIB events passing the EX cut are unlikely to be
the result of a single BIB muon. Such events normally result from a pair of BIB muons on
opposite sides of the detector.

A sample of BIB events were gathered using the dedicated trigger running on unpaired
isolated BCs: E'F_j35_adtcem_L1TAU_LOF_HV UNPAIRED_IS0. When the full anal-
ysis cut flow is applied to these events none pass the full set of cuts. This is partially due
to the very small number of unpaired isolated BCs in each BGS (Figure 5.14) and partially
due to the effectiveness of the Line of Fire and ER cuts. Only 80 of the 3046 triggering
events pass the & cut.

The background estimate cannot be taken as 0 given the very large size of the scale
factor that would account for the difference in the number of unpaired isolated to filled
BCs in 2012 as well as the smaller scale factor accounted for cosmic contamination of the
unpaired isolated CalRatio triggered events. Instead, an alternative method was developed
to account for these obstacles by assembling a library of single jets from the dataset and

building possible events from these jets. The procedure is summarized as follows:

e Determine the probability per bunch crossing for a single BIB jet to fire the trigger
and satisfy the data quality cuts, including not being identified by the LoF cuts as a
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BIB event. The jet must pass all cuts applied to first jet in the cut flow.

e Square the probability to determine the probability per bunch crossing that two such
jets will independently exist in any event. Scale that by the number of filled bunch-

crossings in 2012.

e Apply a correction based on the probability that an event with two such jets will pass

the EMss cut.

e Apply a correction based on the probability that no tracks in a collision event will ruin

the isolation criteria for either jet.

Probability That a Single BIB Jet Passes Jet Cuts

The probability per BC for a BIB jet to fire the trigger and pass all jet requirements, Pggjet,
is determined by applying the analysis cut flow for only the first jet, without the event level
EXss cut, to the unpaired isolated CalRatio triggered events. The probability can naively
be expressed as:

NBIBJetsPass . (53)

P, BIBJet — N
Unlso

Here Npigjetspass 18 the number of jets passing these cuts while Ny, is the number
of events in which the CalRatio background trigger was active. This is a naive expression
because it fails to account for the presence of cosmic ray induced events in the unpaired
isolated sample. The contamination is actually very large but straightforward to estimate.

The cosmic contamination is estimated by first determining the analogous Presjer and
then applying it to the number of unpaired isolated BCs, Nypniso. For Pogsjet We have:

Prosres = N?\(;sJetsPass. (5.4)
Empty
Following the template of the analogous BIB variable, Ncesjetspass 1S the number of jets

form the empty BC dataset passing the cut flow through the cuts on the triggering jet and
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without the event level EX cut. Ngpypiy is the number of BCs in which the empty BC
CalRatio trigger was active. The number of events surviving each stage of this cut flow
for both triggers is summarized in Table 5.7. The resulting probabilities for cosmic ray
induced jets is Poosmicter = (4.97 4 0.03) x 107%. When the number of expected cosmic

events is subtracted from the BIB Pgpjet can be more accurately determined: Pgyjer =

(6.342.9) x 107°.

Cut Unpaired Isolated Events | Empty Events
Triggered Events 3046 138678
No Line Of Fire Jets 2480 130578
No DQ Flags 2476 130394
Trigger object matches offline jet 1451 83129
—1ns <t < 5ns 440 26346
Jet Epx > 60 GeV 435 25920
log,o(Eu/Erpm) >1.2 431 25898
No tracks with pr > 1.0 431 25894
Jet n < 2.5 431 25894
Single Jet Event 374 22581

Table 5.7: Modified cut-flow used to determine single jet probabilities. Unpaired isolated
bunch-crossings contain both BIB and cosmic ray events while empty bunch-crossings are
isolated from beam backgrounds.

Probability of a Two BIB Jets Satisfying EXs < 50 GeV in Same Fvent

Squaring Pghjety gives the probability of two BIB muons independently leaving jets passing
the full cut flow in absence of the EXs cut. To estimate the frequency such an event would
also pass the E cut, pairs of jets passing the modified cut flow are combined to create toy

events and the resulting E1 due to the jet pair is reconstructed. To avoid the high level
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of cosmic contamination when studying the EX cut the probability Pp.snveT is determined
with a library of jets composed of those from the unpaired isolated triggered events that fail
the LoF cut.

This library of jets is collected with the same modified cut flow, except for the removal
of the LoF cut, as was used to determine Pgppjet and Poosmiclet- Lhe probability for a toy

event to pass the B cut is:

P o NPassMET
PassMET = 37— (5.5)
ToyEvents

Here, NroyEvents is the total number of toy events created from the library of jets and
NpassmeT is the number that satisfy ER < 50 GeV. The resulting probability is found to
be: Ppassmer = 0.24 £+ 0.02 (stat).

There is a mismeasurement in this ER because it only considers the combined pr
of the jet pair. This introduces a systematic error into the calculation. To calculate the
systematic the pp of the jets in the toy event was shifted upwards and downward by the
mean difference between the ET and jet pr in a single-jet events firing the primary CalRatio
trigger. The systematic is half the difference in the resulting probability when all jets’ pr are
shifted upward and when all are shifted upwards, resulting in a 7% systematic: PpassmeT =

0.24 £ 0.03 (stat+sys).

Combining Probabilities

The probability that a random track will ruin the track isolation criteria, Ppassiso, 1S also
calculated. A precise determination is tedious and unnecessary given the small size of the
expected background. Instead, the average value of the track isolation weights from the
cosmic events is taken as the probability: Ppassso = 0.6.

The final probability is:

2
Neu = Pgpyet * Nrilled * PrassMET * Ppassiso (5.6)
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The background prediction is determined to be 0.07 4= 0.07 events.

5.3.3 SM Multijet Background

The analysis cut flow was developed primarily to isolate signal from the SM multijet back-
ground. It is nonetheless possible for a SM jet to fluctuate to contain only neutral hadrons,
mimicking a signal jet. The SM multijet cross-section is large enough that even if such jets
have a low probability of resulting from a collision they will be seen at a high enough rate
to affect the background. The SM multijet background results in the majority contribution
to the multijet background due to this fact.

It is not possible to estimate the background on the MC sample due to the low statistics
for signal-like jets. The background estimate uses a data driven tag-and-probe method using
the full 2012 SM multijet dataset. Probabilities for single jets to pass the analysis cuts are
determined and in turn combined into event probabilities to determine the full background

prediction. The procedure can be summarized as follows:

e The probability of a single Standard Model QCD jet to pass the analysis and trigger

cuts, as a function of jet Er and jet n, is derived.

e The single jet probabilities are combined into an event probability using a simple

combinatoric calculation.

e The events in the QCD data sample are weighted by their event probability and prescale

and are summed to determine the the uncorrelated background prediction.

e A scale factor, determined in data is applied to the uncorrelated background prediction

in order to account for 2-jet correlations.

Calculation of Single-Jet Probabilities

The full analysis cut flow (Section 5.2) requires two jets to pass a series of analysis cuts. Most

cuts are the identical between jets but one jet is required to match the CalRatio trigger object
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Figure 5.16: Probe jet Et (left) and n (right) after application of the event prescales.

and pass a 60 GeV Er cut while the other has no trigger requirement and need pass only a

40 GeV Er cut. Two different single jet probabilities are determined:

e P - the probability for a jet to pass all jets cuts including the trigger and 60 GeV Er

cut

e () - the probability for a jet to pass all jets cuts including the 40 GeV Er cut but with

no trigger requirement

These probabilities are determined with data collected using the single-jet triggers EF_j15
through EF_j460. All event level cuts are applied and the highest Er jet in each event is iden-
tified as the tag jet while the second highest Er jet identified as the probe jet. Additionally
Ag¢(tag jet, probe jet) > 2.0 is required to increase the purity of the dijet sample. Jets must
also satisfy the GoodHVMedium quality jet criteria as well as have Er > 40 GeV, |n| < 2.5,
and |timing| < 5 ns. To improve statistics and account for the contribution to probabilities
from leading jets the tag and probe jets are then swapped. The Et and n distributions of
the full set of probe jets is shown in Figure 5.16. Prescales weights have been applied for the
single jet triggers.

The probability P is the fraction (as a function jet Et and 7) of probe jets satisfying
firing the CalRatio trigger and passing all cuts placed on the triggering jet. () is the fraction
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of probe jets passing all cuts placed on the second jet. A jet that is included in the numerator
when calculating P is necessarily included for () as well. Determining simultaneously the Er
and 1 dependence of P or () is not possible due to the low statistics present in the dataset.
Instead, the dependence on Er is calculated by averaging over jet n and vice versa. It is
assumed that Er and n are uncorrelated, allowing Equation 5.7 to be used to determine the
combined dependence. A systematic corresponding to the assumption that the two variables

are uncorrelated is calculated and is discussed later in this section.

P(Er,n) = P(Er)P(n)/ < P >

Q(Er,n) = Q(ET)Q(n)/ < Q>

(5.7)

The probability P(Er) is additionally calculated separately for leading and sub-leading
jets. Studies on MC suggest that this is at least partially due to differences between quark
initiated and gluon initiated jets, the former of which is more likely to be the leading jet
in a mixed dijet event. P(n) is not determined separately for leading and sub-leading jets
as no substantial difference was observed for n distributions. The separation is furthermore
not performed for () because a correction developed to address an additional correlation
between jet pairs simultaneously corrects for the leaving and sub-leading jet correlation.
The calculated distributions for P and @) are shown in Figure 5.17.

The turn on in P(E7) is a result of the CalRatio trigger requirement, which turns on
around 60 GeV. Both P and @) fall off at higher Er as the isolation criteria are less likely
to be satisfied. Landau distributions are used to fit the P(Er) distributions while @ is fit to
a decaying exponential. These fits can be seen in Figure 5.18 and Figure 5.19. The fit for
P(Er) is permitted to use jets with Bt < 60 GeV to improve the fit, although the applied
P is still equal to zero for such low Er jets. No fits are preformed for the n distributions as
their shape is largely determined by the geometry of ATLAS.

Statistical errors must be propagated when the P and () functions are used. In the

case of the n component, where no fit is performed, the errors are taken directly from the
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histogram statistics. For the Et components the fit errors are used to derive one-sigma
envelope functions. These functions are the dashed lines seen in Figure 5.18.

The procedure for determining the envelope functions uses the eigenvector method to
obtain one envelope function per fit parameter. The original fit parameters are correlated -
shifting one by one-o will affect the others. To simplify the procedure, the covariance matrix
associated with the fit function is diagonalized, yielding a set of uncorrelated fit parameters
related to the originals by the eigen vectors. To obtain each envelope function a single
uncorrelated fit parameter is shifted by its uncertainty and the new envelope function is
calculated.

The separate component distributions and their uncertainties are then used to determine a
single jet probability P and single jet probability () for every jet in an event. This probability
is a measure of how likely such a jet is, given only its Er, 1, and leading jet status, to pass
the CalRatio analysis cuts. To determine the likelihood of the whole event satisfying the

CalRatio analysis cuts the single jet probabilities must be combined into an event probability.

Event Probability

To the determine the probability of any given SM multijet event to pass all the analysis

criteria the single jet probabilities are combined event by event using Equation 5.8:

m=1n=m+1 k=1
k#n
k#m

In this equation Nj is the number of jets passing the probe jet criteria (used to determine
the denominator of P and @)) and the labels j,, and j, refer to pairs of jets in the event and
their Et, n, and whether the jet is a leading jet in the case of P. The term —P(j,,)P(j,) is
added to prevent the double counting of jet pairs when both jets satisfy the criteria for P.
Finally, the [] term enforces the requirement that precisely two jets satisfy the criteria.

The number of events due to the SM multijet background is then:
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Nocp = Z Prob(Nj) x Prescale (5.9)

Each event passing EF_j15
Here events are summed which satisfy the requirements applied for the denominator of
P and @) and prescales are applied to properly weight events. The full 2012 multijet dataset

is used to perform the sum.

Scale Factor due to Jet-Jet Correlations

In the method used to calculate P and @, the two probabilities are determined independently
of one another. It was found, however, that a correlation in jet properties exists between
two jets in the same event. This is at least partially due to the parton flavor of the initiating
jet. In SM dijet events in the jet Et containing the majority of events contributing to the
background estimate, the breakdown of the flavors of the jet pairs is roughly ~10% qgq,
~40% qg, and ~50% gg. The CalRatio trigger possess different pass rates for quark and
gluon initiated jets, biasing the the flavor composition of the second jet (it will select ¢g and
qg events more often than gg events). The bias of the trigger is a result of correlations
between log,,(En/ErM), the number of tracks associated with the jet, and jet flavor for
quark versus gluon jets. This means that altering the distribution, or failing to alter the
flavor composition in this case, of jets in which @) is calculated will result in an incorrect
value for Q.

Low statistics for signal-like jets in data prevent the possibility of calculating P and
) simultaneously. Instead, a scale factor, SF, is calculated to correct for this correlation.
SF' is calculated by determining its value outside of the signal region and extrapolating to
determine the appropriate scale factor within the signal region.

The calculation of SF makes use of two variables, the number of tracks associated with
the jet and the jet EMF. EMF is used rather than log,,(En/Egn) because it ranges between
0 and 1, allowing for easy binning. The analysis cut of log,,(EFu/Egrm) > 1.2 corresponds to

EMF < 0.056. The track quality cuts applied for the normal analysis track veto are also



105

applied when determining nTracks. The EMF-nTracks plane is binned into multiple regions
to allow the calculation of the scale factor in several regions. Each bin corresponds to a
pair of cuts: an upper and lower limit EMF and the precise number of tracks counted for
nTracks. These are the cuts to be applied to the second jet in an event with the first jet still
being determined by trigger matching.

In each bin the standard analysis cutflow is applied to the main CalRatio dataset, but
with the EMF (log,,(Fu/Fgrm)) and track cut replaced with that corresponding to the cuts
indicated by the bin. This determines Ngaia, the number of events observed in the CalRatio
triggered data. The SM multijet background estimation described above is also performed,
with the modified cuts used to determine that bin’s (). This new () is used to calculate
Nqcp, the number of background events expected from QCD process, i.e. the SM multijet
background. The ratio of these two is the SF needed in that bin to correct the SM multijet
background prediction to fit that observed in the the CalRatio triggered dataset.

The SF trend is determined as a function of both EMF and nTracks. First, the EMF cut
on the second jet is held at 0.55 < EMF < 0.65 while a series of nTracks cuts are performed.
Then, the nTracks cut is held at 5 < nTracks < 6 while a series of EMF cuts are performed.
The EMF bin in which to place the nTracks axis was chosen by determining in MC the EMF
bin in which a quark-initiated jet had the same probability of occupying as a gluon-initiated
jet. The nTracks bin intersected by the EMF axis was chosen the same way. Each “axis” is
then extrapolated into the signal region.

This method includes an obvious cross check - the combined SF can be calculated in
various off-axis bins and compared to the one that is found by taking the ratio as was cone
of the on-axis bins. A ratio of the probability distributions is shown in black in Figure 5.20.
The same figure shows in red the ratio of observed to predicted events, which gives the scale
factor for that region. When a quark jet is just as likely as a gluon jet to satisfy the cuts in
the bin, the correction needed is very small (the ratio is nearly equal to 1). The greater the
deviation between quark and gluon jets, the larger the local SF will need to be to correct

the prediction.
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Figure 5.20: The ratio of the number of events observed in data versus the number pre-
dicted for the QCD background, Ngata/Nqep, overlayed with prob,/prob, for EMF (left)
and nTracks (right). An increasing deviation in the g-g ratio from a value of 1 predicts an
increasing in the ratio Ngata/Nqep. Naata/Nqep was not calculated for all bins, but for only
those between the signal region and where prob,/prob, is close to 1. These bins are sufficient
to fit and extrapolate into the signal region. An additional point for nTracks= 10 was added
to observe the trend in Nyaa/Nqep for a value of nTracks above those where prob,/prob, is
near 1.

This method assumes there is no correlation between the EMF and nTracks axes when
calculating the scale factor. A correlation does exist between the EMF and nTracks of a jet
in general, as shown in Figure 5.21. Low EMF jets are more likely to have a small number
of tracks. However, this correlation is taken into account when () is calculated in each bin.
Nqcp therefore implicitly accounts for this single-jet EMF and nTracks correlation. Any
residual correlation would result in a failure of the cross-check described below.

In the absence of a correlation between axes the SF for any EMF-nTracks bin is simply

the product of the two contributions:

SF(EMR nTmcks) = SF(EMF)|nTracks::5HnTracks::6 * SF(nTTaCk3>|0.55<EMF<0.65
(5.10)
The extrapolation into the signal region is performed independently along the two axes.

The EMF, unlike nTracks, is not discrete. The reference value used for the EMF if instead
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Figure 5.21: The number of tracks for different ranges of EMF. The usual data quality, MET,
and Ep > 40 GeV, |n| < 2.5, and |timing| < 5 ns jet cuts were applied and all events pass
the EF _j15 trigger.

taken as the mean EMF of the tag and probe jets in that bin, EMF = 0.04138. The value
for SF(EMF) and SF(nTracks) is taken from a quadratic fit on the Ngata/Nqcp histograms

shown in Figure 5.20. The calculated scale factors are:

e SF(EMF=0.04138) = 1.503 + 0.377

e SF(nTracks=0) = 1.168 + 0.110

The combined scale factor is 1.76 £ 0.47. The large errors in both SF and the fits result
mostly from the errors in the fits performed during the SM multijet background estimation
in each bin. The Landau fits result in the largest contribution at each data point.

Applying the SM multijet background method, before application of the scale factor, to
the full 20.3 fb~! 2012 datasets yields a predicted background of 13.23 events. The majority
of the contribution to this estimate comes from events with lower jet multiplicity, as can be
seen on the right in Figure 5.23. Low multiplicity events are more numerous, as can be seen
on the left of the same figure, but are also cleaner, making the track isolation more likely to

be met.
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Figure 5.23: The number of predicted SM multijet events per Nj bin (left) containing NV,
jets passing Er > 40 GeV, |n| < 2.5, and [timing| < 5 ns, and the predicted SM multijet
background per Nj bin (right). The errors shown are those associated with VN statistics.
The EF_j15 trigger was used to select events.



109

There are three statistical uncertainties associated with the background prediction. The
first is due to the uncertainty in the fits for P and (). This is the dominant component
at 2.71 events. The second uncertainty, the contribution from P(n) and Q(n), is only 0.23
events. It is determined by varying the value in each bin in Figure 5.17 according to normal
distributions with widths equal to the bin’s error and observing the variance in the final
prediction. The final error is due to the number of predicted events in each bin, seen in
Figure 5.23 on the left, and is determined to be 0.13 events.

The statistical and systematic errors are separately added in quadrature, yielding a pre-
diction (before application of SF) of 13.23 + 2.72 (stat) & 0.95 (syst) events. Application of
the scale factor brings this to 23.24 + 8.03 (stat+syst) events. Several cross-checks are ap-
plied to test the validity of various stages of the SM multijet background prediction procedure
and thus the final prediction.

Events passing the EF_j15 trigger were used when applying P and (). To cross-check the
estimate of number of events per IVj bin which contain Nj jets passing the tag and probe cuts
the procedure was repeated using several other triggers: EF _j15, EF_j25, EF _j35, and EF _j55.
The integrated luminosity of the EF_j15, EF_j25, EF_j35 and EF_j55 triggers is, respectively,
14.78, 78.70, 454.11, and 443.24 nb™!, increasing with decreasing average prescale. These
numbers are heavily dependent upon the proper application of the trigger prescales. The
results are shown in Figure 5.24. The three lowest triggers, EF_j15, EF_j25, EF_j35, all have
Er thresholds sufficiently below that for the tag-and-probe definition that the results are in
good agreement. The EF _j55 is also included in Figure 5.24 is also included for comparison
despite its higher Er threshold.

Figure 5.24 also shows the predicted background for each of these triggers, before appli-
cation of the scale factor, on the right-hand side. All triggers are sufficiently below the 60
GeV analysis cut used on the triggering jet that the predicted number of events should be in
agreement. Were agreement found between triggers in the case of the first plot but not the
second would suggest a problem in the calculation or application of P and (). Agreement is

found within less than 0.5 events.
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Figure 5.24: The number of predicted SM multijet events per NN; bin (left) containing N; jets
passing the looser offline cuts, and the predicted SM multijet background per NN bin (right).
The errors shown are those associated with v/N statistics. Results for events selected using
different triggers are compared.

As a second cross-check on P a series of closure and similar tests are performed. Applying
P to the same dataset on which is was calculated should return the exact number of events
with a jet firing the CalRatio trigger and passing the analysis cuts applied to that jet.
Increasing the complexity of the P calculation away from closure test can be used to test

the robustness of the calculation of P. The following tests were performed:

e Using the raw P histograms rather than the fits, estimating the degree to which the fits
effect the prediction. In this test the P(FEr) histograms are used without fitting, just
as the P(n) histograms already are in the normal background calculation. However
the n histograms are not used at all and no averaging is performed. Applying P to the
original tag-and-probe dataset it was calculated from returns almost exactly the actual

number of events passing P’s requirements, as it should.

e The same test is repeated with the n histograms and averaging procedure included.
The leading jet estimate is less than 3% off the actual value while the sub-leading jet

estimate is less than 2% off.

e In the next test Pyypleading 1S applied to jets that are neither the leading or sub-leading
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jets. These jets are excluded from the calculation of Pypleading because they are never
taken as probe jets. In this case the estimation is off by 24%. The discrepancy is large,
but in the full analysis the number of jets used in the estimation which are neither
leading nor sub-leading is very small, so this discrepancy has a minimal impact on the

actual analysis.

e For the next test the fit was again applied for P. For both the leading and sub-leading
jet this resulted in a discrepancy around 7-8.5% towards lower values. However, the

fits are retained because they make the error prediction much more efficient.

e The final test removes the requirement that a tag and probe jet be present in the events
P is applied to and replaces it with the general requirement that the event have at
least two jets total passing EFr > 40 GeV, |n| < 2.5, and |[timing| < 5 ns, as is the
general requirement when P and ) are applied for the full background estimate. This

results in a 3% discrepancy for leading jets and a 12% discrepancy for sub-leading jets.

The next cross-check used P to predict the number of CalRatio triggered events in the
official dataset. In principle, P should predict the number of events firing the CalRatio
trigger and passing all cuts applied to the triggering jet which also contain a second jet
satisfying Er > 40 GeV, |n| < 2.5, and [timing| < 5 ns, i.e. the conditions under which P
was calculated. A discrepancy in the two numbers could suggest signal contamination or a
problem with the calculation of P. If the predicted background is very large, however, the
relative signal contamination should be small.

When P is applied alone to the EF_j15 QCD sample under the same conditions that
both P and @) are applied in the full background prediction it is predicted that 512500 +
93800. In the full CalRatio triggered dataset a total of 501387 triggering events satisfying
the required criteria for P exist.

The breakdown for the prediction is:

e 474600 4 93200 jets will be leading jets.
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e 36100 +£ 10100 jets will be sub-leading jets.

e 1700 % 500 jets will be neither.

While the breakdown within the actual dataset is:

o 429273 triggered jets are the leading jet in the event.

e (7568 triggered jets are the sub-leading jet in the event.

e 4546 triggered jets are neither.

The prediction for leading jets is in good agreement with the observation. The prediction
for sub-leading jets is over 3o below the observation while the prediction for lower Er is even
worse. In over 85% of cases the triggering jet is the leading jet, so while the the predictive
power of P for non-leading triggering jets is poor the overall prediction from P is within 1o.
When this test is repeated using different triggers (EF_j25, EF_j35, and EF_j55) the results
are within 4% of the above.

The final cross-check verifies that the SF can be correctly calculated and applied. The
scale factor almost doubles the prediction, so it is necessary to establish that it performs
its function accurately. As SF was developed using a grid, with its two components (EMF
and nTracks) being calculated along two axes and combined multiplicatively it is possible to
validate the scale factor in various off-axis bins. Several non-signal, off-axis bins were chosen
and their scale factor was calculated using the method previously described. However, for
simplicity’s sake the scale factors multiplied the raw scale factors from the axes rather than
using the fit functions shown in Figure 5.22. Then, the full cut flow was applied to the
CalRatio triggered dataset using the cuts indicated by the bin for the non-triggering jet in
the event. The number of events predicted by applying this predicted SF to the raw SM
multijet background prediction is then compared to the number of events counted in the

CalRatio triggered dataset.
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A total of 9 off-axis bins were chosen covering a range of predicted scale factor from 0.82
to 1.26. The bins chosen for the cross-check and their predicted scale factors are marked
in purple in Figure 5.25. The red and blue bands indicate the axes along with the EMF
and nTracks components of SF were calculated for both the main background prediction
and this test. The orange bin marks the signal region. Both the predicted and observed
number of events are displaced in Figure 5.26. The predicted value is on the right while the
observed is on the left of each cross-check bin. Statistical errors are included with predicted
and observed values in Table 5.8. The observation is consistently within 1o of the prediction,
ranging from a 0.34¢ under-prediction to a 0.030 over-prediction. This small variation over
a range of EMF and nTracks values provides a clear cross-check of the critical final step of

the SM multijet background prediction.

n'Tracks EMF N Predicted | Error | Data | No Diff
2 0.15-0.25 926 289 | 935 0.03
2 0.25-0.35 1746 549 | 1729 0.03
3 0.15-0.25 1025 315 | 1069 0.14
3 0.25-0.35 2219 1406 | 2253 0.02
4 0.35-0.45 4029 1236 | 4223 0.16
5 0.45-0.55 6286 1894 | 6417 0.07
7 0.35-0.45 1297 382 | 1426 0.34
7 0.65-0.75 8430 2394 | 8995 0.24

Table 5.8: The number of predicted SM multijet background events and the number found
in the CalRatio triggered data sample for the various cross-check squares. The nTracks and
EMF columns specify the grid square, N predicted is the number of events that are predicted,
and Error is the statistical error on the prediction. The next column, Data, is the number of
actual events found in with the grid’s cuts on the second jet. The final column is the number
of o difference between the predicted and the observed values.

Several possible systematics are associated with the SM multijet background prediction:
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Figure 5.25: The scale factors for off-axis grid squares. The horizontally arranged, red-
shaded squares indicate the values of Ngata/Nqep for the EME band, when the number of
tracks was required to be 5 or 6. The vertically arranged, blue-shaded squares indicate the
values Nyata/Nqcep for the nTracks band, when the EMF was required to be between 0.55
and 0.65. The bold purple squares are those chosen for the cross-check and their values are
equal to the product of the two (red-shaded and blue-shaded) scale factors corresponding to
their position on the grid. The orange square indicates the signal region.

A systematic associated with the assumption that jet Er and n are uncorrelated.

A systematic concerning the inclusion of the A¢ > 2.0 cut in the tag-and-probe method

but not the main analysis cut flow.

A systematic addressing possible cosmic contamination in the background sample.

A systematic addressing possible signal contamination in the background sample.

These systematics are described below and summarized in Table 5.9.

The Et and n components of both P and () are calculated separately and are assumed
to be uncorrelated when combing them in Equation 5.7. In actuality a small correlation
exists between the two jet parameters. To measure the systematic the maximum variation
in average jet Er during a scan of 1, and vice versa, was measured using the SM multijet

sample. This resulted in a 2% variation in both cases. Next the Et and 7 of each jet was
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Figure 5.26: The observed and predicted number of events for off-axis grid squares. The
bold purple squares are those for which a prediction was determined. The left-hand value
in each square is the number of events observed in the CalRatio triggered data sample. The
right-hand value is the predicted number of events. The prediction is simply the combined
scale factor multiplied by the raw SM multijet prediction determined using the methods
discussed earlier in this section. The horizontally arranged, red-shaded squares indicate the
values of Ngata/Nqep for the EMFE band, when the number of tracks was required to be 5
or 6. The vertically arranged, blue-shaded squares indicate the values Nyata/Nqep for the
nTracks band, when the EMF was required to be between 0.55 and 0.65.
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shifted upwards and downwards by 2% in P and (). The systematic was taken to be half
the difference between the maximum change in the final result before application of SF. This
corresponds to a 6% systematic, or 0.79 events.

The A¢ > 2.0 cut was included in the tag-and-probe method to select good dijet events,
but this cut was not included in the full analysis cut flow. The systematic associated with
the inclusion of this cut was calculated by first re-deriving P and () with the cut removed.
The 4% difference in the predicted background (before application of the SF), 0.53 events,
is taken as the systematic.

Cosmic ray events present in the tag-and-probe sample could contaminate P and ). An
upper bound can be placed on the contamination by predicting from the the empty BC
dataset the number of cosmic jets that satisfy the P criteria and pass one of the single-jet
triggers used to form the tag-and-probe sample. This prediction can be compared to the
number of events satisfying this criteria in the CalRatio triggered data sample to estimate
the multiplicity of cosmic events as compared to SM multijet events. It is not possible to
do this with the ) criteria because the empty BC dataset contains only events selected by
the CalRatio trigger. However, most jets in cosmic events that were collected have Ep >
60 GeV (Figure 5.13 and would therefore satisfy both the P and @ criteria). While a portion
of events would in general contaminate () only, its much larger numerator should reduce the
relative effect of this contamination. Applying the criteria for calculating P to the empty
BC dataset results in less than 10 qualifying events. The high prescales (~1000) of the single
jet triggers in the Er range typical of these events makes it highly unlikely such an event
would be randomly included. The cosmic contamination is determined to be negligible.

Signal present in the tag-and-probe dataset would contaminate both P and @). Signal
contamination can be estimated by comparing the number of signal events predicted to satisfy
the P criteria in the signal samples to the number which do so in the CalRatio triggered
data sample (where “contamination” can be assumed to be highest, by design). About
11000 events satisfy the criteria in the sample with a ® = 140 GeV mass, the sample with

the largest observed in any of the low-mass signal samples. A larger number of events satisfy
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the criteria in some high-mass samples, but not by more than a factor of 2. By contrast,
there over 500,000 such events in the CalRatio triggered data sample. This suggests that
less than 1% of jets contributing to P could be signal jets. The signal contamination is taken
as negligible and is not included in the table. If present, it would inflate the prediction and

thus lower the sensitivity to signal, reducing rather than increasing any limits set.

Origin Systematic Error
Correlation of Et and n 0.69
A¢ cut 0.46
Cosmic contamination 0.0
Signal contamination 0.0

Table 5.9: Systematic errors (absolute) in the QCD background estimate for the 20.3 fb™!
data range

5.3.4 Mized Backgrounds

The possibility of a cosmic ray muon and a BIB event coincidentally creating signal-like
jets was also estimated. This probability is actually larger than that for two independent
BIB events due to the higher probability of a cosmic ray event. The background may
be estimated using a formula similar to Equation 5.6 by replacing the square of Ppgpjet
with Pgpujet * Pcosmicet- Lhe resulting prediction is 0.24 4 0.09 events. This value does not
incorporate any cut on EX5 which should lower such a background prediction substantially.

The possibility of a mixed event containing a signal-like jet from the SM multijet back-
ground coincident with one from NCB must also be considered. Events triggered by the
non-NCB jet while containing an NCB jet are included implicitly as contamination in the
SM multijet background estimation. An upper limit can be set on the opposite case where
the triggering jet is an NCB jet while the second jet failed to fire the trigger but passes the

offline analysis cuts.
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This estimation is performed by approximating a Psyje analogous to Pgpjer but con-
taining no trigger requirement and using the lower 40 GeV cut on E7. This Psyet is very
similar to @), but is an event probability rather than a single jet probability. If the single jet
probability () is multiplied by the average number of jets in a SM multijet event that satisfy
the conditions to be included in the denominator of ) the result is an event probability.
This event probability is an upper limit for Psyjer, which is taken as a per-BC quantity, but
not every event will contain a jet passing at least the EF_j15 trigger (and thus enter into the
calculation of Q. To simplify the calculation only the maximum value of Q(Er), 2.5 x 1075,

was used. The resulting Psyijer 15 Pomyes = 4.7 X 1077,

The product of Psyjer With Pprjet and Presjer indicated the predicted background is
smaller than 0.04 events. This is a upper estimate which ignores the impact of the ER cut,
track coincidence, and the already mentioned BC versus EF_j15 event probability. As a

result, both of these backgrounds are taken to be negligible.

5.4 Systematics

Various systematic uncertainties on both MC-based and data-based calculations must be
taken into account when evaluating the results. The systematics associated with the back-
ground calculations have already been detailed in the previous section. The remaining sys-
tematics are those associated with the production of the MC signal samples, uncertainties

address how well the MC simulates the collision and its environment.

5.4.1 @ Production Cross-Section

The ® production cross-section is taken as the gluon-gluon production cross-section the Higgs
would possess if it had the mass of the ®. The uncertainty on the production is therefore
also taken as the uncertainty on the production cross-section of a Higgs of that mass. These

uncertainties are shown in the first column of Table 5.14.
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5.4.2 PDF Uncertainty

The uncertainty associated with the use of a particular PDF for modeling the parton’s
initial state is calculated using a standard procedure developed by the Top group. Each
MC signal event is reweighted with three different PDFs and their corresponding error sets:
MSTW2008nlo68cl, CT10, and NNPDF2.3. Each error set is created by varying the error-
relevant parameters of the PDF. The weight of an event for a new PDF or error set is

calculated as in Equation 5.11.

W — PDF(z1, f1,Q) X PDF (23, f»,Q)
PDFO(xlaflaQ) X PDF0($2,f2,Q)

PDFj represents the original PDF the sample was generated with, x is the momentum

(5.11)

fraction of a parton, f its flavor, and () is the root of the energy resolution scale.

After reweighting the analysis cut flow is reapplied for both the default PDF and each
error set, resulting in a distribution of the number of events passing the cut flow. The
RMS width of the distribution is the intra-PDF uncertainty for that PDF. An inter-PDF
uncertainty is the separation of the means of the distributions for two different PDFs. The
final, full-PDF uncertainty combines the intra- and inter-PDF uncertainties using half the
difference between the highest mean plus its width and the lowest mean less its width. This
procedure was applied to two signal samples, the me = 140 GeV, m,, = 10 GeV sample and
the mg = 126 GeV, m,, = 40 GeV sample resulting respectively in an uncertainties of 2.1%

and 2.0%. The larger of the two values, 2.1%, is applied to all samples.

5.4.8  Pile-up uncertainty

Pile-up has the ability to spoil signal jets by depositing extra energy in the ECal or creating
tracks that overlap with a jet. Pile-up is added to signal samples using a overlay method with
a minimum bias pile-up sample. This is generally done before the full data taking period has
completing. As a result, the pile-up distribution used to generate the signal samples will not

accurately represent the pile-up distribution from the full data taking period. To correct for
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Figure 5.27: Unweighted (blue) and re-weighted (red) distributions of the average number
of pile-up interactions < p > for the my = 126 GeV, m,, = 25 GeV sample.

this discrepancy events are reweighted to give them the same pile-up distribution as is seen
in data [56]. The distribution of the mean number of pile-up interactions < u > before and
after reweighting is shown in Figure 5.27. This reweighting and well as the overlay introduce
an uncertainty to the analysis.

The uncertainty is evaluated through a data-MC comparison with the SM multijet data
sample. A tag-and-probe method is used to select events with the following requirements for

both MC and data:

e Event: passes EF_bb5 NoCut_J55 trigger, passes all standard analysis event DQ cuts,

passes EXSS cut
e Tag jet: ATLAS Good Medium jet, pr > 40 GeV, |n| < 2.5

e Probe jet: HV Good Medium jet, pr > 40 GeV, |n| < 2.5, A¢(Tag, Probe) > 2.0

The trigger was chosen so that the dataset might also be used to evaluate the trigger

uncertainties. It ensures that the same trigger-level tracking container is available as is used
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Figure 5.28: The pielup dependence of jet pr (left) and jet EMF (right). A linear fit is made
to the ratio of data to MC and its slope used to propagate the variation of the parameter in
the MC samples.

by the CalRatio trigger.

The distributions of probe jet pr, 1, ¢, EMF', timing, and number of associated tracks
are plotted as a function of < p >. Figure 5.28 shows example distributions for the jet
pr and EMF. A linear fit is applied to the data to MC ratio and the slopes are taken
as the variation for each parameter to be propagated through in the MC samples. The

corresponding variations on the jet parameters are:

o pr: 5.8 1074

n: 1.8 %107 GeV

¢ 4.1 %1074

EMF: 2.7% 107

timing: 2.2 * 1073 ns

The corresponding systematics for this procedure are displayed in Table 5.10 for the

low mass signal samples. However, it was requested by an analysis review board that a
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flat systematic of 10% be used. Many analyses determine that a similarly large systematic
is appropriate and the analysis is one that, due to the nature of its signal jets, would be
strongly affected by the effects of pile-up. The larger 10% uncertainty also has little effect
on the limits set by the analysis because the uncertainties are dominated by those from the
SM multijet background. Due to the study performed, it can be assumed that 10% is a

conservative value for the systematics.

MC sample systematic (%)
me = 100 GeV, m, = 10 GeV +0.2; -0.7
me = 100 GeV, m,, = 25 GeV +0.0; -0.3
my = 126 GeV, m,, = 10 GeV -0.1; -0.2
my = 126 GeV, m,, = 25 GeV +1.8;-0.2
my = 126 GeV, m,, = 40 GeV +1.5; -1.0
me = 140 GeV, m,, = 10 GeV +0.6; -0.1
me = 140 GeV, m,, = 20 GeV +0.9; +0.1
me = 140 GeV, m,, = 40 GeV +0.8; -0.4

Table 5.10: Variation in Monte Carlo signal samples due to pile-up effects.

5.4.4 Emss Oyt

The analysis includes a 50 GeV cut on ER* in order to remove NCB events. A systematic
is therefore necessarily determined to account for any mismodeling of the EX'* in the MC
samples. Previous studies have shown that the error on the EX® near 50 GeV is about
10%. The ERs of each event is smeared by 10% and the analysis cut flow is reapplied. This
results in a variation of less than 6% for low mass samples and less than 13% for high mass

samples, where the EJ"° cut removes a larger fraction of events. The results are summarized

in Table 5.14 and Table 5.15.
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5.4.5 Timing Cut

The analysis requires that jets satisfy —1 < ¢ < 5 ns. As with the ER cut this provides a
powerful tool for discriminating against NCB, but does require an assessment of any uncer-
tainty associated with the inclusion of the cut. The peak positions of the SM multijet events
and MC events are within 0.5 ns of one another. To evaluate the systematic the timing of
jets was smeared by this amount and the variation in the expected number of signal events
was taken as the systematic. The results, less than 10% for each signal sample, are displayed

in Table 5.14 and Table 5.15.

5.4.6 ISR and FSR

Signal jets are “vulnerable” to ISR. ISR may leave energy deposits which lower the log,(Fn/Erm)
of a signal jet, or produce a track that lies coincident with a jet. It may also affect the Er
of the &, and thus the Er of the jets it produces upon decay. The analysis evaluates the
ISR systematic using a toy MC to simulate an increase or decrease in the presence of ISR in
the samples. FSR will occur within the HCal for signal jets and so is not evaluated. It may
affect the overall shape of a jet but was verified to not affect the overall acceptance of the
jet when the analysis cuts are applied.

To increase or decrease ISR two libraries of jets are assembled from the mge = 126 GeV,
m,, = 10 GeV MC sample: one of jets with a pr > 2 GeV ISR gluon within AR < 0.1
of a signal jet (ISR contaminated jets) and one of all other signal jets. The overall ISR
contamination is halved or doubled by selecting pairs jets at random from the libraries. The
analysis cuts are then applied to the resulting event with the exclusion of the ER cut. A
change in acceptance of -0.6% (+1.6%) is observed when the number of ISR contaminated
jets is doubled (halved).

An additional uncertainty is calculated related to the boost given to the jets by the ®.
The ISR gluon Et peaks at around 5% of the ® Et mass. To evaluate a systematic the Er

of ISR contaminated jet in signal events is varied by this amount and the resulting change
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in the acceptance is measured. The resulting uncertainty is -0.6% and +1.3%.

5.4.7 Jet Energy Scale Uncertainty

The Jet Energy Scale is usually determined via the use of the JESUncertaintyProvider tool.
This uncertainty is naive with respect to the EMF of jets and determines the uncertainty
based on the pr and 7 of each jet and the number of primary vertices in each event [11].
While this is sufficient for most analyses, for this analysis it was prudent to determine
what dependence the uncertainty has on the jet EMF. The procedure used to develop the
JESUncertaintyProvider tool was adapted to include an EMF dependence. This allows for
the calculation of an additional uncertainty resulting from the application of the standard
JES calibration to jets resulting from the decay of LLPs.

The procedure studies the jet calorimeter response by balancing jet momenta in dijet
events. The balance in data and MC are compared in various n and EM F' regions. The
variation is propagated to the signal MC to determine its affect on the acceptance of the
jets.

Events from the data and MC multijets samples are selected using the EF 55, EF 80,
EF 110, and EF_145 triggers. Events are required to satisfy:

e Leading jet: HV Good Medium, pr > 40 GeV, |n| < 2.5

e Sub-leading jet: HV Good Medium, pr > 40 GeV, |n| < 2.5, A¢(Leading, Subleading)
> 2.5

e Third jet: pr < 0.25 % p7“*®° (average pr of the Leading and Sub-leading jets).

The cuts on the highest pr jet that is neither the leading nor sub-leading jet helps to select
clean dijet events.
One jet in each pair is taken as the reference jet. This reference jet is required to be in a

well studied region of phase space while the other jet, the probe jet, may be in any EMF —n
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region. For an event to enter the study the reference jet must satisfy 0.7 < EMF < 0.9. No

additional cut is placed on 7 - the full  range included is well studied. The response of the

probe jet to the reference jet depends on their asymmetry A, is defined in Equation 5.12.
average

It is measured with respect to py , the average pr of the reference and probe jets. The

response is then calculated for each probe jet as in Equation 5.13

Ao pgrobe o pgef
— T _average
Pr (5.12)

p%verage _ (pgrobe + p¥ef)/2

B 2—|—A B pgrobe

R— —
2—A p%ef

(5.13)

These measurements are made in four different 7 regions:

Ndet < 087

0.8 < Nget < 1.35;

1.35 < Tldet < 170,

1.70 < Tldet < 2507

This is done to account for changes in calorimeter geometry and composition in different
regions of the detector (Figure 5.29).

The overall asymmetry for each EMF bin is taken as the mean of a gaussian fit to all
events with a probe jet falling within that bin. The ratio of data to MC is taken in each bin
for each 7 region. The results are displayed in Figure 5.30.

The ratios are fit with a linear fit to allow extrapolation into the signal region, 0 <
EMF < 0.05, where statistics are low. The fit is performed only for the range 0.05 <
EMF < 0.7, which excludes the reference bins but also higher EMF bins, where the behavior
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Figure 5.29: Ratio of the average jet energy at the EM scale with to the truth jet energy (the
jet response) in Monte Carlo simulation as a function of the jet  [11]. The inverse of the
response shown in each bin is equal to the average jet energy scale correction. This result is
based on PYTHIA inclusive jet sample.

Detector Eta Region | Assigned Systematics @ EMF =0.0125 (%)
Ndet < 0.8 3.1
0.8 < Naer < 1.35 1.9
1.35 < 1ger < 1.70 8.3
1.70 < nget < 2.50 3.9

Table 5.11: Values of the assigned systematics to the very low EMF bin (EMF=0.0125) for
each detector eta region.

may differ from low EMF bins. Figure 5.31 shows the final systematics in each 7 region. The
assigned systematic for a low EMF jet is summarized in Table 5.11.

These values represent a variation on the jet transverse momentum. They are used to
smear jet pr in the MC samples to evaluate the impact on the acceptance. The standard

JES systematic due to jet pr and an additional systematic for b-jets (when the m, decays
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Figure 5.30: Ratio data over MC of the response for each EMF bin in the four n regions.
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to bottom quarks) are also evaluated. The results are shown in Table 5.12 for the low mass

samples. The combined results for all samples are shown in Table 5.14 and Table 5.15.

5.4.8 Trigger

The accurate modeling of the trigger’s performance is crucial. An over- or underestimate for

trigger performance will result in an inaccurate prediction for not only the expected number

of signal events. Its uncertainty must be taken into accounts when setting limits or declaring

a discovery. This is done in this analysis by using a tag-and-probe method to compare the
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Acceptance variation | Acceptance variation

MC (%) due to (%) due to Total

sample low EMF b-jet (%)
me = 100 GeV, m,, = 10 GeV +2.1; -3.9 +0.9; -0.8 +2.3; -4.0
me = 100 GeV, m,, = 25 GeV +5.0; -3.7 +2.2;-0.0 +5.5; -3.7
my = 126 GeV, m,, = 10 GeV +2.0; -2.7 +0.8; -0.4 +2.2; -2.7
my = 126 GeV, m,, = 25 GeV +1.5; -1.6 +0.2; -0.0 +1.5; -1.6
my = 126 GeV, m,, = 40 GeV +2.6; -6.0 +0.0; -0.8 +2.6; -6.2
me = 140 GeV, m,, = 10 GeV +0.6; -1.1 +0.0; -0.3 +0.6; -1.1
me = 140 GeV, m,, = 20 GeV +1.0; -1.5 +0.7; -0.6 +1.2; -1.6
me = 140 GeV, m,, = 40 GeV +1.3;-1.6 +0.0; -0.0 +1.3;-1.6

Table 5.12: Variation in Monte Carlo signal acceptance due to JES systematics.

efficiency of each cut in MC and data samples.

The trigger performance is evaluated using the same events selected for the evaluation of
the pile-up systematics. Each of the primary cuts on Er, log,,(EFu/Ernm), and track isolation,
is studied independently. This requires use of the same Level-2 objects that the CalRatio
trigger evaluates when running on actual events. For this reason the EF_b55_NoCut_J55
trigger is used to select events. Most jet triggers do not perform tracking, but b-jet triggers
do with the same tracking algorithm as is used by the CalRatio trigger.

The efficiency is evaluated by creating a turn-on curve for each variable. The probe jet
is required to have an associated L2 jet. For any given variable, the fraction of offline probe
jets with an L2 jet passing the trigger cut is plotted. This gives the trigger efficiency € per
bin. Equation 5.14 gives the equation corresponding to the Er cut. The turnon curves for
the Bt and log,y(Fu/Frm) cuts are shown in Figure 5.32. Figure 5.33 shows the curve for
track isolation. In the case of the track isolation the curve was created with respect to the

highest pr L2 track with AR < 0.2 of the jet axis. The efficiency in this case shows the
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Figure 5.32: Turnon curves for the Et cut (left) and log,y(Fu/Erm) cut (right). The x-axis
indicates the offline bin of the probe jet. The trigger cut was applied to the L2 jet matched
to the offline jet.

fraction of probe jets that would pass a track isolation cut set at that pr.

A Probe|rs pr>35 Gev (5.14)
o .
T Probe|nas 12 jet

The offline B+ cut applied to the triggering jet is at 60 GeV. Figure 5.32 indicates that at
this value the trigger is already fully “on”, with respect to Er. For this reason the systematic
associated with the Er cut is 0. For the log,,(Fu/Erm) cut a difference of about 11% exists
between the data and MC for a log,o(En/FErm) > 1.2 offline cut. For the track cut, this
difference is about 1%.

The systematic is found by smearing individually the L2 jet parameters and simulating
the trigger before reapplying the analysis cut flow and observing the effect on the final
acceptance. The track pr is smeared by 10%. This is the amount that the MC value would
have to be shifted, according to Figure 5.33, to correct for the 1% discrepancy between MC
and data. The amount the L2 log,,(Fu/FErm) must be shifted by is determined by first
applying a linear fit to the region near the working point for the MC curve. From this fit
it is determined that a shift of 1.7% is needed for the MC and data efficiencies to agree.

The variations due to each individual cuts are added in quadrature to determine the total
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Figure 5.33: Turnon curve for the track isolation cut. The pp cut on the x-axis is online
Level-2 value.

systematic. These are summarized in Table 5.13 for the low mass samples. Both the high

and the low mass totals are included in the summary tables.

Acceptance variation | Acceptance variation
MC (%) due to (%) due to Total
sample log,o(Fu/Frm) + 1.7% | ID track pr+ 10% | (%)
me = 100 GeV, m,, = 10 GeV -0.1; +0.0 +0.0; -0.0 0.1
me = 100 GeV, m,, = 25 GeV -0.8; +0.0 +0.0; -0.9 1.2
mp = 126 GeV, m,, = 10 GeV -0.6; +0.0 +0.0; -0.9 1.1
my = 126 GeV, m,, = 25 GeV -1.3; +0.0 +0.0; -0.3 1.3
my = 126 GeV, m,, = 40 GeV -0.8; +0.0 +0,0; -0.0 1.1
me = 140 GeV, m,, = 10 GeV -0.4; +0.0 +0.0; -0.3 0.5
me = 140 GeV, m,, = 20 GeV -0.6; +0.0 +0.0; -0.8 1.0
me = 140 GeV, m,, = 40 GeV -1.4; +0.0 +0.0; -0.4 1.5

Table 5.13: Variation in global acceptance for Monte Carlo signal samples when +1.7% is
applied on the Level-2 log,,(En/Egm) cut and £10% is applied on the Level-2 isolation cut.
Last column shows the sum in quadrature of the two largest variations.
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MC sample | Higgs | JES | Pile-up | Trigger | ISR | PDF | MET | timing | overall
mae, Mx, | o (%) | (%) | (%) (%) | (B) | (%) | (%) | (%) | (%)
[GeV]
100,10 | Figg | X5 | 10 0.1 | 5| 21 | X3 | 5| 583
100,25 | Hge | 37| 10 12 |55 21 | B8 | for | TS
126,10 | 104 | #2201 g9 11 | 2 21 | 55 | fle | H164
126,25 | g5 | Big | 10 L3 |55 21 | S | 5| fBs
126,40 | *gh | 5| 10 18 S i % P S S
140,10 | Hg5 | B9 10 05 |5 21 | 55 | Te5 | fR8
140,20 | g3 | T5 | 10 L0 | T 21 | f39 | f50 | Ties
140,40 | g3 | Sg | 10 L5 |55 21 | 46 | fd | TS

Table 5.14: Summary of systematic uncertainties for the Higgs production cross-section, jet
energy scale, pile-up, trigger, initial state radiation, choice of parton distribution function,
missing transverse energy, and timing as a percentage of the signal yield. The last column
reports the overall systematic uncertainty (including the luminosity [49]).
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MC sample | Production | JES | Pile-up | Trigger | ISR | PDF | MET | timing | overall
M, M, o (%) | (%) | (%) (%) | (%) | (%) | (%) | (%)
[GeV]

300, 50 oo | o3| 10 0.3 |5 21 | B | B0 | 53
600, 50 o o110 02 | 5| 21 | Iy | | S
600, 150 MT¥ o3| 10 03 |5 21 | Do | B35 | A5
900, 50 s L] 10 0.1 | 5| 21 | 53 57 | 5
900, 150 s o3 10 02 | M5 21 | Tpg | 95 |t

Table 5.15: Summary of systematic uncertainties for the production cross-section, jet energy
scale, pile-up, trigger, initial state radiation, choice of parton distribution function, missing
transverse energy, and timing as a percentage of the signal yield. The last column reports
the overall systematic uncertainty (including the luminosity [49]).
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Chapter 6
RESULTS AND LIMITS

The ideal for any search is to declare a discovery. When this is not possible, and it
generally is not, limits are set on parameters relevant to the model or process being sought.
Whichever is the case, the results from data need to be carefully combined with the predicted
yields, backgrounds, and systematics.

For this analysis, an upper limit is set on ¢ xBR for the ® — m, 7, process as a function
of LLP lifetime. This will be described in more detail in Section 6.2. First, the results of
applying the analysis cut flow to the CalRatio triggered events is discussed in Section 6.1.
The other necessary pieces for setting the limits, the background analysis and systematics,

have already been discussed in Section 5.3 and Section 5.4, respectively.

6.1 Triggered Events

The primary dataset is gathered with the CalRatio analysis trigger, which is designed to
identify jets consistent with LLP decays in the HCal. Over 1.5 millions events fired the
CalRatio trigger during the full 2012 data taking period. Figure 6.1 shows the n — ¢ dis-
tribution of the triggering jets on the left, and the non-triggering jets in the same events
on the right. The structure reflects the ATLAS calorimeter geometry, with the 7 cut in the
trigger responsible for the narrower 7 range of triggering jets. Blue bands in ¢ are the result
of known detector defects. Figure 6.2 shows the E¥* and timing distributions of the same
events. The label “ATLAS GOOD” in these plots refers to data satisfying all event level DQ
criteria. The narrow timing peak and low average ET value suggest that only a minority of
events are from NCB. For all these plots all event level cuts described in Section 5.1, except

for the £ cut, have been applied.
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Figure 6.1: Distribution of ¢ vs n of, on the left, triggering jets and, on the right, non-
triggering jets in events with one triggering jet. A jet is identified as a triggering jet if
AR < 0.2 between the jet and the CalRatio trigger object. All jets have an Ep > 40 GeV
cut applied.
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Figure 6.2: Distribution of £ (left) and jet timing (right). The timing distribution includes
all jets, triggering and non-triggering, with £t > 40 GeV and —2.5 < n < 2.5.
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Figure 6.3: Distribution of the jet timing (left) and the Er (right) of triggering (black) and
non-triggering (red) jets. The analysis uses a (-1,5) ns time window and requires Et > 60
GeV for the triggering jet (or the leading jet in the case of two triggering jets) and Et > 40
GeV for the second jet.

The timing distribution of jets after the EMS cut is shown on the left of Figure 6.3.
The distribution for triggering jets is displayed in black squares while that for other jets in
the event are displayed in red triangles. The tails for triggering jets are the result of NCB

contamination, particularly cosmic ray events given the presence of both high and low tails.

The right-hand side of Figure 6.3 displays the Er distribution for the same jets, with
the lower cut on Er removed to show the behavior at low transverse energies. Low energy
triggering jets can result when the HLT energy is significantly different from the offline energy,
perhaps due to the various corrections applied to offline jets that are absent for online jets.
The triggering jet curves turns on around 60 GeV rather than at the HLT cut level because
the JES shifts the overall energy of most jets to higher values.

The log,o(Fy/Egm) and number of tracks associated with triggering and non-triggering
jets are displaced respectively on the left and right-hand side of Figure 6.4. The trigger
log,o(Fu/Erm) cut biases the logo(En/FErm) peak to higher values than for non-triggering
jets. Few triggering jets will fail the offline log,,(En/Erym) cut’: most offline jet level correc-
tions preserve the EMF of the jet. The number-of-tracks distribution is likewise biased lower

for triggering jets than non-triggering jets. However, offline tracking is much more robust
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Figure 6.4: Distribution of logy,(Fu/FEgrm) (left) and the number of tracks with pr > 1 GeV
within AR < 0.2 (right) of triggering (black) and non-triggering (red) jets. The offline cut
flow requires both jets have log,,(Fu/Erm) > 1.2 and that they are trackless.

than online tracking and an associated track is found for over half of the triggering jets.

Finally, Figure 6.5 shows the 1-D 7 and ¢ distributions for these same jets. While the
¢ distributions are similar for triggering and non-triggering jets the 7 distribution is shaped
by the calorimeter geometry.

The full CalRatio analysis cut flow is applied to the events containing these jets. The
number of events surviving each stage of the cut flow is summarized in Table 6.1 for event-
level cuts followed by Table 6.2 for the cuts on the jets. Of the over 1.6 million events which
both fire the trigger and are present in the GRL, only 24 survive the full cut flow. The
Eiss cut removes over 300k events, expected to be mostly NCB, while the log,,(Eu/Erm)
and track isolation cuts on the second jet have the greatest relative reduction in the number
of surviving events. This is not surprising given the distributions in Figure 6.4.

Before the application of the EXs cut, 152 events have two triggering jets while the
rest have one. Despite the substantial difference between the number of events with two
triggering jets versus the number with a single triggering jet, two of the final 24 events have
two triggering jets. This is a result of the much higher rate for triggering jets to pass the
offline cuts, a reflection of the trigger’s ability to select signal-like jets.

The n — ¢ distribution of the 24 surviving events is shown in Figure 6.6. The bin color
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Figure 6.5: Distribution of n (left) and ¢ (right) of triggering (black) and non-triggering
(red) jets. The offline analysis cuts require —2.5 < n < 2.5 while no phi-dependent cuts are

applied.

Cut

Number of Events

CaloRatio Triggered Events

1628647

Good PV

1628020

Has > 0 Si tracks with n < 1.0

1627943

No Line Of Fire Jets

1493744

No DQ Flags

1491320

MET (< 50 GeV)

1142175

Table 6.1: Selection cut flow on the events for the collision events.

is not indicative of the number of events in the bin - red points correspond to the jets to

which the 60 GeV cut flow was applied while green points are those to which the 40 GeV

cut flow was applied. There is no clustering in 17 — ¢ that might suggest some of the events

are the result of a detector defect rather than the collision. The A¢ distribution, shown on

the right of the same figure, indicates that these events are generally back-to-back. NCB

events tend to have a broader A¢ distribution. The timing and At distributions shown in

Figure 6.7 provide further evidence that these events are standard collision events rather
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Cut Number of Events

Look for a Trigger Jet (first )

Trigger object matches offline jet 1124269
—1lns <t < dns 1059331
Jet Ep > 60 GeV 1045699
log,o(Fu/Egm) >1.2 890519
No tracks with pr > 1.0 828423
Jet n < 2.5 828344
Second Jet (second )
—1Ins <t < 5ns 811662
Jet Ep > 40 GeV 557610
log,o(Fu/Erpm) >1.2 318
No tracks with pr > 1.0 GeV 97
n <25 24

Table 6.2: Selection cut flow on the jets for collision events.

than the result of a cosmic or BIB event.

The number of surviving events, 24, is compatible with the background prediction. Limits

are therefore set on 0 xBR using the procedure described in the next section.

6.2 Limit Setting and Statistics

A 95% CLs confidence limit [57] is set on the o xBR for the production of LLPs in the
® — m,m, process. The analysis uses the HistFactory framework to do so and produces
exclusion limits as a function of LLP lifetime.

Two types of parameters are of interest when setting limits. Nuisance parameters are any

which are not under direct investigation but which nonetheless have an impact on the pre-
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Figure 6.6: (Left) The n — ¢ distribution of the jet pairs in the 24 surviving events. Red
points correspond to jet to which the 60 GeV cut was applied, green to jets to which the
40 GeV cut was applied. Only 2 out of 24 of the jets to which the 40 GeV cut was applied
also satisfied the trigger. (Right) The ¢ — ¢o vs. ¢; distribution of the 24 surviving jet
pairs, where the subscript 1 indicates the jet to which the 60 GeV cut was applied while the

subscript 2 indicates the jet to which the 40 GeV cut was applied.
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to which the 60 GeV cut was applied while red datapoints are those jets to which the 40
GeV cut was applied.
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dicted results. The various uncertainties determined in an analysis are nuisance parameters.
Parameters of interest are those which the analysis or limit setting procedure is constrain-
ing. A common parameter of interest is the signal strength p, which if multiplied by the
signal cross-section returns the number of events that are compatible with the current data.
During limit setting each nuisance parameter is allowed to vary along a o = 1 gaussian while
determining limits on the parameter of interest.

The CLs method constrains the value of u, setting exclusion limits when p is found
to be less than one with a sufficient degree of confidence. It does this by determining
two frequentest probabilities, a probability determined by measuring the frequency of some
observations over a large number of test trials. The first, CLy, is the probability of finding the
observed number of events in data in the background-only hypothesis. The second, CL;y,
is the probability in the signal plus background hypothesis. Ratio of CL,;, to CL, gives
the namesake probability, CL,. The CLs method is conservative, limiting its usefulness for
small signals but preventing the return of aphysical results due to downward background
fluctuations. In the case of zero signal CL; = 1 whatever the background.

The HistFactory framework takes as input the expected number of signal events, the
expected backgrounds, the various uncertainties, and the observed numbers of events. The
systematics were summarized in Table 5.14 and Table 5.15. The background predictions,
expected, and observed yields are summarized in Table 6.3. HistFactory returns the CLj
value. This procedure needs to be reproduced for each signal sample over a range of lifetimes.

The analysis global efficiency depends on the proper lifetime of the LLP, which is uncon-
strained by the signal model. The longer the LLP proper lifetime, the larger the fraction
of particles which will decay beyond the HCal. Conversely, the shorter the proper lifetime,
the larger the fraction of particles decaying in the beampipe, ID, or ECal. The effect on
the expected number of events as a function of LLP proper lifetime is evident in Figure 6.8.
These curves are smoothed at long lifetimes by fitting to a Landau function on the trailing
edge. This expected number of events, derived by generating a large number of 7, pairs for

good statistics and weighting the global efficiency by the momentum distribution present at
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Sample (mg, m, [GeV]) Expected yields
126, 10 536 £ 23
126, 25 941 + 44
126, 40 365 £ 31
100, 10 440 £ 29
100, 25 424 + 37
140, 10 525 4+ 20
140, 20 900 + 37
140, 40 641 £+ 30
300, 50 444 + 11
600, 50 35+ 1
600, 150 41 + 2
900, 50 3.5+ 0.1
900, 150 4.6 + 0.2
SM Multijets 23.2 £ 8.0
Cosmic rays 0.3 +0.2
Total Expected Background 23.5+8.0
Data 24

Table 6.3: Summary of expected number of events, expected background present in the data
sample, and the observed number of events in 20.3 fb~!. The error on the signal samples
is statistical only, the error on the expected background is statistical and systematic. All
results are normalized for a proper decay length of the m, of 1.5 m. The expected yields
assume a SM cross section for my = 126 GeV of ogy = 19.0 pb, and 29.7, 15.4, 3.59, 0.52,
and 0.06 pb for mg = 100, 140, 300, 600, and 900 GeV respectively. A 100% branching ratio
for & — w7, is assumed.
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Figure 6.8: The number of events expected to survive the full analysis cut flow for a range of
low mass (left) and high mass (right) signal samples. The number of events strongly depends
on the proper lifetime of the LLP, which is unconstrained by the signal model.

each lifetime, are fed into HistFactory for each c7 bin.

The resulting limits for low mass samples are displayed in Figure 6.9, Figure 6.10, and
Figure 6.11. For the high mass samples they are displayed in Figure 6.12 and Figure 6.13.
The low mass curves include lines at several branching ratios. Expected limits, which are
given by the mean result of the many simulations in the CLs method, are shown as the
dashed curve. The green and yellow bands show the 1- and 2-¢ uncertainties, respectively,
on the expected limits. The observed limits are shown by the solid black curve.

The limits tend to be greatest at the low end for higher boosted m, and at the higher end
for heavier 7,. At low proper lifetimes the signal samples with the fastest 7, are expected
to have the greatest number of decays in the HCal. The trigger also plays a role - jets must
have a minimum energy to fire the trigger. Among the most relevant results are those for
the 126 GeV ® mass point, where the ® is essentially the Higgs boson. These limits are
summarized in Table 6.4. The analysis can exclude m, lifetimes between 14 cm and 8.32

meters, depending on the 7, mass.
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Figure 6.9: Observed and expected limits on ox BR [pb] as a function of the 7, proper
decay length for the mg = 100 GeV samples: assuming o = 29.7 pb, the horizontal solid
line corresponds to a 100% BR and the horizontal dashed line to a 10% BR.

MC sample excluded range excluded range
My, My, 30% BR ® — 7,7, | 10% BR & — 7,7,
[GeV ] [m] [m]
126, 10 0.10 - 6.08 0.14 - 3.13
126, 25 0.30 — 14.99 0.41 - 7.57
126, 40 0.68 — 18.50 1.03 - 8.32

Table 6.4: Ranges of m, proper decay lengths excluded at 95% CL assuming a 30% and a
10% BR for a my = 126 GeV.
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Higgs), the solid line corresponds to a 30% BR and the horizontal dashed line corresponds
to a 10% BR.
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Chapter 7
2015 ANALYSIS UPDATE

In 2015 ATLAS began colliding protons at a center of mass energy of 13 TeV. The
CalRatio analysis reproduced its search for the decay of pairs of neutral LLPs in the HCal
using the full 2015 dataset, a total of 3.2 fb~' [54]. In general aspects the 2015 and 2012
analyses are very similar. Both are searches for pairs of long-lived neutral particles decaying
to jets in the hadronic calorimeter of ATLAS. In several details, however, the analyses are
very different. Updates to ATLAS hardware and software are detailed in Section 7.1, as well
as changes to the CalRatio trigger and the new signal samples used by the analysis. The

major changes to the analysis itself are discussed in subsequent sections.
7.1 Updates to Apparatus, Software, and Signal Samples

7.1.1  Hardware and Trigger Software

The ATLAS hardware remained primarily unchanged between 2012 and 2015. The ID was
given an important upgrade, however, in the form of the Insertable B-Layer (IBL). The IBL
is a fourth layer for the pixel detector and the innermost layer of the ID. To make space for
the IBL the beampipe radius had to be reduced to 2.5 cm from 2.9 cm. It consists of 14
64 cm long staves of pixel models arranged around the beampipe at an average radius of 3.3
cm. Each is at an angle of 14 degrees to the beampipe to allow overlap in ¢. Pixes have a
size of 50 pum in the transverse direction and 250 pm in the longitudinal direction. The IBL
improves tracking, especially for b-jets, but does not have a major impact on this analysis.

ATLAS also made several changes to its trigger software. The two software levels of the
ATLAS triggering system, Level 2 and Event Filter, have been replaced by a single stage:
the High Level Trigger (HLT). Jet reconstruction at the trigger level has also been improved
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and trigger jets can now be calibrated at the JES. How the CalRatio trigger is affected will

be discussed in Section 7.1.3.

7.1.2  Signal Samples

The benchmark model used in the 2015 analysis, a ® — ss decay, is functionally identical
to that used in 2012. In contrast to the 2012 analysis the 2015 analysis was developed based
on high mass ®. This decision was made in order to develop a new background estimate
in a region of phase space where NCB contributes less to the background. Specifically, the
high mass samples allow for much higher cuts on the jet energy while still maintaining signal
sensitivity.

The & — ss signal samples were each produced with a proper lifetime such that the
mean lifetimes of the LLPs in the lab frame (LF) is 5 m. For a few mass points samples
with smaller statistics were also produced to have a LF mean lifetime of 9 m. These sam-
ples were used to validate the extrapolation of the limits to other lifetimes, a procedure
that remained virtually unchanged from its 2012 iteration. Samples were generated using
MadGraph and Pythia combined, rather than only Pythia as was done in 2012. Specifi-
cally, MADGRAPH5_AMC@NLO v2.2.3 [58] with the NNPDF23LO [59] PDF was inter-
faced with PYTHIA8 v&8.210 [51]. The parton shower and hadronization was performed in
Pythia. Geant4 is still used for simulation of particle interaction with ATLAS itself, using
GEANT4 [52]. The mass points generated are summarized in Table 7.1.

Once again a set of SM multijet samples was used for various studies. These samples

were produced with the PYTHIA8 using NNPDF23LO for the PDF.

7.1.3 Updates to CalRatio Trigger

The 2015 CalRatio trigger, HLT_j30_jes_PS_11p_L1TAU60, is similar in most respects to
the 2012 trigger. It identifies signal jets by identifying high log,,(Ewu/EgrMm) jets isolated
from ID tracks. The log,,(Fu/ErmM) cut remains unchanged, as do the cuts used by the BIB
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LF=5m LF=9 m
me [GeV] | my [GeV]

cr [m] | Events | er [m] | Events
20 0.700 | 400k 1.26 200k

400
100 1.46 400k 2.64 200k
600 50 0.520 | 400k | 0.960 | 200k
150 1.72 400k 3.14 200k
20 0.380 | 400k | 0.670 | 200k
1000 150 1.17 400k 2.11 200k
400 3.96 400k 7.20 200k

Table 7.1: Summary of the ® and s mass and s lifetime parameters used in the simulation.
Both the mean lifetime in the lab-frame (LF) and the sample proper (c7) lifetimes are listed.

removal algorithm. Nonetheless, several changes were made to the trigger to adapt it to the

higher-energy environment present in ATLAS in 2015.

One of the most significant changes is the use of L1_TAU60 instead of L1_TAU30 at Level
1. The high rate of the 30 GeV L1 item forced migration to the 60 GeV item in order to
avoid prescaling the trigger. This does limit the trigger’s ability to identify lower energy

signal-like jets, another reason for the first Run-II analysis to focus on high mass samples.

Another notable change was the use of partial scan jet reconstruction instead of full scan
jet reconstruction. In partial scan reconstruction only a subset of the calorimeter, a super
Rol, determined by the L1 object location, is available to the trigger both to reconstruct jets
as well as for use in the BIB rejection algorithm. The super Rol was large enough to easily
reconstruct jets, but the loss of access to cells far away from the jet limited the veto power
of the BIB removal algorithm and necessitated the use of multiple NCB removal cuts offline

despite the higher energy working point used by the analysis.

Jets were also calibrated to JES scale before cuts were applied. In 2012, trigger level

cuts were applied to jets at the EM scale. The 35 GeV online (EM scale) cut in 2012 could
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be approximated by an 60 GeV (JES+-corrections) offline cut. The 2015 trigger applies a
30 GeV at the JES. Naively, this should improve the trigger’s ability to identify low energy
signal-like jets, but as described above this is partially offset by the high L1 energy threshold.

Finally, whereas the 2012 trigger vetoed on pr > 1 GeV tracks within AR < 0.2 of the
jet axis, the 2015 trigger raised the track pr cut to 2 GeV. This was done because the 2015
run conditions include higher pile-up and the trigger efficiency is sensitive to pile-up. The
trigger cannot identify the PV, and therefor which tracks come from the PV and which are
from pile-up. As a result random pile-up tracks that would be ignored offline can ruin the
track isolation online.

Figure reffig:trigkff shows the trigger efficiency for several signal samples used in the 2015
analysis. In both the barrel and the endcap the efficiency improved over the efficiency for
similar mass points in 2012 (Figure 5.3). The improvement to the efficiency is due in part

to a the higher pr cut on track isolation and the lower cut on jet energy.
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Figure 7.1: CalRatio trigger efficiency in the barrel (left) and endcaps (right) for several
different signal samples.

As in 2012 several background triggers were used by the analysis. A CalRatio trigger on

empty BCs was again used to study cosmic events. The number of unpaired isolated BCs
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per was sufficiently reduced compared to the 2012 run that the statistics were too low to use
this dataset for analysis. Instead, a version of the CalRatio trigger running on filled BCs, but

without the BIB removal algorithm, was used to gather BIB events for background studies.

7.1.4 Jet Cleaning

During the course of early studies of CalRatio triggered events in data it was discovered
that the trigger was sensitive to LAr noise bursts. In order to remove these events offline a
new jet cleaning cut was developed to be appended to the standard cleaning. The standard
cleaning itself was very similar to the 2012 cleaning but no longer included a cut on jet
timing. The new cut labels a jet as having poor quality if it satisfies abs(negativeE) <
4GeV & FracSamplingMax > 0.85, where negativeE is the negative energy component of
the total jet energy and FracSamplingMaz is the maximum fraction of the total energy
contained in a single layer of the calorimeter. Signal jets may have their energy concentrated
mostly in one layer in the case of very late decays, but they have a small amount of negative
energy. The DQ criteria used by the analysis still bypasses any standard cut on low EMF
jets.

7.2 CalRatio BDT

The analysis of 2015 data replaced the set of linear cuts used to identify candidate signal
events with a boosted decision tree (BDT) [60, 61]. A BDT takes as input several variables
for an object, in this case a jet, and compares them in two or more samples to identify regions
of the parameter phase space that have a higher density of objects from signal compared to
background. The CalRatio analysis used a full set of signal samples and the SM multijet
background sample for the training. The BDT assigns a BDT value to each jet where
positive values indicate the jet is more signal-like and negative values indicate that it is more
background-like. For the training only each signal sample was weighted by its pt to have a
flat pr spectrum. A total of thirteen variables, including the jet pr, were used to train the

BDT. Included are both parameters of the jet and of its leading cluster. They are listed here
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in descending order of their importance as determined by the training algorithm:

1.

10.

11.

log,o(Eu/ Erwm)

Jet width - The pt weighted sum of the AR between each of the jet’s clusters and the

jet axis.

Cluster longitudinal length - A measure of the cluster’s spread along the jet axis

Jet pp- The pr of the jet. Events are reweighted to flatten the jet pr distribution,
allowing the BDT to identify correlations between other parameters and pr without

relying directly on pr (which has a sample and lifetime dependence)

. Cluster lateral width - A measure of the cluster’s spread perpendicular to the jet axis.

Cluster shower center A - The distance along the jet axis to the shower center as

measured from the inner edge of the ECal.

AR to Nearest pr > 2 GeV Track - Default of 0.4 if there is no pr > 2 GeV track is

found.

Cluster shower center r - The distance to the shower center as measured from the IP.

Cluster energy density - The ZZE—ZCV, where F; is the energy of each cell, and V; is the

volume of the cell. The sums are over each cell with positive energy in the cluster.

Number of tracks - The number of tracks with pt > 2 GeV within a AR < 0.2 radius

of the jet axis.

Sum pr of tracks - The sum of the pr of all tracks within AR < 0.2.
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Figure 7.2: BDT value distribution in events passing the CalRatio trigger, for data BIB,
cosmic ray muons, SM multijet MC, and a single sample with both the distribution for all
jets and that for only jets with 2 < L,, < 4 m, where L,, is the transverse decay length of
the LLP. The error bars show the statistical error for each bin.

12. Layer 1 energy fraction - The fraction of the hadronic calorimeter’s energy located in
the innermost HCal layer. This value will be small for LLLPs decaying late within the
HCal.

13. Max track pp- The maximum pr of all tracks within AR < 0.2.

Figure 7.2 shows the output from the BDT for several samples. The two signal sam-
ple distributions are both from the me = 600GeV, ms = 150GeV sample. The orange
downwards-pointing triangles show the BDT for all jets in the sample, while the green
upwards-pointing triangles show the BDT for jets with a LLP decaying in the HCal barrel.
Jets from LLPs decaying in the HCal usually have a high BDT value, while more prompt
decays tend to look background-like to the BDT. NCB, which the BDT was not trained

against, tends to produce signal-like jets as well.
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7.3 Event Selection

As in the 2012 analysis events are required to fire the CalRatio trigger and pass all event
level DQ criteria. The two jets in the event with the highest BDT values were required to
satisfy the LLP DQ clean jet criteria and have |n| < 2.5. The higher BDT jet was required
to have a BDT value of at least 0.2 and satisfy pr > 150 GeV. The second jet was required
to have a BDT value of at least 0.2 and satisfy pr > 120 GeV. The higher pt cuts were
chosen to reduce the impact of NCB, allowing for the first implementation by the analysis of
the ABCD method for estimating the background. These high pr cuts do limit the analysis
sensitivity to signal from decays of lighter particles. Finally, the jets and event were required
to pass the series of additional cuts described in Section 7.4.1 to reduce NCB contamination.
Jets in events passing all the above cuts, excepting the use of a lower pr cut (pr > 50 GeV)

on both jets, are referred to as candidate signal jets.
7.4 Background Estimation

The 2015 analysis simplified the background estimation from that used in 2012. Rather
than estimating the three backgrounds separately, a data-driven method that looks at all
backgrounds together was used. The ABCD method [62] is performed after a series of cuts

are used to remove NCB events.

7.4.1 NCB Removal

The higher jet pr cuts used in the 2015 analysis compared to the 2012 analysis play a
major role in reducing the NCB background. Nonetheless, additional cuts are still needed to
reduce the background to an acceptable level for the application of the ABCD method. As
in 2012, several cuts are used in combination to reduce the NCB. Unlike in 2012, the NCB
backgrounds were not estimated separately: if a pair of (after all other cuts are applied)
uncorrelated variables is chosen for the ABCD method it will estimate the total background,

not just the background from collision sources.
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Due to the impact of the E¥ cut on the analysis sensitivity to high energy jets it was
replaced for the 2015 analysis with a cut on H®5/Hy where Hr is the scalar sum of jet
pr for all jets in the event with pr > 30 GeV and |n| < 3.2 and HZ* is the magnitude
of the negative vectorial sum of the same jets. This change both considers only the jet
contribution to the EX and allows for larger EX* when there are higher energy jets in the
event. The timing cut was likewise broadened to reduce the rejection of slow moving LLPs.
Additionally, a cut on the A¢ between the two jets was added due to the tendency of BIB
events to contain multiple jets at similar values of ¢.

Figure 7.3 shows the jet pr and event H¥S/Hrp distributions on the left and right,
respectively, for events from the BIB dataset, the SM multijet MC, and a signal sample.
Figure 7.4 displays the timing distribution on the left and the A¢ distribution on the right
for several samples. The A¢ distribution is for the pair of jets with the highest BDT value.

In all cases the distributions are for candidate signal jets - the higher pr cuts are not yet

applied.
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Figure 7.3: Jet pr distribution (left) and event HXs/Hr (right) for several different samples.
The high ® and s mass of the signal samples result in high pr jets from decays of the s in
the calorimeter. Event HI/Hp scales with jet energy, resulting in lower values even for
events with punchthrough jets compared to BIB events.
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Figure 7.4: Jet timing distribution for the jet with the highest value osf BDT in the event
(left) and the A¢ distribution for the two jets with the highest BDT values (right) for BIB
jets, cosmic ray muons, QCD MC and signal. Only signal MC events with two candidate
jets are shown.

The final jet selection chosen to reject NCB is:
e A¢(BDTy,BDT3) > 0.75

o HIsS/Hp < 0.3

o 3 <t<15nms

These cuts were chosen to be as loose as possible while still removing the correlation added

to the ABCD place by NCB events.

7.4.2  Application of ABCD Method

The ABCD method is a data-driven method for estimating the total background to a search.
The method divides the plane defined by two uncorrelated variables into three regions, labeled

A, B, C, and D. Signal should be confined to one region, traditionally that labeled A. This
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allows for the prediction of the number of background events in region A (N,4) based on the
number of events in each of the other three regions (Ng, N¢, Np):

_NBXNC

N
A Ny

(7.1)

The analysis uses a modified version of the ABCD analysis that is appropriate for use
when signal contamination outside of region A is a concern. In this method the background
and signal are fit simultaneously. The application of this modified method will be discussed
in Section 7.5.

The two variables chosen to define the ABCD plane were Y - BDT and > minAR(jet, tracks).
> BDT is the sum of the BDT values of the two jets with the highest BDT, which are nec-
essarily the candidate signal jets. The second variable, Y minAR(jet, tracks), is the sum
of the distance between each pr > 50 GeV jet and closest track with pr > 2 GeV. This sum
is performed for all jets in the event, not only the two jets with the highest BDT value.

Figure 7.5 and Figure 7.6 show the distributions of these variables for several samples
before and after application of the NCB cuts, respectively. The peak at higher >~ BDT for
signal corresponds to events in which both LLPs decay in the HCal. BIB produces jets very
similar to signal jets, but the NCB cuts remove nearly all BIB events in the higher peak.
The BDT was trained to reject SM mutlijet events, these events tend towards low Y BDT.
They are not included in the Y BDT plot, however, due to their very poor statistics after
other cuts have been applied. SM multijet events also usually produce jets with associated
tracks, resulting in a small > minAR(jet, tracks). Signal jets and NCB, on the other hand,
produce jets without associated tracks.

Figure 7.7 shows the ABCD plane for the SM multijet MC sample on the left and a
signal sample on the right. The SM MC sample is not used in the background estimation,
but is included in the figure to illustrate the separation between signal and the multijet
background. The correlation in events with at least two candidate signal jets is about 8%,
while that in the SM multijet MC sample is about 12%. While not ideal, this correlation is
sufficiently low to apply the ABCD method.
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Figure 7.5: The Y minAR(jet, tracks) (left) and > BDT (right) distributions for jets from
the main, BIB, cosmic ray, SM multijet, and example signal samples before application of
the NCB cuts. Only signal MC events with two candidate signal jets are shown.

During the calculation of the systematic associated with the application of the ABCD
method a new correlation was observed at low > minAR for a separate dijet sample. For
this reason the cut Y minAR > 0.5 is included in the cut flow. This cut has no effect on
the low observed correlation in the analysis plane.

Figure 7.8 shows the ABCD plane divided into its four regions. The plot on the left shows
the distribution for a signal sample with only jets decaying in the HCal displayed. The plot
on the right shows the distribution from the same sample with all LLP jets included. There
is sufficient signal contamination outside of the signal region to motivate the use of the
modified ABCD method. This method is applied during limit calculation and will therefore

be discussed in Section 7.5.

7.5 Results and Systematics

The systematics associated with the 2015 analysis are similar to those associated with the

2012 analysis. The 2015 analysis was considered preliminary, so certain systematics expected
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Figure 7.6: The Y minAR(jet, tracks) (left) and > BDT (right) distributions for jets from
the main, BIB and example signal samples. The NCB cuts leave too few events in the
cosmic and SM multijet samples to include them in the plots. Only signal MC events with
two candidate signal jets are shown.

to be small, such as the ISR systematic, were not re-evaluated. Their full evaluation will
be part of the analysis on 2016 data. The uncertainties included in the 2015 analysis are

summarized in Table 7.4.

7.5.1 ABCD Systematics

The systematic uncertainty associated with the application of the ABCD method was evalu-
ated using a dijet enriched sample to study the sensitivity of the ABCD plane to the location
of the region boundaries. For each choice of boundaries the discrepancy between the esti-
mated and observed number of events is recorded. The maximum deviation is taken as the
uncertainty:.

Large statistics are needed for this method to be valid. The discrepancy taken as the
systematic will always have some statistical component, but large statistics suppress this

contribution. A set of cuts was chosen to match those used by a search for new physics in
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Figure 7.7: The ABCD plane, > minAR(jet,tracks) vs. > BDT, distributions for SM
multijet MC (left) and signal MC (right). The signal distribution includes only with two
candidate signal events.

dijet events and are as follows:

The HLT_j400 trigger.

At least 2 good DQ jets with pr > 60 GeV.

pr(jety) > 400 GeV.

’A¢<j€t1,j€t2)’ > 3.0.

(pr(jetl) — pr(jet2))/(pr(jetl) + pr(jet2)) < 0.3.

Event must not satisfy a logical OR of the following conditions: MissingHr > 120 GeV,
[time(jety)| > 2.5, |A¢(jet;, MHT|) > 3.0, where Missing Hr is the magnitude of the

negative vectorial sum of all the jets with pr > 30 GeV in the event.
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Figure 7.8: The ABCD plane, > minAR(jet,tracks) vs. > BDT, distributions for SM
multijet MC (left) and signal MC (right). The signal distribution includes only with two
candidate signal events.

Table 7.2 shows the predicted and observed number of events for different choices of region
boundaries in the ABCD plane of the dijet sample. Statistics are sufficient to maintain the
statistical error at less than 10% for every boundary choice. The systematic is taken as the

largest discrepancy between the predicted and observed number of events, 36%.

7.5.2  Luminosity

The uncertainty in the integrated luminosity is +2.1%. It is derived, following a methodology
similar to that detailed in Refs. [49] and [50], from a calibration of the luminosity scale using

x-y beam-separation scans performed in August 2015.

7.5.8 Jet Energy Scale

The standard JES systematic is determined using a recommended tool for ATLAS analyses.
The energy of the jets is varied for each of four reduced uncertainty set and the effect on the

acceptance is observed. The results are similar for all four samples so the results obtained
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S'BDT, > MinAR| Agps B C D | Aey=BC/D | ogar/Acst | |1 — (Aest/Aobs)|
—0.30, 1.25 195 137 500 490 140 + 14.9 0.11 0.28
—0.35, 1.25 287 251 408 376 272 + 26 0.10 0.05
—0.40, 1.25 428 404 267 223 484 + 50 0.10 0.13
—0.30, 1.50 163 169 407 583 118 £ 11.9 0.10 0.28
—0.35, 1.50 240 298 330 454 217+ 20.1 0.09 0.10
—0.40, 1.50 355 477 215 275 373 + 38 0.10 0.05
—0.30, 1.75 140 192 316 674 90 =+ 8.94 0.10 0.36
—0.35, 1.75 196 342 260 524 170 £ 15.8 0.09 0.13
—0.40, 1.75 281 551 175 315 306 + 31.7 0.10 0.09

Table 7.2: The number of events in each region and the predicted number of events obtained
via the ABCD method to the dijet sample. All cuts including the NCB cuts and > MinAR >
0.5 are applied. The observed number of cuts in region A is Agps, the estimated number is
Aest, and the statistical uncertainty on the estimate is ogqat.

with the parameter set using the fewest number of parameters is taken as the standard JES
uncertainty.

This uncertainty is combined with the recalculated JES uncertainty for low EMF jets
(Section 5.4.7). The procedure for 2015 data was repeated by the Lepton-Jet analysis [63].
The two JES uncertainties are separately calculated for each sample. This results in some
overestimation of the uncertainty: low EMF jets are included in both estimations. Both

results are included in Table 7.4.

7.5.4 Jet Energy Resolution

The uncertainty associated with the jet energy resolution is determined with a standard tool.
The tool was developed using a dijet balance technique similar to that used for the standard
JES systematic tool. For the jet energy resolution the widths of the asymmetry peaks are
compared in MC and data.
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7.5.5  Trigger

As in 2012 the uncertainty associated with the modeling of the trigger was calculated sepa-
rately for each cut: Er, log,,(Eu/FgrMm), and the track pr used for track isolation. The 2015
procedure does differ from the 2012 procedure. Data and MC distributions are compared for
each of the three trigger cuts to determine a scale factor. The scale factor is then applied to
a emulation of the trigger in the MC samples to determine the systematic.

A tag-and-probe method is used to identify clean multijet events in MC and data using
events selected by a series of b-jet triggers: HLT_j35_bperf, HLT_j45_bperf, HLT_j55_bperf,
HLT_j85_bperf, HLT_j110_bperf, HLT_j150_bperf. The b-jet triggers are chosen to ensure
that tracking is run in each selected event. The events are also required to pass the same L1
tau trigger used by the CalRatio trigger. This requirement ensures that the first stage of the
jet reconstruction used by the CalRatio trigger is run, allowing the same type of jet (partial
scan jets with the same trigger level calibration) to be used for the systematic calculation.

The tag jet is an offline jet required to satisfy:

Is the leading jet.

Matches a triggering HLT jet.

Er > 20 GeV

In| < 2.5

Is a good quality jet.

The probe jet is an offline jet required to satisfy:

e [s the subleading jet.

e Matches an HLT jet used by the CalRatio trigger.
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Er > 20 GeV

In| < 2.5

Is a good quality jet.

A¢(tag, probe) > 2.0

The MC and data distributions of each trigger parameter are compared by taking the
ratio of the offline quantity to the online quantity and comparing the mean of this distribution
in MC and data. The means are constant as a function of the online quantity, allowing a
single mean to be used. A scale factor is calculated for each parameter as the amount by
which the MC HLT parameter should be shifted such that the mean in MC is equal to that

in data. These scale factors are listed in Table 7.3.

SFeT SFiog SFtrkpT
1.00 £0.10 1.04 +0.16 1.03 £0.30

Table 7.3: The scale factor that should be applied to each HLT parameter to bring its ratio
of the offline and online values of the parameter in MC equal to that in data.

The scale factors are applied separately to a cut-by-cut emulation of the CalRatio trigger
and the effect on the acceptance is taken as the uncertainty. Only the log,,(Fu/FEgm) uncer-
tainty is significant. The offline cut applied to the jet energy is sufficiently high to suppress
the effects of any mismodeling of the cuts on that parameter. The trigger is additionally
much more sensitive to small changes (or mismodeling) in the log,,(Eu/FEgm) of the jet
than to similarly small changes in the pr of the tracks. The combined trigger uncertainty is

included in Table 7.4.
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Mass Point JES JES EMF JER Trigger Pile-up Luminosity

(GeV, GeV) (0) () (0) (%0) () (0)
(400,150) 3.3 14 0.43 2.3 4.0 2.1
(600,150) 1.5 5.4 0.40 1.5 0.56 2.1
(1000,150) 0.51 1.8 0.05 1.0 2.0 2.1

Table 7.4: Summary of the signal systematic uncertainties at the three reference mass points
are shown. The systematic uncertainties are driven by the mass of ®, so for mass points
with the same mg they are taken to be the same. The only systematic uncertainty not
shown in the table is the one connected with the ABCD method, 36%, and is applied to the
background model only.

7.5.6  Pile-up uncertainty

The pile-up uncertainty in 2012 was determined with a study of pile-up dependence in data
and MC of the dependence of various parameters on the pile-up. In 2015, this procedure
was replaced with an ATLAS standard procedure. Studies comparing the number of vertices
found in MC and data for the same value of i revealed a mismodeling in the MC. This is
corrected with the application of a scale factor, 1.1675:7 to the pile-up weight in MC events.

To determine the systematic the scale factor is varied by its uncertainty. The variation in

the final acceptance is taken as the uncertainty. The results are included in Table 7.4.

7.6 Application of Full Cut Flow

Table 7.5 shows the number of events surviving each stage of the cut flow for only those
events with two LLPs decaying in the HCal for several signal samples. The acceptance for
such events ranges between 23% for samples with less-boosted LLPs and 50% for samples
with highly energetic LLPs. Table 7.6 shows the same information, but for events in the
sample. Although all three samples have the same mean lifetime in the lab frame the trigger

selects a larger portion of the events from samples with higher energy jets.
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(my, my) [GeV] 1000, 150 600, 150 400, 100
LF =5m

Events passing the trigger 90.1% 83.3% 74.2%
> 2 good DQ jets 86.5% 79.7% 70.2%
Good DQ for 2 highest BDT jets 74.4% 66.7% 59.1%
A¢p > 0.75 74.1% 65.8% 58.1%
—3 < time < 15 ns 74.1% 65.7% 58.1%
H [ Hy < 0.3 63.1%  57.9%  524%
> minAR > 0.5 62.9% 57.8% 52.3%
BDT Ualue(jetlcamatio) > 0.2 62.7% 57.6% 52.1%
BDT value(jetS*Ratio) > —(.2 62.7% 57.5% 52.1%
pra > 150 GeV 60.9% 50.6% 32.0%
pr2 > 120 GeV 60.3% 48.4% 27.8%
region A:

S minAR > 1.5 50.8%  41.3%  23.8%
> BDT > 0.15 50.7% 41.2% 23.7%

Table 7.5: Impact of the analysis selection criteria as applied in the SR definition taking into
account, events where both LLPs decay in the HCal.

Table 7.7 shows the cut flow as applied to several samples studied by the analysis. The
values listed for the signal are the percentage of the total number of events surviving each
stage of the cut flow. For the NCB, the percentages are of the total number of events firing
the corresponding trigger. The “Data main” column shows the actual number of events from
the CalRatio triggered dataset surviving that stage of the cut flow. Finally, the “SM multijet
MC” shows the number of events in the full SM multijet MC sample. Only the values in the
“Data main” column enter into the background estimate and associated systematic.

The NCB cuts eliminate all events from the NCB samples. It is possible some NCB



169

(my, my) [GeV] 1000, 150 600, 150 400, 100
LF =5m

Events passing the trigger 30.4% 25.7% 19.9%
> 2 good DQ jets 26.2% 22.1% 16.9%
Good DQ for 2 highest BDT jets 9.63% 7.21% 5.2%
A¢p > 0.75 9.4% 6.85% 5.06%
—3 < time < 15 ns 9.38% 6.84% 5.04%
HE /Hy < 0.3 8.14%  6.09%  4.56%
> ARpin > 0.5 8.13% 6.08% 4.56%
BDT Value(jetlcalp”atio) > 0.2 7.97% 5.95% 4.49%
BDT value(jetSRatio) > 0.2 796%  5.93%  4.46%
pra > 150 GeV 7.76% 5.31% 2.95%
pr2 > 120 GeV 7.18% 4.27% 2.01%
region A:

> ARpin > 1.5 6.26% 3.73% 1.74%
> BDT > 0.15 6.02% 3.57% 1.66%

Table 7.6: Impact of the analysis selection criteria as applied in the SR definition taking into
account all events in each sample.

events remain in the main CalRatio triggered data sample, but any which do are sufficiently
similar to the SM multijet background that the ABCD method can incorporate them into

its estimate. If this were not the case a larger correlation would exist in the ABCD plane.
7.7 Limits

A total of 24 events are observed in data after applying the full cut flow. The background
prediction from the ABCD method is 18.4+6.3 (stat) +6.6(syst) events. No excess of events

is found in the data and 95% confidence limits are therefor set on the LLP lifetimes.
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Requirement Data SM  mg =600 GeV Data Data
Main Multijet MC mg = b0 GeV BIB Cosmic
Events passing the trigger 548600 4+ 740 404000 + 27000 25.7% 100% 100%
> 2 clean jets 421800 £ 650 197000 = 19000 22.1%  38.3% 21%
jetf%maﬁo clean 23860 £ 150 900 + 440 721%  6.67%  7.28%
A¢p > 0.75 17590 £ 130 600 £ 350 6.85% 0.86%  3.38%
—3 < time < 15 16180 £ 130 600 £ 350 6.84%  0.35%  1.10%
H»s [ Hp < 0.3 14880 £ 120 600 £ 350 6.09% 0.30%  0.25%
> ARpin > 0.5 9500 £ 97 500 £ 330 6.08%  0.14%  0.25%
BDT value(jet{*IRatio) > (.2 8190 £ 91 500 £ 330 5.95%  0.09%  0.25%
BDT value(jetSRatioy > —(.2 4890 + 70 300 + 260 5.93%  0.06%  0.25%
pr,1 > 150 GeV 330 £18 0+0 5.31% 0.005% 0%
pr,2 > 120 GeV 110+ 10 0+0 4.27%  0.001% 0%
region A:
> ARpin > 1.5 60 £8.0 0+0 3.73% 0% 0%
>BDT > 0.15 24£49 0+0 3.57% 0% 0%

Table 7.7: Impact of the application of the selection criteria on the fraction of generated
events in the SR definition. The cross-section of the SM multi-jet MC sample is scaled to
3.2 fb~L. Only statistical uncertainties are shown.
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Figure 7.9: The efficiencies as a function of proper lifetime of the 7, for several different MC
samples. The statistical error on the efficiency and extrapolation is approximately 1% when
close to the generated lifetime increasing to about 2% at the large lifetimes.

The standard ABCD method assumes no signal contamination, but Figure 7.8 shows
that a non-negligible amount of signal contamination is expected outside of the signal region
(region A). A modified ABCD method is therefor used during limit setting. In the modified
method a simultaneous fit is performed in regions B, C, and D for both the signal and
background. The fit includes the fractional signal contamination predicted by the signal
sample. The limit setting proceeds with the C'Ls method as in 2012, but with a signal

strength parameter accounting for the contamination in each region.

As in 2012 the signal efficiency must be extrapolated as a function of lifetime. In 2012,
this extrapolation was performed without any accompanying cross-check. In 2015, extra
samples were produced at a second lifetime to allow for validation of the extrapolation. In
all cases the actual efficiency at the cross-check lifetime was within the statistical error (about

2%) of the extrapolated efficiency.

Figure 7.9 shows the efficiency as a function of lifetime for select signal samples. The
efficiency is higher for both more boosted LLPs and for higher mass LLPs. This is due

primarily to the offline cuts on the transverse energy.
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mg = 50 GeV ms = 100 GeV mg = 150 GeV mg = 400 GeV
Decay length range excluded at 95% CL for ox BR =1 pb

me = 400 GeV (0.20, 2.4) m (0.52, 4.6) m - -
me = 600 GeV (0.09, 2.7) m - (0.38, 8.2) m -
me =1 TeV (0.05, 2.0) m - (0.14, 7.2) m (0.78, 16) m

Table 7.8: Range of the s proper decay length excluded at 95% CL for all samples studied,
assuming a 1 pb production cross-section and a 100% BR for ® — m,7,.

The limits were calculated much as in the 2012 analysis. The produced limit plots are
displayed in Figure 7.10. Table 7.8 list the excluded lifetimes assuming a production cross-
section of 1 pb. The excluded limits at this cross-section are as small as 5 cm for the
me = 1TeV, my = 2.0GeV sample to as high as 16 m for the mg = 1TeV, my = 2.0GeV
sample.

These limits cannot be easily compared to the 2012 limits, even at similar mass points.
This is due in part to the unknown production cross-section for the ® at the different center
of mass energies. However, the global efficiencies are greatly improved. This is thanks to
the improved trigger efficiency, to the alteration of the EX* cut, and to the improved means
of identifying signal-like jets with the BDT. Furthermore, the much simpler background
estimation simplifies and streamlines the analysis. While the analysis is not yet at the point
where it can search for any combination of a high log,,(En/Ernm) jet with another object,
expanding its scope, it is now in a state where such a long-term goal can be worked on

directly.
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Chapter 8

CONCLUSIONS

This thesis presented a search for the decay of long-lived neutral particles to heavy fermion
pairs within the ATLAS detector at the LHC. Two analyses were performed: on 2012 data
at /s = 8 TeV and on 2015 data at /s = 13 TeV data. In both cases the benchmark
model was that of a heavy scalar decaying to two long-lived particles. No significant excess

of events over the background estimate was observed in either search.

The 2012 search set limits on the proper decay length of the long-lived particle for heavy
scalar masses ranging from 100 GeV to 900 GeV and long-lived particle masses ranging from
10 GeV to 40 GeV. For a Standar Model Higgs boson with an assumed branching ratio of
10% to long-lived particles this resulted in the exclusion of lifetimes between 0.10 m and 8.32

m, depending on the mass of the long-lived particle.

The 2015 search replaced the more complicated background method of the 2012 search
with the ABCD method and altered cuts which had affected sensitivity to high energy jets
in the earlier analysis. The analysis also introduced a boosted decision tree to identify
candidate signal jets, which allowed for the consideration of more jet variables than could be
done reasonably with a straight cut flow. While this iteration of the analysis was not sensitive
to low mass scalar bosons, such as the Higgs boson, because of the high pr requirements

placed on jets, it did improve the acceptance for the high mass samples by a factor of 20.

The future of the analysis lies in advancing the use of machine learning techniques trialed
in 2015. This can include improvments to the signal jet identification, but also event level
and jet level rejection of non-collision background. Furthermore, replacement of simple re-
quirements, such as that on log,,(Ewu/Egnm), with algorithms trained to estimate a particle’s

decay position within the calorimeter would allow for identificaiton of decays in the electro-
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magnetic as well as the hadronic calorimeter, and aid in separating signal jets from neutral
hadron showers originating at the primary vertex. With such advancements, the analysis

should be able to continue setting competitive limits in future runs.
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