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Searching for long-lived particles Beyond the
Standard Model with displaced vertex
signatures using the ATLAS detector:

Not all hopes for new physics die immediately

David Rousso

Traditional LHC searches assume that Beyond the Standard Model
particles decay immediately after they are produced. However, there
is no a priori motivation for this assumption. This thesis details part
of the growing effort to use new unorthodox signatures to search

for models where these particles are long-lived. All searches were
conducted with the full 139 fb' of Run 2 data taken in 2015-2018.

The first analysis uses displaced vertex signatures in multijet-
triggered events to search for long-lived particles that decay into
hadrons in the ATLAS inner detector. This was the first such Run 2
search, placing the best limits in this lifetime range to date on R-parity
violating supersymmetry models. The second analysis uses a simi-
lar strategy, but using missing transverse energy as the trigger. This
improves upon the early Run 2 2016-data search with an updated
analysis strategy and a new vertexing algorithm. A focus on interpret-
ing this search with the the Higgs Portal model predicts sensitivity to
the exclusion of the Higgs branching ratio to hadronically-decaying
long-lived particles to the lowest limit to date.

As an outlook to the future of displaced vertex analyses using the
ATLAS inner tracker upgrade (ITk), a script library is also described

for the automation of quality control for its strip sensors.
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Preface

The Standard Model describes the fundamental constituents of the universe and
their interactions with each other. Although it has been remarkably successful in
predicting observed phenomena, there are still some large open questions, such as the
Higgs mass problem and dark matter, which strongly hint that there lie new as-of-yet
undiscovered particles Beyond the Standard Model. Most searches in the ATLAS
detector search for such new particles with the assumption that either they either
decay immediately after they are produced in the proton-proton collision at its centre,
or that they are stable neutral particles and are completely invisible to the detector. In
the former case, only its decay products get detected by the detector itself. In the latter
case, the only evidence that remains is a missing transverse momentum. However,
there is no a priori motivation for why these new particles should only either decay
immediately or be stable. Particles that live just long enough to travel into the detector
before decaying can result in interesting and new signatures that need bespoke search
strategies. It is imperative that the possibility that these particles are "long-lived" is
checked. The signature focused on in this work is the displaced vertex, when the
long-lived particle travels a few cm from the interaction point and then decays into

many charged tracks in the ATLAS inner detector.

Chapter 1 focuses on elucidating the motivation behind this work. This begins by a
summary of the current Standard Model of particle physics, before going into some of
its shortfalls that are relevant to this work which hint at the existence of new physics
Beyond the Standard Model. The motivation for searching for such new physics in the
form of long-lived particles is then outlined, as well as a couple of relevant benchmark

models used in the thesis for analysis design and interpretation.

Chapter 2 describes the experimental apparatus used in this thesis, the ATLAS
detector and Large Hadron Collider at CERN in Geneva. Focus will be given to the
Inner Detector in particular due to its importance to the displaced vertex signature
that is central to this work. This will also describe important physics analysis objects
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such as jets and missing transverse energy, as well as describe the existing process of
reconstructing displaced tracks and grouping them together to create the displaced

vertex signature.

Both searches described in this work, the DV+Jets search in Chapter 3 and the
DV+MET search in Chapter 4, look for Beyond the Standard Model particles in the
case that they may be long-lived and decay into many charged particles such that they
produce displaced vertex signatures in the Inner Detector of ATLAS for the full Run 2
data-taking from 2015-2018.

The first search is the first search of its kind for Run 2. The author was part of the
relatively small core team in the analysis amongst a larger team of ATLAS colleagues.
The results were published [1] and the author presented the pre-published public
results at the EDSU2022 conference in November 2022, as well as along other LHC
long-lived particle results at the BLV2022 conference in September 2022.

The second search extends the sensitivity of an earlier result made with only early
Run 2 data from 2016 [2]. The analysis incorporates many improvements, learning
lessons from the DV +Jets analysis to create a more robust analysis design. Additionally,
the new "fuzzy" vertexing algorithm developed by Risa Ushioda allows this analysis to
dramatically increase its sensitivity to the case where the LLP decays into heavy quarks.
Hadrons with heavy quarks have a slightly long lifetime of their own, which result in
effectively sub-vertices that are slightly displaced from the main LLP decay displaced
vertex. The author was one of the standard two appointed "Analysis Contacts" of
the analysis, being the leader of the analysis. Working with a team of other ATLAS
colleagues, the author took a leading role in designing the analysis and was heavily
involved in most aspects of the analysis through the guiding of other students. The
author’s substantive work was primarily on redeveloping the material map veto and
all aspects relating to a particular signal region requiring two displaced fuzzy vertices,
which has been designed using the Higgs Portal model as the benchmark model. Here,
the goal is to obtain the highest sensitivity to date for limits on the branching ratio of
the Higgs to a hadronically-decaying long-lived particle pair. The various aspects of
Monte Carlo production needed to produce this result was split between the author

and Anna Mullin. The final interpretation was done by the author.

Chapter 5 describes the author’s work in the ATLAS inner tracker upgrade (ITk),
carried out to become a full signing member of the ATLAS Collaboration. This

outlines the motivation and then the details of the task of developing a software
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framework for the automatic parameter extraction, evaluation, database interfacing,
and reporting of quality control tests on strip sensors. Due to the unusually large
scope of the qualification task, part of this task was attached to that of Dominic Jones,
who worked on a few of the QC test evaluation modules within the framework as
well as helped with maintaining the repository. Work on this task was presented along
with proceedings at the 2021 Pisa Meeting held in May 2022 [3].

Finally, Chapter 6 contains concluding remarks.
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Chapter 1

Theoretical Background and Motivation

“Well, it's not the worst argument theorists have made. . .”
— Lars Henkelmann, PhD Particle Physics, ATLAS, University of
Cambridge

1.1 The Standard Model

The Standard Model (SM) of particle physics is the current established theory for
the description of interactions of fundamental particles in high energy physics. The
experimental confirmation of the existence of all its current particles was completed
in 2012 with the discovery of the Higgs boson at the LHC [4, 5]. Although the SM is
now well-established, there are still some phenomena involving known particles it
does not incorporate, such as explaining neutrino oscillations [6], and there may be

extensions in the future.

The need to make quantum mechanics relativistic led to the development of the
first quantum field theory, quantum electrodynamics (QED), which described the
interactions of electrically charged spin-1/2 fermions and photons, where photons are
the particles that mediate the electromagnetic force. This also required the proposal
and discovery of antiparticles, where it was found that every fermion should have
a corresponding anti-fermion. After the discovery was made that the proton was
actually made of three quarks held together by gluons, quantum chromo-dynamics

(QCD) was developed to additionally explain the strong force and the colour charge.



2 Theoretical Background and Motivation

After the weak force was discovered via the observation of charge-parity violating
beta-decay, along with discoveries of neutrino oscillations, the model was also updated
to describe these. However, it was discovered that with this new model, symmetry
would not allow particles to have an intrinsic mass, and that in order for them to have
this, it must be effectively imparted to them via an interaction with a scalar field, the
Higgs field. With this final addition, we arrive at the SM that we know today [7].

In general, the SM comprises fundamental quantum fields which can interact with
each other in certain ways, where we can observe excitations of these fields as the
elementary particles. This quantum field theory describes 12 fermions (6 quarks, 3
neutrinos, and 3 charged leptons), which comprise what we typically think of as
matter, and all have corresponding anti-fermions. The SM also describes 4 classes
of gauge bosons which we typically think of as force carriers, the 8 gluons g of the
strong force, the photon 7 of the electromagnetic force, and the W= and Z bosons
of the weak force. Finally, we have one scalar boson, the Higgs, which allows most
elementary particles to have mass by interacting with them [8, 9]. A summary of the
SM particles and their properties is outlined in Figure 1.1.

Spin Y2 Fermions Spin 1 Boson Spin 0 Boson
(Scalar)
2.16 MeV 1.27 GeV 173 GeV (massless)
21
et u |||t Y
up charm top photon
4.67 MeV 93.4 MeV 4.18 GeV (massless)
1 1
it d b
2 S g 125 GeV
down strange bottom gluon H
0.511 MeV 106 MeV 1.78 GeV 80.4 GeV Hi
iggs
o= —~ - +
e -2 | 7 A B 3 W=
electron muon tau W boson
<1.1eV <0.19 MeV <18.2 MeV 91.2 GeV
1
Q=013 = 3 Z
(neutrinos) ve VH VT
electron neutrino muon neutrino tau neutrino 7. boson

Figure 1.1: A summary of the fundamental particles of the SM. The fermions have anti-fermion
counterparts. Particle masses from [10].

The quarks, which interact with the strong force via the gluons, possess a strong

"charge" known as a colour charge. There are 3 such charges: red, green, and blue for
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quarks and anti-red, anti-green, and anti-blue for anti-quarks. There is nothing special
about any of the individual colours, and therefore the labels are arbitrary. Therefore,
the physics should be invariant about the exchange of any of the colours. This means
that QCD has symmetry about the exchange of the 3 colours. This symmetry is referred
to mathematically as QCD belonging to the SU(3)yjour SYmmetry group, which also
represents the conservation of colour charge through Noether’s theorem [11]. The
strong force is very strong compared to the other forces, and due to the gluon’s ability
to self-interact, this results in the strong potential with respect to distance increasing
roughly linearly rather than decreasing with an inverse square like in electromagnetics.
This results in quarks not being observable on their own. Instead, only observable
in colourless bound states called hadrons. When quarks are involved in high energy
processes that would cause them to be separated, for example just being produced in a
collision at the LHC and travelling in opposite directions, it is energetically favourable
for quark-antiquark pairs to be produced such that every quark ends up in a bound
hadron colourless state. This results in a shower of hadrons being emitted in the
direction of each original quarks, known as jets.

The weak force only interacts with fermions with a left-handed chirality. Unlike
helicity (spin with respect to momentum direction) which can change depending on
frame of reference, chirality is a fundamental property of the particle that is frame-
independent. A fermion can either be in a left-handed or right-handed chiral state. If
a fermion is travelling in space, it maintains its chirality in all interactions except for
interactions with the Higgs which can cause its chirality to flip via the Higgs mass
mechanism. The charged-current weak force couples either an up-type quark with

a down-type quark, or a lepton and its corresponding neutrino. One can therefore
v

arrange the left-handed fermions into a set of doublets, such as B or | ,

) | L),

where the W= bosons will couple between the upper and lower portions of the

doublet. We can assign a value that indexes whether or not the particle is at the

upper or lower portion of the doublet, which is referred to as the weak iso-spin I |,
1

which will be 21 . As right-handed particles are not included in this picture,
-3/,

they are considered singlets assigned I3 g = 0. As the label of which is the I; | = :

and which is the I3 | = —% portion of the double is completely arbitrary, the physics

should not change upon the exchange of this label. This symmetry is referred to

mathematically as the weak interaction belonging to the SU(2),eq ; Symmetry group,
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which also represents the conservation of weak isospin through Noether’s theorem
[11]. The quark weak eigenstates are not the same as the quark mass eigenstates, which
allows the weak force to interact between quark generations [12, 13]. Similarly, the
observation of neutrino oscillations demonstrate that, similarly to the quarks, the weak

eigenstates not being the same as the mass eigenstates, but rather a superposition of
them [14].

The generators of the SU(2),,e.x 1 Symmetry, as well as observation, requires the
weak force be mediated by the charged W; and W, bosons, which mix to become the
w* bosons, and the neutral W5 boson, all of which only interact with left-handed
particles. There is separately another neutral current interaction boson B that mediates
interactions with both left-handed and right-handed particles, and conserves a quantity
known as weak hypercharge Y = 2(Q — I3) through the U(1)gy y symmetry group.
However due to electroweak symmetry breaking, The B and Wj are mixed into states
v and Z, parameterized by a mixing angle 6, where Z now interacts with both left-
handed and right-handed particles. The photon y now no longer obeys U(1)gy y
symmetry but rather U(1)gy; o symmetry, where charge Q is conserved, and is what
is considered the electromagnetic force.

The mathematical formulation of the SM is written out in the form of a Lagrangian.
One cannot write terms that give particles masses in the classical sense as these terms
automatically mix left-handed and right-handed components, which means it would
not be possible for them to describe the behaviour observed where they interact
differently with the weak force. However, interactions of the fermion with another
tield allow this separation. The Higgs mechanism circumvents this issue by replacing
the particle mass in these terms with an interaction with another field, the result of
which happens to be set at the mass of the particle. This other field is the Higgs field.
The Higgs potential has a minimum, referred to as the vacuum expectation value
(VEV), at a non-zero value such that the effective mass it imparts on fermions is non-
zero. The different fermion masses are explained by different strengths of coupling
with the Higgs field, known as Yukawa couplings. The Higgs boson is the particle that
mediated interactions with the Higgs field.

As right-handed neutrinos (and left-handed antineutrinos) have not yet been
observed in nature (although their existence has not been excluded), they have not
been included in the SM. Note however that as the Higgs mechanism flips particle

chirality, they would need to exist if neutrinos received mass via the Higgs mechanism.
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Neutrino oscillation experiments have shown that do in fact have some mass, albeit

small, however the mechanism through which they obtain mass is not yet known [6].

1.2 The Motivation Behind New Physics

The SM thus far describes observations in experiments remarkably well in many
precision measurements, particularly in the QED sector such as in the electron magnetic
moment [15]. However, there are still some open questions in physics that the SM
cannot yet fully explain. Of these, two are particularly relevant to this work: the Higgs
mass problem (also known as the Hierarchy Problem or the fine-tuning problem) and
dark matter (DM) [16].

1.2.1 The Higgs Mass Problem

In the SM, the calculations related to any sort of process usually involve needing to
calculate a cross-section or lifetime, which requires the calculation of a process matrix
element. The process matrix element will be a sum over all the matrix elements of the
Feynman diagrams that can contribute to the process. For example, if one considers
the process of electron-positron scattering, there will be the different possible tree-level
diagrams like the s and t-channels, and then also higher order diagrams that will
involve closed loops. Note that the higher order diagrams typically contribute less to
the final process matrix element as, since they will have multiple vertices. Each vertex
carries a factor of the force "charge", which is typically a small number, meaning the

final magnitude of their contribution will usually be small [7].

If one considers a single individual particle flying through vacuum, there will be
loop corrections of every order, and for every particle that it can interact with, which
depending on the type of particle can additionally include itself. These loops will occur
infinitely many times over time, and so when one observes the particle, one does not
observe the bare particle moving through space but rather this entire system. Instead
of having to deal with this in terms of summing over infinite diagram matrix elements,
one can instead reframe this as a correction to the mass of the simplest regular single
particle diagram, where this would be the mass we would observe. This is referred to
as mass loop corrections [17]. A schematic describing these loop corrections for the

Higgs is shown in Figure 1.2.
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H (mH,obs) H (mH,bare)

Figure 1.2: The system of infinite single fermion loops occurring sequentially can be interpreted
as a correction to the particle mass.

In general for fermions and vector bosons, these corrections are not that large as
they are protected by symmetries [18]. However, with the Higgs boson the mass
corrections diverge significantly. More specifically, one obtains an expression of the

3
correction to the Higgs mass m%{ Observed = m%{ + Am%{ is Am%{ % f0°° |k‘|2k—|2 | k|, where
7 7m
f

the |k| that is integrated over represents the invariant mass of the virtual fermion f in

the loop. This integral diverges.

Of course it is not sensible to integrate over the infinite energy of the fermion in the
loop. Once the fermion reaches more than the Planck mass, or equivalent energy of
about 1.22 x 10" GeV, the quantum field theory framework used in this calculation is
no longer a valid model of reality as gravity becomes very important at this scale [19].
Evidently, this means that there must be drastically different new physics before the
A =1 x 10" GeV scale, so it does not make sense to be integrating over energies larger

than this. Instead, cutting off the integration at this value in a procedure known as
regularisation [17], the corrections become: Am%{ x fOA ﬁ | k| ~ A+ mjzf In (2—;) .

This essentially results in m%{,Observed = m%{ + Am%{ where My opserved = 125 GeV
but Am%{ — (1x 10" GeV)z, meaning that the bare original my must also be very
large in magnitude, and also happen to cancel out the corrections almost perfectly to
leave behind 125 GeV. This seems like a remarkable coincidence, about the equivalent
of correctly guessing the exact number of insects living on Earth and only being off
by about 125 [20]. This naturally raises suspicion about the "naturalness" of this
cancellation, additionally because this divergence will occur with any fermion the
Higgs couples to, whether discovered yet or not. This is known as a fine-tuning
problem, and hints that there may be other particles out there that are interacting

with the Higgs to help cancel out its diverging corrections in a more sensible way
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(particularly bosons, which can have different loop diagrams which result in an
opposite sign divergence) [21][17]. If this is the case, the Higgs itself can be used as a
probe to try to find these new particles Beyond the Standard Model (BSM) as it couples
to them.

1.2.2 Dark Matter

The dark matter problem arose when astrophysicists noticed that the velocity at which
many celestial objects rotated around their galactic centres was faster than expected
given the gravitational attraction one would expect from an estimation of their visible
mass. Note that with telescopes, one can only observe luminous or absorbing matter.
This discrepancy in what are known as galactic rotation curves strongly hinted that
there must be some extra gravitationally-interacting matter that are in these galaxies

that are non-luminous and non-absorbing, i.e. dark [22].

This is further strengthened from data deriving from gravitational lensing, where
one can determine the amount of mass at a location by how its gravitational field affects
light originating from an object behind it. Using this method on galactic collisions,
particularly one now known as the "Bullet Cluster", astrophysicists had observed
that the locations where the majority of the mass was observed, did not coincide to
locations of where luminous matter was observed. Whereas the shape of the luminous
matter distribution implies that the luminous matter from each of the colliding galaxies
have interacted with each other in the collision, the "invisible" matter distribution
implied that the "invisible" matter from each galaxy simply passed through each other
and the luminous matter without interacting. The Bullet Cluster is considered the
strongest evidence of electromagnetically non-interacting gravitationally-interacting
dark matter. This additionally ruled out the possibility that the results of the galaxy
rotation curves could have just been caused by gravity behaving differently at galactic

scales [23].

However, despite knowing its density from measurements of the Cosmic Mi-
crowave Background (CMB) [24], not much is actually known about what dark matter
actually is in terms of composition. One of the several proposed solutions to this
problem is that dark matter is some sort of massive BSM fundamental particle. How-
ever, there are a number of conditions on these particles that can already be imposed,

namely that they do not interact particularly strongly with the electromagnetic field
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(i.e. neutral), they have mass, and they must be stable (otherwise we would observe

evidence of their decays) [21].

In general this is not satisfied by particles in the SM. Neutrinos, although seemingly
a good candidate on account of being very weakly interacting, stable, and neutral, are
too light. Unfortunately this means that 1) they tend to be produced travelling at close
the speed of light, meaning that they would travel too quickly to form the galactic
structures observed, and 2) there are not enough of them to match the density of dark
matter observed. This therefore means that whatever dark matter is, it has yet to be

discovered [25].

1.3 The Motivation for Long Lived Particles

As of this writing, no widely accepted evidence for any BSM particles has been found.
However, the vast majority of searches to date for BSM particles, at least at the LHC,
work with the assumption that the BSM particle is short-lived (namely 7 < 1 x 107 5)
or stable. This assumption is critical as it drives the reconstruction algorithms and
even the detector design, making the majority of searches largely blind to discovering
BSM particles if they happen to be long-lived [16]. There is not a precise definition
of what is considered long-lived, as this depends on the detector sensitivity. A long-
lived particle (LLP) can be effectively any particle that can be distinguished by the
experiment from a particle that has no lifetime. ATLAS long-lived particle summary
plots, when including signatures in all subdetectors, typically show long-lived particle

lifetimes as being in approximately in the 1 x 10 *ns <7 <1x10°ns range [26].

The majority of current experiments working on discovering LLPs involve the
Large Hadron Collider (LHC). These can either be through the major experiments
such as ATLAS, CMS, or LHCb, or through auxiliary experiments such as FASER or
CODEX-b designed to increase the lifetime sensitivity of one of the major experiments
[27]. There are however some other experiments also searching for LLPs that do not
involve the LHC, for example in DUNE where one can look at non-standard decays
to have sensitivity to much longer lifetime LLPs that may have been produced at the

neutrino production facility [28].

However, there is not necessarily any particular strong reason for a potential BSM

particle to be short-lived. Many SM particles are long-lived, such as muons, kaons or b
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mesons. Furthermore, the fact that no new physics has been discovered yet by only
looking for short-lived particles should in itself be a hint that perhaps we should be

questioning that assumption and expanding our search to include that possibility [16].

The theoretical basis of the emergence of a long-lifetime particle lie in the theory
parameters satisfying certain conditions. The equation for a particle lifetime is as
follows, where the particle lifetime is equal to the reciprocal of the sum of the decay
widths for every decay mode. Therefore, the more decay modes a particle has, the

shorter lived it will be and vice versa.

1

T (1.1)

Edecay modes I1decay mode

The formula for the decay width I'yecay mode 18 from Fermi’s golden rule and in-
cludes a contribution from the density of the final states (i.e. available phase space of
the decay products) as well as the matrix element M of the interaction. For a decay
into two particles, it will be proportional to the following, where X represents the
original particle and a2 and b represent its decay products in an X — a + b decay. |7"|
represents the magnitude of the centre of mass frame momentum of either decay

product.

7 2
I—|01ecay mode & n;jx ’M‘ (1-2)
(m% —m> — m2)? — dmPm
oc\/ X a 2b a b|./\/l|2 (1.3)
2mX

(1.4)

From the (m§( — mi — mi)2 term in the phase space contribution, it is evident to see

that, given the constraint my > m, 4 m,, if the difference in mass between the original
particle and its decay products is small, this term will become smaller. This means that
there is less phase space for the decay (i.e. fewer "ways" in which the decay can occur).
This reduces the decay width, makes the decay less likely, and prolongs the lifetime.

The matrix element term will usually be proportional to some model-defined vertex
factor coupling between the particle and its decay product, which we can call g. Since
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M o g, a weaker coupling between the particle and its decay product makes its decay
less likely, reducing the decay width and lengthening the lifetime.

Additionally, if one of the decay products was instead some mediator, for example

X — a+ b, but where b — ¢ 4 d, then the propagator for b enters the equation for the

matrix element, so M o gﬁ. Therefore, if the mediator b is forced to have a virtual
b "

mass g, very different than its rest mass m;,, known as being "offshell", this low value

of the propagator reduces the probability of decay and lengthens the lifetime.

Therefore, the four factors that can result in any particle from any theory being
long-lived are as follows:

¢ The particle has few decay modes;

¢ The particle has small-mass splittings with respect to its decay products, and
therefore less phase space for the decay;

* The particle has small couplings between it and its decay produces;
* The particle decays via a very off-shell mediator.

The difficulty in searching for BSM particles may hint that their coupling with
the SM is weak, which would naturally lead them to have longer lifetimes, further
motivating long-lived particles as a search space [16].

These properties that lead to particles being long-lived are not specific to any model,
but can arise in any model if it just so happens that the model parameters result in the
above phenomena. This means that the advantage of long-lived particle searches are
that, as the signatures are relatively low background and fairly general, searches can
be model-agnostic, allowing them to be interpreted in a wide variety of models. This
additionally has the advantage and not needing to specify any particular assumptions

in terms of the model or even the mechanism for which the particle becomes long-lived

[16].

However some examples of models still need to be chosen for the purpose of
analysis design, even if the search is meant to be general and not to target only these
models specifically. These are known as benchmark models. Examples of typical
models used as benchmarks within long-lived particle analyses for the purpose of

analysis design relevant to this work are described in the following sections.
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1.4 Selected Benchmark Models

There are a plethora of proposed models to solve these issues, including supersymme-
try (SUSY) and the Higgs/Scalar Portal model, all of which propose additional BSM
particles that would interact with the Higgs in such a way to help cancel out some
of the corrections. Some of these particles may additionally be candidates for dark
matter [16].

1.4.1 Higgs/Scalar Portal

The Higgs/Scalar Portal model is not a specific defined model but rather an effective
simplified phenomenological scenario. The primary assumption made in this scenario
is that dark matter exists (possibly in some dark sector with other particles that may
or may not be considered) and obtains its mass from the Higgs mechanism, therefore
meaning it can interact with the SM at least via the Higgs [29]. It is typically assumed
that the new dark sector particles are bosonic, such that they can help cancel out the
SM fermionic loop corrections in order to solve the Higgs mass problem. The Higgs
Portal model is sometimes called the Scalar Portal model, as the Higgs that connects
the SM with the dark sector may not necessarily be a SM Higgs, but could also be
some other as-of-yet undiscovered scalar that could be a type of Higgs [29]. However

for the purposes of this work, we will only consider a SM Higgs Portal.

This means that if the dark sector particle being searched for has less than half
the Higgs mass, any normal SM Higgs boson (which is able to decay into a particle-
antiparticle pair of any particle it couples with) produced at the LHC should be able
to decay into a particle-antiparticle pair of the dark sector particle. In theory one could
also consider dark sector particles with more than half of the Higgs mass, however
the production cross-section for these is likely to be very low due to the small Higgs
width [10], as well as the width of the dark sector particles also likely be small if they
are long-lived. Precision studies have shown that the upper bound on the branching
ratio of Higgs to undetected decays is up to 0.15 at 95% confidence level meaning that
there is plenty of room for discovery in this scenario [30], especially considering that
the Higgs itself was in part discovered via the H — 77y process with a branching ratio
of 2.270 x 1072 [31][4].
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This is useful in terms of searches as one can trigger on the Higgs production
process without needing to assume as many details about the specific particle or its
decay process, other than its mass and its coupling with the Higgs. This minimal
and well-motivated scenario makes it incredibly useful as a benchmark model that
can be used across analyses [26]. The Higgs Portal model is a good step forward
in decoupling the signature from a specific model, especially since the assumptions
made by the Higgs Portal model are those that are already included in many of the
widely-used BSM models such as supersymmetry [17].

This is particularly helpful for long-lived particle searches. Since long-lived par-
ticles can come from any model whose parameters happen to satisfy the conditions
outlines in Section 1.3, there are many different theories and simplified supersymmetry
models that are used by various analyses, some of which can be very simplified and
limited to a very specific area of parameter space. This results in a difficulty in directly
comparing results of different analyses. However if an analysis can be interpreted via
the Higgs Portal model, this allows for a very clear benchmark and comparison across

a wide variety of signatures in different analyses [26].

Dark matter is generally accepted to be stable [25], however many theories theorize
an entire dark sector, where there may be multiple higher generation dark sector
particles, of which the lightest stable particle would be dark matter [21]. Long-lived
particles being searched for at the LHC would therefore need to be one such unstable
higher generation dark matter particle in the dark sector. The motivation for searching
for such a particle are that the signature would be very clear in the detector (as
opposed to dark matter itself which as it is neutral would only be detectable as a
missing transverse energy), and that the matter particles in the SM themselves come
in generations [29]. In theory one should also place constraints on the mass of the
dark matter in the Higgs portal model and its coupling with the Higgs in order to
ensure that it is compatible with the relic density. However these constraints are not
particularly restrictive, hence why they are not usually considered in depth in analyses
that target these models[32].

As for the Higgs production processes themselves, there are 5 different primary
Higgs production processes at the LHC. The top three in production cross-section for
V/s = 13 TeV are gluon-gluon fusion at 43.92 pb, vector-boson fusion (VBF) at 3.727 pb,
and the WH processes at 1.362 pb. The other modes are ZH and ttH production [33].
The Feynman diagram for these processes are shown in Figure 1.3. Most of these
processes additionally produce objects alongside the Higgs that can be easily triggered
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on in the detector. A fraction of gluon-gluon fusion events can produce initial state
radiation jets that can be triggered on, VBF will always have jets that can be triggered
on, and WH can produce jets or missing transverse energy (MET) and a lepton that
can all be triggered on, depending on the W decay mode.

(a) Gluon-gluon fusion, where gluons fuse via (b) Vector-boson fusion, where each quark
a t-quark loop to create a Higgs emits a vector-boson which fuse to create a
Higgs
g ou000000
q
H
q W/z g 00000000
(¢) VH production, where V canbe a W* or a (d) ttH production, where the gluons create tf
Z and the Higgs is effectively radiated from pairs, where a quark/antiquark from each
it. pair fuse to form the Higgs

Figure 1.3: Feynman diagrams for the various Higgs production process. The two partons on
the left-side of the diagram originate from the two different protons being collided.

There may be extensions to this most simplified scenario with additional assump-
tions. This work will focus on a particular such scenario where the dark sector particle
being searched for will be a higher generation of dark matter that happens to be a
long-lived scalar S that decays back into some SM products. It is assumed to be a
scalar as these would help cancel out loop corrections in the Higgs mass problem, and
that it is long-lived as its coupling to the SM particles it decays into eventually is weak.
The scalar is also assumed to have Yukawa couplings with SM fermions, much like
the scalar Higgs boson, and will therefore preferably decay into heavier particles such

as heavy quarks. Another assumption is that the portal itself is a SM Higgs [26].
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1.4.2 Supersymmetry (SUSY)

Unlike the Higgs/Scalar Portal scenario, supersymmetry (SUSY) is a model framework
that predicts the existence of a whole suite of very specific particles in its "dark sector".
A primary motivation of the theory lies in attempting to solve the hierarchy problem.
With the Higgs mass corrections, bosonic interactions with the Higgs diverge with the
opposite sign as fermions do [17].

Therefore, if every fermion had a bosonic counterpart with the same mass and vice
versa, then these loop corrections would cancel out perfectly. These new supersymmet-
ric partners to SM particles are denoted by placing a tilde on top of the symbol, and
adding an "s-" prefix for sfermions (superpartners of fermions) and an "-ino" suffix for
bosinos (superpartners of bosons) to their names. Each quark g, lepton /, and neutrino
v would have a squark 4, slepton [, and sneutrino # scalar counterpart and the gluon g
has a spin-1 gluino § counterpart. Supersymmetry occurs before electroweak super-
symmetry breaking, hence superpartners for the electroweak bosons are the Winos
and Binos for Wl, Wz, W3, B rather than for W= ,Z,7. It turns out that in order for
supersymmetry to properly model the required symmetries (i.e. avoid what is known
as a gauge anomaly), additional Higgs are required. In the "SM" sector (as opposed
to the supersymmetric sector), the Higgs sector would need to comprise the regular
SM spin-0 Higgs, two charged Higgs, and an additional neutral Higgs. These would
all have their corresponding superpartners. The two positive, two negative, and four
neutral higgsinos and electroweakinos later mix, resulting in observable states of two

positive and two negative charginos Xli , )Ezi and four neutralinos X?, Xg, )Zg, ;@2 I

Proposing such "superpartners" to every SM particle results in a new symmetry:
that if all fermions were exchanged with their bosonic counterparts and vice versa,

then physics remains unchanged. This is the symmetry of supersymmetry [17].

Of course this supersymmetry is broken via some unknown mechanism, otherwise
one should have already observed these superpartners at the exact same mass as
the SM particles. This symmetry breaking presumably pushes the masses of the
superpartners higher to where we have not been able to search yet. Although this
removes the perfect cancellation of the divergent loop corrections, the prediction is
that as long as the mass difference between the SM and its superpartner is not too
large, there is still adequate enough cancellation for the loop corrections to remain

"natural" [17].



Theoretical Background and Motivation 15

There are multiple possible SUSY theories, some with additional particles to the
ones listed. However, usually the Minimal Supersymmetric Standard Model (MSSM),
which would be the minimal SUSY extension to the SM, is considered in searches.
There is still a very large number of free parameters (about 105) in the model that
would need to be tuned and fit to experiment, particularly particle masses, couplings,
and mixings [17]. It is not feasible to create a scan over the full parameter space
where one varies each of these parameters in order to compare to data. Typically in
searches, simplified models are used where only the Feynman diagram in question are
considered. It is assumed that all other particles are at either very high mass or very
low couplings such that they are effectively decoupled from the process in question
and that the branching ratios are 100%.

The majority of SUSY searches target a class of SUSY theories that contain the
assumption that R-parity is conserved. This is known as R-parity conserving SUSY.
R-parity is defined as

R = (_1)3B+L+2S (15)

where B is the baryon number, L is the lepton number, and S is the spin of the particle.
This definition results in SM particles having R = +1 and their superpartners having
R = —1. R-parity conservation therefore corresponds to the "SUSY/SM particle
number conservation", where the number of particles minus antiparticles of the SM
and the number of superpartners minus antisuperpartners remains conserved across
the diagram. R-hadrons are consequently hadronic bound states that contain both

supersymmetric particles and regular quarks [34].

Imposing this conservation is attractive as this automatically guarantees that the
proton would remain stable, which is what is observed. Additionally, R-parity conser-
vation would mean that the lightest stable particle (LSP) of the model (typically the
X(l)) would also be stable, making it a dark matter candidate [17].

However, R-parity is not a necessary condition for proton stability as couplings can
still be designed such that proton stability remains but certain R-parity violating (RPV)
decays can still occur [17]. Due to this, searches for R-parity violating SUSY models
are still conducted at LHC experiments such as ATLAS, and can come with unique
signatures such as large numbers of leptons or jets in the final state [34]. In these RPV
cases, there may not necessarily be a dark matter candidate.
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Chapter 2

Experimental Background: The LHC
and the ATLAS Detector

“Well, [LHCVb’s] flavour anomalies are gone, [ATLAS and CMS’s] SUSY is
dead, who knows what ALICE does...”
— Jenny Smallwood, PhD Particle Physics, University of Oxford

2.1 The LHC at CERN

One approach to searching for new physics involves trying to produce new undiscov-
ered particles through high energy collisions of known and easier to acquire particles
by accelerating them and then colliding them into each other [35]. The world’s highest
energy particle accelerator is the Large Hadron Collider (LHC) at CERN in Geneva,
Switzerland, which for the most part, and more importantly for the purposes of the
analyses in this work, collides protons. The LHC does so by accelerating protons
in bunches of approximately 1.2 x 10" to energies of 6.5 TeV (during the Run 2 data
taking period from 2015 to 2018), in opposite directions in a 27 km underground ac-
celerator ring, such that they collide at four different interaction points around the
ring. The protons’ combined centre-of-mass energy during the collision is therefore
/s = 13 TeV for Run 2 [36].

However, one cannot simply inject protons at rest directly into the LHC and

have them accelerate immediately to 6.5TeV. There is instead the pre-accelerator
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complex which comprises a chain of historic and progressively increasing energy
accelerators that protons undergo before entering the LHC, described in Figure 2.1.
The protons begin in the form of hydrogen gas in a bottle. The protons are extracted
from the gas through ionization in a duoplasmatron, before being injected into a linear
accelerator (LINAC 2 during Run 2). LINAC 2 accelerates the protons to 50 MeV. The
protons then enter the booster rings which accelerate the protons to 1.4 GeV, then the
Proton Synchrotron (PS) which accelerates them to 26 GeV, before they enter the 5 km
circumference Super Proton Synchrotron (SPS) which accelerates them to 450 GeV,
before they are finally injected in opposite directions into the LHC [37].

CERN's Accelerator Complex
CMS

— —

LHC North Area
008 (27 km) o "

SPS v
| 1976 (7 km) |
AWAKE
m\/

ALICE

1120

TT10
HiRadMat
2011 I 1760
T
AD

1999 (182 m)

TI2

ATLAS

PS

LEIR
| 2005 (78 m) |

LHC Large Hadron Collider SPS Super Proton Synchrotron  PS Proton Synchrotron

I@ AD Antiproton Decelerator I Facility ~AWAKE Advanced WAKefield Experiment te parat r
A LEIR Low Energy lon Ring  LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight HiRadMat High-Radiation to Materials

Figure 2.1: A diagram of the CERN accelerator complex. The protons start in a hydrogen bottle
before being injected into LINAC 2, before finally ending up in the LHC [38].

Situated at the four interaction points are detectors, each being run by a different
independent collaboration, and each being designed to be specialized for investigating
different aspects of new physics. These experiments are ATLAS, LHCb, CMS, and
ALICE. ATLAS and CMS are more general purpose detectors that mainly focus on
searching for new BSM particles from various different theories such as SUSY. LHCb

specializes in the measurement of charge-parity violation in hadrons containing b-
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quarks, trying to discover evidence of new physics from finding anomalies in precise
measurements. ALICE specializes in heavy ion and nuclear physics [35].

From 2015-2018 at the LHC, known as Run 2, bunch crossings occurred every 25ns,
with on average about 33.7 proton-proton interactions within each bunch crossing [39].
The data produced from these bunch crossings are called events. Since it is not possible
to write out all of these events to memory, and the vast majority of these collisions do
not produce anything particularly interesting in the context of the physics program,
each experiment decides which events to record by the use of a trigger. These triggers
usually search for some general interesting activity in some part of the detector, such
as high missing transverse energy (MET) or high energy jets or muons [40]. This means
that in an analysis, typically one must start by defining a theoretical process to target
in the search, then figure out which triggers would be triggered by that process. If a
suitable trigger is not available, one would need to develop a new trigger, however
this would only be possible to use during future data-taking. One would then typically
look at the number of events that fired the trigger, select a signal region, and see if
one observes more events or a different shape than expected from the SM or noise
processes in that region.

Because the number of events that will be seen for each process is different, the
amount of data recorded by the LHC is stated in terms of integrated luminosity, [ Ldt,
where L is the instantaneous luminosity at a given time. The luminosity encapsulates
information about the particle beams such as beam alignment, remaining protons in
the bunch, beam width, and other properties [41].

If for example one was to repeatedly throw balls to land within a circle on a wall,
the cross-section o of the process would be the area of the circle. However the number
of balls N that actually land in the circle depends on how well the balls are thrown,
and this can change over time. The luminosity encapsulates this information on how
well the ball is being thrown, such that if the balls were being thrown similarly at
different circles of different cross-sections, the number of hits at each circle can be
predicted.

The instantaneous luminosity £ can be calculated via a test process with a cross-

section o where the number of events N is counted over a small time period, as

L= (lf‘fi—lf. This way, the number of events N that will be observed in the data for any



20 Experimental Background: The LHC and the ATLAS Detector

given process with a cross-section ¢ will be given by
N=o / cdt. @.1)

The integrated luminosity of the data ATLAS recorded that was good for physics for
all of Run 2 in 2015-2018 was 139 fb~ [29]. Run 1, which ran from when the LHC
started in 2010 until 2012, delivered a luminosity of approximately 25 fb~ ! at around
V/s = 7-8TeV [41]. Run 3 began on July 2022 and is as of this writing running with
Vs = 13.6 TeV [42]. Unfortunately, due to the relatively longer completion time-scales
of LLP analyses, no Run 3 data is able to be included in this work and the analyses

discussed focus only on Run 2 data.

2.2 The ATLAS Experiment

ATLAS (A Toroidal LHC ApparatuS), other than being a rather unconvincing acronym,
is a cylindrical-shaped 44 m long, 25m in diameter [43], 100 m underground [36],
7000 ton general purpose detector surrounding the beam-pipe at one of the interaction
points on the LHC [43].

For reference, the coordinate system used in ATLAS has the z-axis parallel to and
in the centre of the beam-pipe. The y-axis is oriented vertically where the positive
direction is towards the sky. The x-axis is horizontal and perpendicular to the beam-

pipe where the positive direction is towards the centre of the LHC [43].

The azimuthal angle around the z-axis in the x-y-plane is ¢, where ¢ = 0 points
horizontally to the centre of the LHC, and ¢ = 71/2 points to the sky. The polar angle 6

from the x-y-plane towards the z-axis is usually written in terms of the pseudo-rapidity

n=-—In [tan (gﬂ . (2.2)

Note that 7 = 0 refers to an angle perpendicular to the beam-pipe, whereas the
angle approaches the beam-pipe as 7 — oo [43]. Note that very often, quantities are
expressed in terms of their transverse component, which is the component of their

vectors in the x-y-plane.

The design of the ATLAS detector is such that the proton-proton collisions occur

in the centre of the detector so that the resulting daughter particles emanating from
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the primary vertices (PVs) can be detected by the detector, which comprises multiple
specialized subdetectors arranged in layers [43].

The inner-most subdetector of ATLAS is the Inner Detector (ID). The purpose
of this is for the precise determination of the trajectories of charged particles such
that the charge and momentum of the particles can be measured. Note that neutral
particles cannot be detected here. Next comes the electromagnetic (EM), then the
hadronic calorimeters which stop and determine the energy of hadronic particles. The
EM calorimeter also stops and determines the energy of electrons and photons. Finally
the outermost layer is the muon spectrometer (MS), which usually only muons can reach,
which is meant to track and trigger on muons, obtaining a charge and momentum
measurement for them. Note that neutrinos and any non-interacting BSM particles
would fly through the entire detector without interacting with anything. A diagram of
the ATLAS detector is shown in Figure 2.2 [43].

25m k

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

Figure 2.2: A diagram of the ATLAS detector [43].

In order for the charge and momenta of particles going through the detector to
be measured, the portions of the detector that measure trajectories are immersed in
magnetic fields. The magnetic fields of strength B the trajectories of the particles. Their
direction of bending will reveal charge information, and the radius of bending r in
the plane perpendicular to the field will reveal information about the momentum
component perpendicular to the B field as per the Lorentz formula pg|; = |qrB|, where
q is the charge of the particle. The ID is immersed in a 2 T solenoidal magnet situated
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between the tracker and the calorimeters. This magnetic field is along the beamline,
causing the particles to curve in the circular plane of ATLAS, measuring the pt of
those particles. The MS has a series of eight toroidal coils going through it in the barrel
section (hence the "toroidal" in the name of ATLAS) with a smaller version of those
eight coils on either end of the barrel in the end-caps, providing a field up to 3.5T.
This magnetic field goes around ATLAS in a circle that goes through all of the toroids.
This means that the muons would actually get bent in a direction orthogonal to how
they were bent in the ID, providing information about the muon p,, allowing for very

accurate muon momentum measurements [43].

Readout of individual sensor elements of the detector will usually be processed
into packets by readout chips on the sensors or a group of sensors themselves. These
then transmit the data out of the detector via optical links. The L1 hardware trigger
is then done underground, while the HLT software trigger occurs on farms on the
surface. Raw data from events that pass the triggers are transmitted to the data centre

for storage, and reconstruction then can then occur on the worldwide computational

grid [43].

The following subsections will outline the different sub-detectors of ATLAS. They

are all detailed in the ATLAS detector technical specification document [43].

2.2.1 The Inner Detector (ID)

The inner detector (ID) is itself composed of three different sub-detectors, similarly
arranged in concentric layers surrounding the interaction point, extending 5.3 m in
length and 2.5 m in diameter. The innermost layer are the high-resolution silicon pixel
detectors (PIX), followed by the silicon microstrips detectors (SCT), then finally the
coarser transition radiation tracker (TRT) [43].

The barrel portion of pixel detector, critical to DV reconstruction, comprises four
layers starting at r = 33.25 mm, 50.5 mm, 88.5 mm, and 122.5 mm. The innermost layer
is called the Insertable B-Layer (IBL) and was installed for Run 2. The other pixel layers
are, from inside out, the B-Layer (BL), Layer 1 (L1) and Layer 2 (L2). The IBL runs
from z = —331.5mm to 331.5 mm while the other layers run from z = —400.5 mm to
400.5 mm. The sizes of the pixels are 50 pm in the r¢ direction and 400 pm in the z
direction for the outer layers, and 50 pm by 250 pm for the IBL. In addition to these
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barrel detectors there are three pixel endcap detectors from r =88.8 mm to 149.6 mm
at z =495 mm, 580 mm, and 650 mm [44] [45] [43].

There are four SCT barrel layers from z = —749mm to 749 mm at r =299 mm,
371 mm, 443 mm, and 514 mm, and multiple SCT end-cap layers up until z = =+ 2720.2 mm.
These, along with the much larger TRT, allows for the detection of particles over
0.5GeV in pr within the pseudorapidity range of 17| < 2.5. There are two layers of
strips per stave, with the strips being offset by 40 mrad in order to increase resolution

in the r — ¢ direction [43].

The silicon-type detectors work by just being a pn-junction. A pn-junction is simply
a junction between p-doped silicon and n-doped silicon. p-doped silicon has atoms
implanted into the crystal structure that have one less electron than silicon does in
their valence shell. n-doped silicon is the same except with an extra electron. When
they are placed together a depletion area appears near the interface where electrons
migrate from the n-doped side to fill the holes in the valence shells in the p-doped
side, leaving positive ions in the n-doped side and negative ions on the p-doped side.
The pn-junction for the current ATLAS detector is arranged in the sensor such that
the bulk of the sensor is n-type and there is an implant of p-type silicon on the top
surface. A reverse bias voltage is put across this pn-junction to expand the depletion
region to cover as much of the sensor depth as possible. Note that after sufficient
radiation damage, the n-type silicon in the bulk will turn into p-type silicon, requiring
the voltage be inverted as the depletion area will now be between the newly p-type
bulk and the n*-type (i.e. doped with enough n-dopant to the the point of being
conductive) implant on the backplane of the sensor. The depletion area, due to the
ions, has an electric field across it. This means that when charged particles pass
through the depleted region of the bulk of the material creating electron-hole pairs
are generated, these electrons and holes will be separated by the field and migrate to
their respective sides of the wafers where they can be read out. However, of course the
contacts and implants on the top of the wafer are separated into separate individual
pixel or strip metal contacts to allow for only individual elements to have a signal
when a particle is passing though the region below it. Note that there will be a small
leakage current that still passes through the depletion region during normal operation,
and electrons and holes will also be produced via thermal noise. This requires an
insulating layer placed between the silicon and the readout metal to stop current, as
well as requires the entire PIX and SCT to be cooled to between —5°C to —10°C in
order to reduce thermal noise [43].
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The TRT comprises many closely-packed straws filled with gas, each with a small
wire going through the centre of it with a voltage difference between it and the straw.
The space between the straws is filled with a material that changes rapidly spatially,
such that particles traversing it emit transition radiation, which are photons emitted
when relativistic particles traverse material boundaries. When a charged particle
and its photons reach a straw, they produce electron-hole pairs in the gas, where the
electrons are collected by the wire in the centre of the tube for readout. A diagram of
the inner detector is shown in Figure 2.3. One of the major advantages of the TRT is
the ability to distinguish between electrons and pions, as these particles have different

amounts of transition radiation due to their different masses [43].
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Figure 2.3: A cross-section diagram of the inner detector of ATLAS [46].

Note that since the pr of the track is determining its radius of curvature via its
arc height, its accuracy will depend on how accurate the arc height can be measured.
High pr tracks will appear very straight and with a small arc height, and as these are
difficult to distinguish, these will be measured with less accuracy than low pt tracks.
In general, % o p [43].

Note that due to the planned upcoming high-luminosity LHC (HL-LHC) in 2028,
the ID will need be replaced to withstand the new harsher radiation environment. This

new inner tracker (ITk) will comprise only silicon pixel and strips layers, made with
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higher resolutions. Additionally they will be made with a p-type bulk and an n-type
implant to avoid type inversion during radiation damage. [47]. Further details on these
new strips sensors, related to the qualification task, are covered in the qualification
task chapter of Chapter 5.

2.2.2 The Electromagnetic and Hadronic Calorimeters (ECAL and
HCAL)

The calorimeters measure particle energy by placing dense material in its path to
cause the particle (with the exception of muons who still survive the calorimeter if its
energy is greater than 3 GeV) to lose all of its energy via hadronic and electromagnetic
interactions. These hadronic and electromagnetic interactions create showers of sec-
ondary particles, which are then detected. The number of these secondary particles
that is observed is what gives information about the energy of the original particle. As
higher energy particles create more more secondary particles with, the uncertainty on
the energy measurement is dominated by the Poissonian uncertainty of counting the
secondary particles, hence 7E \/LE [43].

There are two technologies used in ATLAS for calorimetry. Tile calorimeters are
used in the HCAL barrel, while liquid argon calorimeters (LAr) used for the ECAL,
HCAL endcaps, and the forward calorimeter (another calorimeter that is placed in the

forward direction) [43].

The tile calorimeter is made of several layers of steel and plastic scintillators.
The steel converts the particle energy to secondary particles. The plastic scintillator
contains compounds that absorb energy from passing secondary particles, and then
fluoresce that energy into UV photons. These photons are led out of the scintillator
in wavelength-shifting optical fibres that turn them into visible light. These pulses of
visible light can then detected via sensitive photomultiplier tubes, which allows the
number of secondary particles to be inferred [43].

The LAr technology has layers of metal that are separated by honeycomb spacers.
These spaces are filled with liquid argon. An electrical current can be measured when
secondary particles ionize the liquid argon. The layers are arranged in an accordion
structure to ensure that there are no gaps through which original particles can travel
without being stopped by the metal. The mean interaction length in a metal for a

particle to interact electromagnetically will have a dependence on the number of
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charged nucleons. However the mean hadronic interaction length only depends on the
nucleon density. This means that different metals will have different electromagnetic
and hadronic interaction lengths. One can therefore select a material with a shorter
electromagnetic interaction length for the ECAL such as lead, and one with a shorter
hadronic interaction length for the HCAL such as copper. Tungsten has both a lower
electromagnetic and hadronic interaction length than the cheaper copper and lead,

and so it is used for the forward region where there is a higher expected particle flux

[43].

2.2.3 The Muon Spectrometer (MS)

The muon spectrometer is comprised of various different detector technologies. For
the bulk of the barrel and endcap, the primary precision tracking detector are the
monitored drift-tubes (MDTs). Layers of faster detector technologies are in most
cases placed on either one or both sides of the MDTs in order to provide triggering
capabilities. These are the resistive plate chambers (RPCs) in the barrel by, thin gap
chambers (TGCs) in the big wheel of the outer end-cap, and the cathode strip chambers
(CGCs) in the small wheel of the inner end-cap [43].

The muon drift tubes are a series of long 3 cm-diameter aluminium alloy tubes
with a wire through its centre at a large voltage difference with respect to the tube.
The tube is filled with and argon/carbon dioxide gas mixture, such that when a muon
passes through the gas, it ionizes it and causes electrons to drift to the wire and be
detected as the signal. The time it takes for the drift to reach the wire will depend on
the radius of closest approach of the muon to the wire within the tube, allowing for an
accurate tracking resolution. Unfortunately the drift time is relatively large (with a
maximum drift time of 700 ns), meaning this cannot be used to trigger on events, and

that there is some dead-time when a muon is detected [43].

It is for this reason that the multiple other faster detector technologies are used for
triggering purposes, primarily by shrinking the distance that is needed for electrons
produced from the muon ionizing the gas to reach the electrode under high voltage.
RPCs have two resistive parallel plates, with the readout strips on the plates divided
into strips, with a gas-filled 2mm gap in between them. TGCs are a set of wires

arranged perpendicular to strips in a gas chamber. The CSCs are similar to the TGCs
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with chambers filled with gas, with perpendicular wires and strips at high voltage

[43].

The small wheel of the inner end-cap is being replaced for Run 3 by the new small
wheel (NSW), which instead of MDTs and CSCs, uses micromegas (MMs) and small-
strip TGCs (sTGC). sTGCs are very similar to TGCs except most notably for a much
smaller strip pitch. MMs comprise a planar cathode at —800V and a readout electrode
divided into strips at 0V, separated by a gas gap of 5mm. A mesh is placed 128 'm
from the electrode, held at —550 V. The large area between the mesh and the cathode
is the drift volume where electrons will relatively slowly drift to the mesh. Once the
electrons hit the mesh the small gap and large voltage causes amplification via an

avalanche of electrons, resulting in a fast readout [45].

2.3 Object Reconstruction

The detector will yield raw data largely in terms of detector elements that register
hits in an event. This raw data needs to be reconstructed into physics objects that
are useful for analysis, for example tracks, muons, electrons, or jets. This usually
involves first forming seeds or clusters from the hits, and then using those to guide
the search for other hits that may be part of the same object. Once All raw detector
information involved with an object are found (for example hits or clusters), the
reconstructed object can then be determined or fitted (for example tracks or jets).
From this, information about these reconstructed objects, such as pt or energy, can
be calculated. These reconstructed objects then need to be calibrated to account for
imperfect detector response. This section provides an overview of object reconstruction
relevant to this work, namely jets, missing transverse energy (MET), and displaced

vertices.

2.3.1 Jets

Quarks and gluons cannot exist for very long on their own and will undergo reactions
to end up in colourless bound states within the timescale of about 1 x 10 %5 [49].
This usually results in the production of many hadronic, composite particles that will
be travelling in the general direction of the original particle. In the ATLAS detector,

this will appear as a spray of collimated hadronic particles, known as a jet. There are a
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variety of reconstruction algorithms that can be used to define which particles belong
to a jet, however more importantly, this means that if the final state one is looking for
involves a quark or gluon, this will manifest itself in the detector, and therefore the
data, as a jet [43].

Charged hadrons in the jet will leave tracks in the ID, and the hadrons themselves
will be stopped and converted into energy deposits in the hadronic calorimeter which
it measures. Jet reconstruction algorithms are used to cluster hits in the detector
in order to identify the entire object as a jet. Two main algorithms are particularly
important to this work: "EMTopo" and "track jets".

The calorimeter is divided into individual cells. The EMTopo algorithm begins
with grouping these cells into topological-clusters. This starts with a seed cell with
a large energy and adding adjacent cells above a certain threshold. This is then
repeated until no other adjacent cells pass the threshold, after which all adjacent
cells are added regardless of their energy. The anti-k algorithm [50] is then used to
cluster together neighbouring topological-clusters [51]. Note that in analyses where
a long-lived particle decays hadronically, one prefers such an algorithm that only
relies on calorimeter deposits as there may not be tracks that are reconstructed in
this case. This also allows for a useful long-lived particle signature: the trackless
jet, where calorimeter deposits hint at the presence of a jet but there are insufficient
corresponding tracks in the ID. Note however that it is assumed that the jets originate
from the primary vertex, meaning that there may be mis-measurements if the jet may

originate from a pileup vertex.

The same number of particles produced in the calorimeter when a particle hits
can correspond to a particle of a certain energy interacting electromagnetically, or
a particle of a different energy interacting hadronically. It is not known a priori
which case is being measured. In ATLAS, it is assumed that all interactions are from
electromagnetic processes. Additionally, as the detector is comprised of layers of
showering material and detecting material, some of the secondary particles may be
absorbed in the showering material and not be detected. These processes bias the
energy measurement of the jet, hence calibrations are needed to recover accurate

measurements [51].

In contrast, the track jet algorithm uses only track information. The anti-k; algo-
rithm [50] is run on standard tracks satisfying certain requirements. Each track is

associated with only one proton-proton interaction vertex each before running the al-



Experimental Background: The LHC and the ATLAS Detector 29

gorithm, and the algorithm is run on all proton-proton interaction vertices, regardless

if they are identified as pileup or not.

The anti-k; algorithm tries to cluster objects to form jets that are within the size of

a target cone parameter AR = 4/ A4>2 + Aﬂz. The algorithm begins by calculating the
weighted distances between the entities being clustered (tracks in the case of track jets

or cell clusters in the case of EMTopo jets) d;; = min( p}f, pfl?)(iﬁ)—li)ﬁt. Here i and j
arge

are the indices of the two entities being compared, pr is the transverse momentum of
the entity, (AR);; is the AR between the entities, and (AR) is the target AR of the
tinal jets (i.e. the cone parameter). The distances between the entities and the beam

target

are also calculated, as simply d;5 = pf% The entities are combined iteratively based
on which pairs have the smallest d;;. If d;p is the smallest entity, then the cluster is
called a jet and removed from the list. This is repeated until no entities are left. A
distinguishing feature of the anti-kt algorithm in particular are the negative exponents
on the transverse momentum. This results in the prioritisation of higher transverse
momentum entities being merged first. In this analysis, both the track jets and EMTopo

jets use a cone parameter of 0.4 [50].

2.3.2 Missing Transverse Energy (MET)

The subdetectors of ATLAS rely on the electromagnetic and hadronic interactions to
detect particles. This means that particles that do not interact electromagnetically or
hadronically, for example neutrinos, will not leave any traces in the detector. However
it is still possible to detect evidence of the presence of such "invisible" particles in an
event due to momentum conservation. In the transverse direction, since the collision
begins with no transverse momentum, momentum conservation dictates that the final
state should also have no transverse momentum. ATLAS is a hermetic detector, in
other words designed to surround and fully capture and measure all collision decay
products (with the exception of neutrinos). One can therefore infer the amount of
transverse momentum of the invisible particles in the decay products by measuring
the amount of transverse momentum of the visible particles. Of course if there was
more than one invisible particle in the event, one would only be able to detect their
combined transverse momentum. Hence, the "missing transverse momentum" (also
called "missing transverse energy" or MET) is an incredibly important quantity to
determine in collision events, as invisible particles are important in many theories

such as dark matter and this is the only way to infer their presence in the detector.
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This is summarised in the following equation

PT,miss = ( Z P) = - ( Z P) . (2.3)
invisible particles T visible particles T

Although momentum conservation holds in all directions, the reason why longi-
tudinal momentum conservation is not considered is due to the initial momentum
fraction of the protons carried by the actual partons that are interacting cannot be
known a priori and would not necessarily be simply zero such as in the transverse
direction. Note that one takes the transverse component of the vector sums, and not

sum the scalar values of the transverse components [52].

The visible transverse momentum is calculated by taking the transverse component
of the vector sum of all visible physics objects in the event. This includes muons
which leave traces in all subdetectors, electrons detected in the ID and ECAL, photons
detected in the ECAL, hadronic jets in the HCAL as well as some deposits in the
ECAL and tracks in the ID, and finally the "soft" term which consists essentially of
whatever remains in terms of tracks and calorimeter deposits not included in the
previous objects. The objects are summed in this order, with all detector signatures
associated with the object being removed after being added in order to avoid double

counting. This is summarised in the following equation

P — (Zﬁ+2ﬁ+2ﬁ+ iy ﬁ) .4
7 ¢ % .

. " n

jets soft

[52].

Note that only physics objects and tracks that can be associated with the primary
vertex are counted in MET. This means that BSM LLPs can be reconstructed as MET in
two ways: 1) the LLP if neutral and non-hadronically interacting lives long enough to
fly out of the detector and is therefore essentially a normal invisible particle, or 2) the
LLP decays late enough that the tracks of its decay products do not get reconstructed
or associated with the primary vertex (i.e. treated like pileup) and don’t enter the MET

calculation.
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2.3.3 Standard Tracking

The data recorded from the PIX and SCT are simply a record of which pixels or strips
have been activated during an event. This means that the information available for
reconstruction is that a charged particle of an unknown species passed through a
specific volume element in the detector, known as a hit. However, such a reading
could also be caused by noise. This hit data needs to be converted to more useful track
information via reconstruction, where algorithms try to reconstruct the trajectories of
the particles from the hit data [53].

Tracking begins by a seeding process. This involves searching for a series of "space
points" from three different layers in either the PIX or SCT for a track seed in the
PIX and SCT. These space points are a cluster of hits in a PIX layer, or a cluster of
combinations of the two angularly offset strips in an SCT layer. A Kalman filter
[Kalman] is used to determine all hits from the other layers are compatible with this
track seed within the PIX and SCT within certain constraints. An ambiguity solving
algorithm is then run to determine the best track to resolve cases such as, for example,
when there may be more than one possible hit in a layer compatible with the track
seed. Finally, TRT hits are considered and added to the track if compatible [53].

A second tracking pass, known as the "outside-in" pass as opposed to the previous
"inside-out" approach, is then performed starting by seeding in the ECAL and recon-
structing track segments in the TRT. These are then extended back to the PIX and SCT

and associate any hits not part of existing tracks [53].

Tracks are parametrised by five parameters. There are the transverse and longi-
tudinal impact parameters d, and z;, which is the track’s point of closest radial and
longitudinal approach to the beamspot. There is also the azimuthal ¢ and polar 0
angles of the track calculated at the (d,, z;) point. Finally there is the charge over

momentum magnitude ratio g/ p [53].

A faster, modified version of standard tracking can be run by the HLT trigger over
the entire ID or in a region of interest [54].

2.3.4 Large-Radius Tracking and Displaced Vertex Reconstruction

The ATLAS experiment in general assumes that electrons, positrons, protons, neutrons,

muons, anti-muons, photons, and neutrinos are detector-stable, where their lifetimes
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are long enough that they do not decay within the volume of the detector unless
purposefully stopped by the detector [43]. More importantly, the ATLAS experiment
generally assumes that all other particles produced by a collision are so short-lived that
they essentially decay immediately at the primary vertex. This assumption is imple-
mented by placing constraints on the tracks during reconstruction on the closest radial
distance to the primary vertex |dy;| < 10 mm and the closest longitudinal distance to
the primary vertex |zy| < 250 mm, along with requirements on hit multiplicities. Hits
that do not result in a track that satisfy these requirements are assumed to be noise
and are usually ignored. As LLP decays may result in tracks that do not satisfy these
requirements, some LLP signatures may use these ignored hits as a starting point for
a secondary reconstruction step to target these scenarios, such as that used in this

analysis [53].

There are many possible signatures in the ATLAS detector that LLPs can manifest
as. Even in only the ID there are a multitude of possible signatures to search for, such
as disappearing tracks [55], ionization loss [56], and displaced vertices. This thesis
focuses on the displaced vertex signature. A displaced vertex is when a bunch of
tracks seem to originate from a common point in the volume of the detector, and not
from the primary vertex. This is due to the LLP travelling through the detector, which
may or may not be visible to the detector, and then decaying into children tracks that
are visible to the detector, such that the decay vertex is displaced from the primary

vertex [57].

The d,, z;, and multiplicity requirements on tracks mean that the standard re-
construction algorithm used by ATLAS cannot reconstruct tracks that are from the
decays of LLPs. In order to actually see the manifestations of these LLPs, a dedication
reconstruction algorithm needs to be run, called large-radius tracking (LRT). Following
this, a secondary vertexing algorithm will need to be run to find the displaced vertices
among the LRT tracks.

Since the standard tracking will result in some hits that it is unable to associate with
a constrained track, LRT uses those hits to see if a less constrained track may be able
to satisfy them. The LRT relaxes the constraints on the tracks to |dy| < 300 mm and
29| < 1500 mm, and also relaxes the number of hits allowed to be shared by multiple
tracks. LRT largely repeats the same steps as the standard tracking except with these
relaxed constraints, and it does not do the outside-in pass. Note that these large-radius

tracks will be treated as a separate single collection from the standard tracks in later

steps [53].



Experimental Background: The LHC and the ATLAS Detector 33

For the determination of the displaced vertices from these tracks, another dedicated
algorithm is used for secondary-vertex reconstruction, known as VrtSecInclusive (VSI)
[58]. Only tracks with pt > 1GeV and |dy| > 2mm are considered, where the d,
requirement helps ensure that we ignore tracks coming from the PVs. Note that this
means that if the LLP itself is visible to the detector, it will not be included in the
DV, only its children will be. Since there may be many fake tracks produced by the
LRT due to spurious combinations of hits, several additional requirements are placed
on tracks that may undergo the vertexing algorithm. These are defined in terms of
the number of hits it sees in the PIX, SCT, and TRT portions of the detector. These
requirements are even more stringent if the track has py < 25GeV as there are more
fake tracks at low momentum[57]. Tracks passing these strict requirements are referred

to in this work as core tracks.

The actual vertexing process begins by first trying to find all possible 2-track
combinations to determine "seed" vertices that satisfy a fit of X per degree of freedom
< 5. Further requirements are imposed on these seeds, namely that both tracks must
not have hits closer to the beampipe than the vertex coordinate. The track momenta
should also be such that the inner product of their sum with the vector pointing from
the PV to the seed vertex coordinate should be positive, such that the vertex points
away from the PV. Following this, these 2-track seed vertices are iteratively merged
to form n-track vertices. Seed vertices are only merged if the distance significance
between the two vertices (i.e. the distance divided by its uncertainty), S? < 100 [57].

However since the requirements for the core tracks that form the seeds are quite
strict, the algorithm also allows for tracks to be attached to the vertex even if they
have hits closer to the beampipe than the vertex coordinate. However stricter d,
requirements are imposed on these tracks to suppress fakes [57]. These lower quality

tracks attached later in the vertexing process will be referred to as attached tracks.

The number of tracks that form a DV is referred to as n%\afcks, and the visible

invariant mass from the four-momenta of the tracks is referred to as mpy [57].

As of Run 3, LRT can be run during the HLT trigger on specific regions of interest,
however it is too expensive to be run on the entire tracker. This means that there is
now the capability in Run 3 for the development of triggering on DV objects that was
not possible during Run 2 [54].

Searches for new physics using high mass DVs are discussed in the following two

chapters.
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Chapter 3

The Displaced Vertex + Jets Search
(DV+]ets)

“No no you’re in a hateful corner of ATLAS phase space”
— Ynyr Harris, PhD Particle Physics, ATLAS, University of Oxford

This chapter details the "DV +Jets" search, where new long-lived particles (LLPs)
beyond the SM are searched for using displaced vertex signatures in events that are
triggered by multiple energetic jets. A combination of multiple-jet triggers were used,
ranging from requiring four jets each with a requirement of py > 100 GeV to seven
jets with a requirement of p1 > 45GeV. The jets are only used as a trigger and there
are no additional requirements that they originate from the LLP decay DV or not. This
is to allow the analysis to be as general as possible, and inclusive to a wide variety of
BSM models. Due to large low-mass and low-number of track DV backgrounds, the
analysis can only be sensitive to models where the LLP decays produce DVs with a
high mass and large number of tracks.

The term "prompt" or "promptly-decaying" will be used here to refer to anything
that, to the detector, originates directly from the primary vertex (PV), i.e. originate
from a particle produced in the proton-proton interaction that has a lifetime indistin-

guishable from zero.

Although the analysis is signature-driven, two benchmark models from R-parity
violating (RPV) SUSY have been chosen to guide the analysis design as they tend

to have final states with many jets. The first is an RPV scenario which involves the

35



36 The Displaced Vertex + Jets Search (DV+]ets)

SUSY strong sector, and will be hence referred to as the strong RPV gluino model, as
shown in Figure 3.1a. Here pair-produced gluinos each promptly decay into quarks
and a neutralino. These quarks become prompt jets. The neutralino is long-lived
and then decays into a final state with only quarks. These quarks hadronize and are
registered as displaced jets and vertices. Due to the prompt jets from the gluino decay,
this process will have a large number of energetic jets in the final state, and so will
have a high chance of passing a multi-jet trigger.

The second is also an RPV scenario, but involves new particles that are only from
the SUSY electroweak (EWK) sector, henceforth referred to as the EWK RPV model, as
shown in Figure 3.1b. Here, long-lived electroweakinos (which can be neutralinos or
charginos) are pair-produced and each decays into a final state with only quarks. As
with the strong RPV model, these quarks become displaced jets and vertices. However,
the lack of prompt jets mean that this model will have a lower probability of passing a
multi-jet trigger, which suggests the need for defining a separate signal region where
the presence of a displaced jet requirement can allow for the loosening of the multi-jet
requirements.

In both of these cases, the RPV coupling, A’ which allows the pair-produced SUSY
particles to decay into a fully Standard Model final state, is very weak. This is due to
this term violating baryon number which has not yet been observed in experiment,
hence constraining this coupling to be very small [59, 60]. It is this weak coupling that
makes that decay unlikely, therefore causing the electroweakinos to be long-lived.

This searches uses the full Run 2 proton-proton collision data set of 139 o' at
centre-of-mass energy /s = 13TeV. This is the first such Run 2 search in ATLAS.
However, there was an equivalent search done in Run 1 data [61]. That search targeted
slightly different models. The current search in this thesis improves upon the Run 1
search not only through a higher centre-of-mass energy and more data, but through an
improved vertexing algorithm (VSI, as described in Section 2.3.4) and a more robust

analysis design in terms of selections and background estimate method.

There are also a suite of other DV analyses being pursued in Run 2 ATLAS data,
such as the early partial Run 2 DV+MET analysis (which uses missing transverse
energy triggers) [2], a full Run 2 DV+muon analysis (which uses muon triggers) [57],
and a full Run 2 DV+MET analysis which will be covered later in this thesis. Note
that due to the nature of the analysis including jets, which will involve a much higher
background from QCD multijet production, this needs to be done differently than
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(a) Strong RPV gluino model Feynman diagram ~ (b) EWK RPV model Feynman diagram

Figure 3.1: Benchmark models for the DV+Jets analysis. The blue circles represent the DVs,
as well as where the RPV coupling A" is. The object surrounded by the green dots
represent objects that the analysis triggers on, in this case multijets.

from the "cleaner" DV+muon and DV+MET analyses, and brings new challenges that
did not have to be tackled by the Run 1 DV+]Jets analysis.

My work on the analysis was primarily truth studies to understand our back-
grounds, as detailed in Section 3.3, and the hadronic interactions background estimate,
as detailed in Section 3.4.1. I was also responsible for the initial work on adapting
the limit setting code from HistFitter from the DV+muon analyses to pyHF for this
analysis, to produce plots as in Section 3.7, and studies on the combination portion of
the combined background estimate. The limit setting code and combination portions
were later passed over to other people in the analysis. I also contributed to other
portions of the analysis, such as some studies on fixing the angles of the accidental
crossings estimate, detailed in Section 3.4.2, and some studies in improving the se-
lections which did not end up included in the analysis [62]. I also worked on the
development of VBF Higgs Portal MC samples, which were later extended by Anna
Mullin to full range of Higgs production modes, such that a Higgs Portal interpretation
of this analysis could be performed. I also worked on finding and recommending
fixes for some issues with the material map veto, detailed in Section 3.2.3. Although a
temporary fix was implemented for this analysis, I developed a new veto system from
the maps to address these issues that is later used in the DV+MET analysis, as detailed

in Section 4.2
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3.1 Data and MC Samples

The full Run 2 dataset of 139 fb™ " of proton-proton collision data at /s = 13 TeV was
used for this analysis. The data directly analysed in this analysis is collected by a
set of multi-jet triggers as described in Section 3.2.1, however data collected from
other triggers are also used in the analysis for background estimation as described in
Section 3.5. The standard reconstruction for the particular software release used at the
time of this analysis ("Release 21") did not include the large-radius tracking required
to reconstruct displaced vertices (as described in Section 2.3.4). A filter was derived by
the RPV/LL group to select events in data that would be interesting for several LLP
searches to undergo bulk reconstruction. The filter included jet requirements that are
more loose than the jet requirements defined in the analysis, in Section 3.2.1.

Simulated events for the signal models are needed in order to estimate yields,
needed to both design signal regions and draw conclusions about the results. The
strong RPV gluino model was simulated at leading order precision with the MAD-
GRAPH5_aMC@NLO [ 2.6.2] generator for the hard-scatter matrix element calculation
[63], then passed to Pythia 8.240 for showering and hadronization [64]. The pp in-
teraction produces a pair of gluinos (§). Each gluino then decays into a long-lived
neutralino-1 X? and quark-antiquark pair 7. The long-lived neutralino-1 then decays
into 3 quarks or antiquarks through the RPV coupling A”. All other RPV couplings
are set to 0. The free parameters of the signal grid are therefore the gluino mass
mg € [1600,2600]GeV, the LLP neutralino mass me € [10,2550]GeV, and the LLP

neutralino lifetime T € [0.01, 10]ns.

The EWK RPV model was also simulated at leading order precision with the MAD-
GRAPH5_aMC@NLO [ 2.9.2] generator for the hard-scatter matrix element calculation
[63], then passed to Pythia 8.245 for showering and hadronization [64]. The pp in-
teraction produces two long-lived neutralinos or charginos that are in pure higgsino
states. Possible combinations are X%X?, )Eli )Eli , )Eli Xg, and Xli X?. The neutralino and
chargino masses are set to be degenerate, with the exception of the lightest neutralino
being 1 GeV lighter than the others. This is to ensure that when these all decay, that
they do all eventually decay into 3 quarks or antiquarks through the same RPV cou-
pling A”. All other RPV couplings are set to 0. The free parameters of the signal grid
are therefore the LLP neutralino mass My € [100,1770]GeV, and the LLP neutralino
lifetime Ty € [0.01, 10]ns.
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Although the background estimate is largely data-driven, simulated events are
still needed to study and understand the backgrounds, as well as to validate the
background estimate methods. The dominant background for such a multi-jet trigger
analysis will be dijet events. Therefore, dijet events were generated using Pythia 8.230
at leading order [64]. The samples are split up into slices corresponding to the pr of
the leading outgoing parton. Due to the computational cost of putting events through
LRT reconstruction, only the slice corresponding to the p € [400,800]GeV were used,
as this slice is observed to largely overlap with data.

The effects of pileup, which are additional proton-proton collisions that occur
within the same events that are not the hard-scatter process, are generated with Pythia
8.210 [64]. The pileup is then overlaid on top of the samples in three different profiles
that correspond to different data-taking periods: MC16A (2015-2016), MC16D (2017),
and MCI16E (2018). Each signal sample grid point had 10,000 events were produced
for each pileup profile. For the background sample, 1 million events were generated
for MC16A and MC16D, while 13 million were generated for MC16E. All MC samples
are propagated through a simulation of the ATLAS detector [65] using GEANT4 [66],
after which the samples are processed in the same manner as data.

3.2 Selections and Signal Regions

There are several layers of selections that need to be performed in the analysis. Selec-
tions are applied to events, which include having jets that pass certain requirements
and having at least one DV that passes specific selections, where selections are in
turn also applied to the tracks of those DVs. If an event has more than one DV that
passes selections, only the DV with the highest mass will be considered for the analysis.
Therefore every event that is considered in the analysis will have exactly one DV. This
is primarily to simplify the analysis as needing to take into account the possibility
of multiple DVs per event and their correlation in background estimation, studies,
and limit setting would take significant effort for relatively little gain, as virtually no
events have more than one SR DV.

The selections were optimized where possible to reduce the number of background
events in the signal region to about one. The motivation for this is that background
estimation methods involving DV signatures tend to have large uncertainties due

to modelling limitations. Constraining the analysis to "zero-background" or as close
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as possible allows for a very clear distinction between a result with evidence of a
signal scenario and without, even if there is a large uncertainty in the background
estimate. This also allows for the sensitivity to scale approximately with the luminosity,

requiring only a handful events to claim discovery.

In order to reduce the number of background events down to one, the multi-jet pt
requirements need be very high, as will be described in Table 3.4. Although this is
suitable for the strong RPV gluino model which has many jets, these strict requirements
would significantly reduce sensitivity to the EWK RPV model. For this reason, an
additional signal region was designed, where the presence of one or two "trackless"
jets allow for the loosening of the multi-jet py requirements. "Trackless" jets are jets
that lack the presence of tracks reconstructed with the standard tracking algorithm
("standard tracks"), which is optimized for prompt track reconstruction. Their precise
definition will be outlined in Section 3.2.1. These trackless jets likely correspond to
a DV object, where the tracks of the DV get reconstructed in the calorimeter as a
jet, however they are not reconstructed with standard tracking in the inner detector
as they are not prompt. As the presence of a trackless jet implies that the event is
more likely to contain a signal-like DV signature, this motivates allowing the strict
jet requirements to be loosened, such that signal yields can be improved for the EWK
model without excluding less background. This signal region will be referred to as the
"Trackless SR", as opposed to the nominal "High py SR" described earlier.

3.2.1 Event Selections

The event selections are detailed in Table 3.1. For an event to be included in the signal
region, it needs to pass the multi-jet triggers in order for it to even be written to disk.
A combination of triggers were used with various py requirements that depended on
jet multiplicity. In general the pt requirement decreases as the number of jets required
increases. For example, there must be at least four jets in the event that each pass
pr > 100 GeV. However for a higher multiplicity trigger, there would instead must be
at least seven jets in the event that pass py > 45 GeV.

Events then need to pass one of the RPV/LL filters in order to have been re-
reconstructed with LRT. Offline jet multiplicity-p requirements were implemented
to further reduce background as described in Section 3.2.1. Finally, the event must
contain at least one DV that satisfies the DV selections described in Section 3.2.2.
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Event Selections:

Passes multi-jet triggers

[Passes RPV/LL event filter requirements](the offline jet multiplicity-p
requirements in the bullet point below are stricter than those of the filter)

Passes either 'High pp | or Trackless | SR offline jet multiplicity-pt re-
quirements [Section 3.2.1]

Contains at least one DV that passes the ‘ DV selections [Section 3.2.2] ‘

Table 3.1: DV+Jets Event Selections

Jet Selections

The RPV/LL reprocessing filter is comprised of several filters, and includes an analo-
gous region to both the High pr SR and Trackless SR. The name RPV /LL originates
from the SUSY RPV/LL group, which comprises several analyses, many of which
target long-lived particles. The filter was designed by the subgroup before the analyses
were started to include many different possible regions of interest for reconstruction.
The RPV/LL filter requirements relevant to the High pt and Trackless SRs are detailed
in Table 3.2 and Table 3.3 respectively.

As these regions target signatures involving a large number of relatively high-p
jets, a series of requirements are made where the event would pass if there is a certain
number of jets that are all above a certain jet pr threshold. The requirement on the
jet pr can be loosened as the jet multiplicity increases, as there is more of a guarantee
that the configuration is signal-like if there are more jets reconstructed. These pr
requirements can be significantly loosened in the presence of a trackless jet, as the
presence of such a jet with no standard-reconstructed tracks is likely caused by a DV,
which increases confidence that the event is signal-like while significantly reducing
background.

Note that all jets considered in this analysis are required to pass overlap removal
and the basic BadLoose jet cleaning as described in [67], however without cuts on
the charged-fraction of the jet or the fraction of jet energy that is deposited in the

electromagnetic calorimeter.
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Jets are defined as trackless if the sum of the scalar pr of all tracks (which must
have pt = 0.5GeV to be counted) associated with the jet is less than 5 GeV. The reason

for this small amount of "prompt" tracks being permitted is due to pile-up.

High pt RPV/LL Filter:

* 4+ jets with pr > 220GeV

OR 5+ jets with pp > 170 GeV

OR 6+ jets with py > 100 GeV

OR 7+ jets with pt > 75GeV

Table 3.2: RPV/LL Filter Jet Requirements for the High pr SR.

Trackless RPV/LL Filter:

e 1+ trackless jets with pp > 70GeV and || < 2.5

OR 2+ trackless jets with pr > 50GeV and |77| < 2.5

AND
* 4+ jets with pr > 120GeV

OR 5+ jets with p > 85GeV

OR 6+ jets with pp > 70 GeV

OR 7+ jets with pt > 45GeV

Table 3.3: RPV/LL Filter Jet Requirements for the Trackless SR.

However, these multiplicity-pr requirements are not strict enough to sufficiently
lower the amount of background events in the SR. The requirements are therefore
tightened in the offline multiplicity-pt requirements, described for the High pr and
Trackless SRs in Table 3.4 and Table 3.5 respectively. All of these requirements are
more strict than the RPV/LL reprocessing filter requirements, designed to only leave
approximately one event of background in the SR each, while still having a suitable
signal yield for each SR’s targeted model. In order to keep the SRs orthogonal, events
in the Trackless SR must fail the High pt SR.
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High pt SR:

* 4+ jets with pt > 250 GeV
* OR 5+ jets with pp > 195 GeV
* OR 6+ jets with pp > 116 GeV

* OR 7+ jets with pr > 90 GeV

Table 3.4: Final Offline Jet Requirements for the High p SR.

Trackless SR:

* Fails High pt SR selection

AND

1+ trackless jets with pr > 78 GeV and || < 2.5

OR 2+ trackless jets with pr > 56 GeV and |77| < 2.5

AND

4+ jets with py > 137 GeV

OR 5+ jets with pp > 101 GeV

OR 6+ jets with pr > 83 GeV

OR 7+ jets with pp > 55GeV

Table 3.5: Final Offline Jet Requirements for the Trackless SR.

3.2.2 Displaced Vertex Selections

The DV selections are summarised in Table 3.6.

Only DVs whose vertex position falls within the fiducial region of rpy, < 300 mm
and |zpy| < 300 mm are considered. This corresponds to being contained before the
end of the z of the pixel barrel, and before the Ty of the first layer of the SCT [43].

Standard Model mesons containing heavy quarks, such as B-mesons, tend to

live long enough to travel a few mm through the detector before decaying. When
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these mesons are produced promptly in the pp-interaction, this is a Standard Model
background for the analysis as they will form DVs with a few mm of displacement.
In order to remove this background, a requirement on the radial position of the DV
of 7,y pv — Ty, py > 4mm is imposed. The vertex must also pass a goodness of
tit requirement of x*/DOF < 5. This x*/DOF quantity for the DV is determined
internally during the running of the VSI reconstruction algorithm. This x” test is done
by checking if the tracks are compatible with the vertex location based on the d;; and z,
distance of each track to the vertex location, taking into account the covariance matrix

representing the uncertainties of the track parameters.

As described in Section 2.3.4, standard VSI vertexing is done in two steps. Firstly,
high quality tracks are merged through a seeding process. These high quality tracks
must have d; > 2mm, detector hits only at higher radii than that of the DV, and a
momentum that is consistent with the PV-DV vector [55]. A second step is then run
where lower quality tracks can be attached to a vertex. These lower quality tracks have
loosened requirements, only requiring that the d;; and z, significances be < 5.0 and
a pt > 1GeV [58]. The high quality tracks from the seeding process will be referred
to as "core" tracks. Any lower quality tracks attached to the vertex in the second step
will be referred to as "attached" tracks. To remove fake vertices, a requirement that the
DV to have at least 2 core tracks that pass track cleanings is imposed. Note that both
standard and LRT reconstruced tracks are given as inputs to the vertexing algorithm.

The above is what will be referred to as the vertex "pre-selection", which will be
applied to all DVs that are studied including those in control regions, as these are more
cleanings rather than selections. Additional selections are applied to define the signal
region, which will be referred to as the "full selection".

The background caused by hadronic interactions is the highest overall. However,
it dominates in low mass, low number of tracks, and if the DV lies inside detector
material. Therefore, the DV selections were created such that a material map veto,
as well as requirements that the DV invariant mass mp;, > 10GeV and that the DV
contains five or more tracks (both of these quantities are calculated after track cleanings
as described in Section 3.2.4) to remove as much as possible of this background. These
requirements also ensure that no Standard Model decays end up in the signal region.
The material map veto requirement uses a map of detector material to determine
whether or not the position of the DV lies inside or outside of detector material. The
signal region requires the DV lie outside of detector material. Details on the veto are
described in Section 3.2.3.
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A blinded validation region is chosen to be similar enough to the signal region
but without containing significant signal in order to validate whether or not the
background estimate is accurate. This is done outside of detector material, with the
DV containing 4 tracks, and with DV invariant mass mpy, > 20 GeV. This region will
remain blinded until the final validation before unblinding in order to give additional
confidence to the background estimate. This will therefore be referred to as the
"blinded validation region" in order to distinguish it from other potential validation
regions that may be accessed during the development of the background estimate.
The blinded validation region was chosen to allow for the mp, € [10GeV, 20 GeV]|
range to be left as an unblinded validation region for the purposes of developing
the background estimate methods. This is because this contains the transition region
from where the hadronic interactions background dominates to where the accidental

crossings background dominates

Any other region that passes the pre-selection that isn’t the blinded validation
region or signal regions are valid control or unblinded validation regions. Note
that the blinded validation regions and signal regions in data are blinded until final
validation and unblinding respectively. This means that during the development of
the background estimate, the analysis team may not access information from events
that fall in these regions. Only until there is significant confidence in the background
estimates may the blinded validation region be accessed. If this is successful and the
analysis obtains to approval to unblind the signal region, then the data in the signal
region may be accessed. This is put in place in order to avoid human bias during the
development of the background estimates. MC samples are not blinded. To better
understand the post-pre-selection regions in the analysis in terms of mpy, ”%chsr and

inside/outside of material, they are shown laid out in a schematic in Figure 3.2.

3.2.3 Material Map Veto

There are a few aspects to take into account when designing the material map vetoes.
To clarify terminology, the veto is the logic that makes use of a map to make a decision

on whether or not a DV should be considered inside or outside of material.

Firstly, the detector geometry in real-life may be slightly different than that in
simulation. For example, the pixel detectors in real-life are slightly offset from centre

by less than a mm, and the description of non-active volumes of the detector in such as
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Figure 3.2: Schematic showing the different regions of the analysis in terms of mpy, n%!cks,

and inside/outside of material, for the MC with no event selection, as well as for
the high p and trackless data regions. VR represents the validation region, SR
represents the signal region.

Pre-selection:

* rpy < 300mm and |zpy| < 300 mm

L4 rxy,DV — rxy’PV > 4mm

e x*/DOF < 5

® Niscore = 2, after track cleanings [Section 3.2.4]

Full selection:

¢ DV lies outside detector material as per material map veto (Section 3.2.3)

* Ny > 5, after ‘ track cleanings [Section 3.2.4] ‘

* mpy > 10GeV, after ‘ track cleanings [Section 3.2.4]

Table 3.6: DV+]Jets DV Selections
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cable bundles may be approximated in simulation. These changes are not significant
enough for most analyses, hence why central MC production have not taken these
effects into account. For this reason it is preferable to have a data-derived material
map when dealing with data.

In order to do so, one must note that the geometry of the fiducial region comprises
two primary sections: the inner section (ny < 150 mm) and the outer section (ny >
150 mm). The inner section comprises the actual pixel detector components and is
tixed to the beampipe. The outer section comprises the SCT support structure which
is ultimately fixed to the ATLAS cavern. Since the ATLAS cavern is used as the true
coordinate reference, the beampipe may be slightly shifted, and the various pixel
layers may also be slightly shifted off centre. For this reason the inner map is further

split into 5 radial regions that each have an (x, y) offset defined.

In the inner section, the material map is determined by mapping out the density
of vertices with low mass and low number of tracks that are not from K; decays. The
volume is binned and a threshold is applied such that if a bin contains a sufficient
number of such vertices, the bin will be counted in the map as inside material. The 5
different inner section radial regions are additionally folded in ¢ to increase statistics.
They are folded by a different factor based on the symmetry of the particular pixel

layer in the region.

The outer region is too sparse to derive a map from this density method. Instead, a
map taken from the detector geometry used for MC simulation is used as an initial
guide, with certain regions that are not seen in data being removed and regions seen

in data and not seen in the map being added [57].

Using the data-derived map directly as a veto, vetoing any DVs deemed by the
map as inside material, is referred to as the "loose" data veto. Regions of the detector
that would be vetoed by the loose data veto are shown in red for the z = 0 mm slice in

Figure 3.3a.

Since the hadronic interactions background that dominates inside material does so
by several orders of magnitude, it is optimal to be safe by not only checking the bin
the DV coordinate falls in, but the immediate neighbouring bins in (R,,, ¢, z) as well.
For this reason, the "strict" data veto was developed which considers a DV to be inside
material if the bin the coordinate falls in or any of the immediate neighbouring bins

is designated by the data map as containing material. Figure 3.3b shows in red DV
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coordinates that would be vetoed as being inside material according to the data strict

veto, at the z = 0 mm slice through the detector.

The reason why there is both a strict and loose veto is because in the loose veto
there is background contamination in the outside material region and in the strict veto
there is sufficient signal contamination in the inside region. Therefore, in data, studies
looking "inside" material use the loose veto to obtain a pure background sample, where

studies looking "outside" material use the strict veto to obtain a purer signal sample.

Of course when doing studies in MC, this data-derived map would be suboptimal,
as locations of components are known to be shifted from the detector geometry that
was simulated. For this reason, an MC map was created directly from the GEANT4
geometry. This MC map is then binned in (R,,, ¢, z), such that the MC veto is defined
by simply checking whether or not the coordinate bin the DV falls in is deemed by
the MC map to contain material or not. Figure 3.3c shows, in red, DV coordinates that
would be vetoed as being inside material according to the MC veto, at the z = 0 mm
slice through the detector.

However, near the end of the analysis it was discovered simultaneously by myself
and other members of the team that the MC map had designated pipes in the pixel
layers containing cooling liquid as "outside" material, meaning the MC veto was
incorrectly labelling a significant number of inside material DVs as outside material.

This was an issue as it has severely affected background studies.

A permanent solution would be developed for the DV+MET analysis (Section 4.2),
however for this analysis a temporary fix was used. As the data veto shift is quite
small, the veto used for MC studies would be that the DV would be classified as
inside/outside meterial only if both the old MC veto and the loose/strict data veto
agreed the DV was inside/outside material. DVs with no such agreement were not

considered for study.

Note that the data and MC maps were derived in a previous analysis [57] and is
used across the SUSY DV group in ATLAS.

3.2.4 Track Cleanings

The track cleanings were primarily manually optimized by the team to reduce the

number of background events to 1 for both signal regions. These are described
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(a) Data loose veto (b) Data strict veto

(c) MC veto ("old")

Figure 3.3: Visualizations of locations of DVs in (ny, ¢,z = 0mm) that would be considered
by the different vetoes as inside material are denoted in red.
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in Table 3.7. An upstream veto, the radius of the track’s first hit in the detector,
Ry, nit» must be at the same or larger radius than that of the DV itself, R,, py, is
made to exclude fake tracks. No consideration is given to the uncertainty of the
DV location in this veto. Various other requirements, such as on the track pt, the
impact parameter significance ("dy-sig") |dy|/c(dy), and the dot product angle Ax
between the track and the DV — PV vector, are made dependant on whether or not
the track is core or attached, or the radial region of the DV. The angular requirements
may, depending on the region, be a minimum angle requirement to remove prompt
tracks, or a maximum angle requirement to remove pile-up tracks. The general radial
regions used for track cleanings are R, py € [0,25] mm ["BP"] (which represents
inside of the beampipe), Ry, py € [25,145] mm ["PIX"] (which represents the space),
and R,, py € [145,300] mm ['OUT"] (which represents the space between the outer
pixel layer and the SCT).

Track Cleanings

All hits must Ry, ;i >= R,y py

¢ Track pr > 2GeV
e Track pr > 2GeV for attached tracks in "PIX" region

* Track pr > 4GeV for attached tracks in "OUT" region

¢ Track dj-sig> 10 in "BP" region
¢ Track dy-sig> 15 for attached tracks in "BP" & "PIX" regions

* Track dy-sig> 10 for core tracks in "OUT" region

e Auw(trk,PV — DV) > 0.2 for any pp > 4GeV track in "PIX" & "OUT"
regions

e Auw(trk,PV — DV) < 71/2 for attached tracks

Table 3.7: DV+]Jets Track Cleanings
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3.3 Sources of DV Backgrounds

MC simulations are not perfect and will inevitably mismodel certain aspects of the data.
DV analyses are relatively non-standard and exotic in ATLAS, and so the ways MC
may be mismodelling our backgrounds in our particular signal region is not a-priori
understood. For this reason it is preferable that the background estimation method be
as "data-driven" as possible, i.e. derived from the data rather than from MC. However,
when designing such data-based methods, it is very important to understand what

the methods are modelling, and by extension, what the sources of background are.

Although the MC cannot be relied upon to perfectly model the background, it
can still be used as a guide for understanding in general what the backgrounds are
and their general behaviours. MC can also be used for validation of our data-based
methods through MC closure tests, where the background estimate methods are run on
MC as if it was data and checked against the actual MC in the signal region. MC is also
required to derive a correction and uncertainties for one of the background estimates,
that of single-process DVs, due to very low statistics in both MC and data. This section
details the relevant dedicated truth studies performed to understand, categorize, and
catalogue the sources of DV backgrounds in the ATLAS ID. In this work, "truth"
information refers to information saved about the "true" simulated particles that are

being reconstructed in the MC that would not be accessible in data.

3.3.1 Framework for Truth Studies

In the MC production chain, first the main process of interest arising from a proton-
proton interaction, known as the hard-scatter, is simulated at the level of elementary
particles by a program known as a "generator". All possible Feynman diagrams for the
process are generated at the requested order. For each collision event, the 4-vectors
for all elementary particles involved are randomly drawn from their corresponding
kinematic distributions, hence the name "Monte Carlo". The information for the 4-
vectors of these elementary particles is stored in a "Les-Houches event" file format
(LHE). Quarks hadronize after they are produced to form jets of bound hadrons, and
so this is then simulated by a parton showering event generator, such as Pythia, which

writes the information out into an EVNT file.
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However the interactions of these particles with the actual detector has not yet been
taken into account. GEANT4 takes each final state particle produced by the generator
and then steps them through the detector geometry to model detector interactions
such as hadronic interactions with material, energy loss, and the signal that is actually
registered by the detector. GEANT4 also does this to any particle given by the generator
that is long-lived enough to interact with detector material, the cut-off being defined
at the generator level as particles with a ct; > 1000 mm (7, >~ 3.33 X 1077 s) [68].
The result of this is a HITS file which is identical in format to what is produced by the
actual detector with real data, containing raw information on which elements of the
detector registered a signal. The difference is that there is some level of truth-matching,
where hits can be associated with the simulated truth-particle that created that hit.

The hits then need to be reconstructed into tracks, which would be our best esti-
mates for the trajectory the real or truth particle took as it traversed the detector. It is
at this stage that we need to implement the large radius tracking algorithm in order to
reconstruct displaced tracks. Jets of quarks are also reconstructed as jet objects at this

stage.

These files of basic objects, known as Analysis Object Data (AOD) files, are then
processed to produce more group-specific higher-level objects in derivation files,
known as DAOD files. We use DAOD_SUSY15, where the secondary vertexing
algorithm is performed to group displaced tracks into displaced vertices that we can
analyse. These files are not directly readable with regular programming languages
such as bare Python or ROOT as they contain specialized links and objects that require
the ATLAS software framework to interpret. As these files are relatively inaccessible
and are not suitable for analysis, analyses run this through dedicated ATLAS software
framework based programs that are typically shared across several analyses in a group
(in this analysis it is FactoryTools). This specializes in reading these files and writing
out data variables relevant to a particular analysis into a normal readable ROOT file
known as an NTUP. The analyses then would use the more readily readable NTUPs

for the actual data analysis in the analysis.

The information provided by the NTUP for the analysis, although typically suffi-
cient for most purposes, was quite limited. Reconstruction in simulation is done the
same way as in data, forming tracks from hits. However, these reconstructed tracks
still need to be matched to the original simulated particle (if the track was presumably
that particle) in a process called truth matching. The information about the truth

particle in the simulation that is associated with a particular track is referred to as
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truth information. Initially, the only information that was accessible in terms of truth
information were the identifying barcode (unique number assigned to a particular
truth particle in the simulation) and PDGID (a code corresponding to the identity of
the particle, for example a 77 meson would have PDGID +211 [ ]) that was truth-
matched to a particular track, the barcode and PDGID of a random direct parent of
that track (as only one was recorded), and the truth-matching probability of the truth

information to the track, which will be elaborated on later in this section.

In the earlier stages of the DV+Jets analysis, several inconsistencies were observed
in MC between the individual background estimates and the truth distributions of
what was being estimated, as originally defined using the truth information available
in the NTUP. It was clear that the understanding of the backgrounds at the time was
incomplete and risked not accounting for sources which could result in a false excess.
In particular, the estimates of the independent backgrounds failed to add up to the
expected number of background in closure tests. Other phenomena were additionally
noticed such as the mass distributions of hadronic interactions unexpectedly differ-
ing inside and outside material and the shape of the accidental crossings estimate
appearing different than expected.

Initiative was therefore taken to do a dedicated study to characterize, catalogue,
and classify displaced vertex backgrounds in the ATLAS ID using the truth information
available in the more inaccessible DAOD_SUSY1S5 files. The procedures and results of
this dedicated study are outlined in the following.

The truth information available in the DAOD_SUSY15 files is still limited, partic-
ularly as there is some truth information that is simply not recorded anywhere by
the simulation while running, specifically information involving pile-up particles.
An effort was taken by the team to make more of this information available for the
future DV+MET analysis. Note that there is also information that has been skimmed
away from the previous stages of the MC production, in particular the fact that not all
particles are actually passed down into the DAOD_SUSY15 file.

The relevant information provided in the DAOD_SUSY15 files after extraction are as
follows. Not all truth particles in the event are included, however all those matched to
tracks and all of their ancestors until the original proton-proton collision are included.
Each of these particles has a barcode, PDGID, time and coordinates of production
and of decay, 4-vector, as well as a list of the barcodes of their children particles and

a list of the barcodes of their parent particles. This allows for the construction of a
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decay tree and the tracing of the origin of a particular particle. Note that these are only
provided for particles originating from the hard-scatter proton-proton interaction. No
truth information is provided for tracks that originate from pile-up except for their
truth-matching probability.

As for reconstructed tracks (reco-tracks), each track will, other than the 4-vector,
have the associated truth barcode of the truth-particle it was matched to, along with
the truth-matching probability. No "starting" or "ending" coordinate of the track is
provided for reco-tracks, other than what can be inferred from the hit pattern. This

can only be inferred from truth information.

If the track was from pileup or truth-matching was unsuccessful, the associated
barcode is set to -9999 and no truth information can be provided. A barcode between 0
and 200,000 corresponds to a truth-particle that originated from the original generator.
A barcode above and including 200,000 corresponds to a truth-particle that was created
by GEANTH4, either due to propagating it through the detector geometry or from some
hadronic interaction with detector material.

The truth-matching probability (TMP) is a weighted measure of how many hits
a reco-track has that are actually associated with the truth-particle in question. It is
defined as

PIX SCT TRT
10Ncommon + 5Ncommon + Ncommon
10NEIX | 5NSCT | NTIRT

reco reco reco

TMP = (3.1)

where Nclzz%ff T/TRT represents the number of common hits in the PIX/SCT/TRT that
the reconstructed track and the truth particle share, and N,Zﬁff /SCT/TRT is the total
number of reconstructed hits of the track in the PIX/SCT/TRT. The maximum of this
ratio is 1, meaning all hits that form the reco-track are associated with the linked
truth-particle. Truth-matching is done by calculating this probability for every particle
which is associated with the hits of the track and choosing the one with the maximum
truth-matching probability. In this work, "truth-matching probability" will refer solely
to the maximum, which is associated with the truth-particle that is linked by the
algorithm to the reco-track. If the truth-matching probability is low, it means that the
reco-track is a fake track, reconstructed from hits that originated from many different
particles [53]. Therefore, reco-tracks with TMP< 0.5 are deemed as fake tracks. Note

that it should not be possible to have a TMP equal to or less than 0.
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Reco-Track Type | TMP  Barcode

Gen > 0.5 > 0,< 200000
G4 > 0.5 > 200000
True-PU > 0.5 = —9999
Fake <05 Any

Table 3.8: This table summarises the definitions chosen to categorize different types of reco-
tracks. Using these definitions, there are no reco-tracks that fall outside of these 4
categories.

It is important to note that many fake tracks may instead be due to a track travelling
through the detector volume, undergoing some very collinear scattering with material
and continuing on with essentially the same momenta as before, where only one of
those two tracks is written as the truth track. If the the original track did not produce
reliable hits, this case can result in a low TMP and the track being classified as a fake
track, despite it essentially having the same properties as the track we want to study

and it contributing to the DV properties as if it were a real track.

We can therefore choose to categorize the tracks using the above information into 4
main types, summarised in Table 3.8: those that originate from the generator (Gen),
those that originate from GEANT4 (G4), pile-up tracks that are auxiliary tracks not
associated with the proton-proton collision involved with the hard-scatter that is being

studied in the event (True-PU), and spontaneous hits misreconstructed into a fake
track (Fake).

The legend for the schematics shown in the rest of this chapter is shown in Figure
34.

MC Samples

Although the results of these studies are applicable to any analysis involving DVs
in the ID, the context of this study was the DV+Jets analysis. Hence, the MC back-
ground samples used are those from the DV+]Jets analysis, namely the dijet sample,
as described in Section 3.1. Although the distributions of the background sources
may change with different background samples, the actual categorizations of back-
ground are expected to be sample-independent. As mentioned in Section 3.1, pile-up

conditions changed over the course of Run 2, and MC is produced in three different
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Figure 3.4: Legend of colours used to designate types of tracks in schematics in this following
chapter. Solid lines represent tracks reconstructed in the DV, whereas dotted lines
represent tracks not in the DV. A purple dot represents the PV, and a solid-line
open circle would represents the DV.

campaigns to represent different conditions. Although event weighting does not
matter for the purposes of cataloguing and categorization, it is important to note that
for any plotted distribution in this section, the events are treated on an equal footing
regardless of pileup campaign and not individually luminosity-compensated to their

respective years or pileup conditions.

No event selections were used for these studies, as they would have simply lowered
the already limited statistics and could hide sources of background. DV and track
cleanings were applied as described in Section 3.2.2 and Section 3.2.4 respectively.
Only the DV pre-selection was used, as defined in Table 3.6. Although this would
not affect the overall categorization and cataloguing of DVs as done in this study;, it
is important to note that the process of applying such cleanings in the context of an
analysis can cause a small number of DVs to change between categories. However,

the general behaviours of the categories will still remain the same.

Defining the Originating SM LLP (OSMLLP) in Ancestry Studies

It was clear early on in the studies that the immediate truth-parents of reco-tracks do
not provide information that is particularly meaningful for classifying DVs. Immediate
parents may be short-lived particles created temporarily during a hadronic interaction
that then decays into the particle associated with the track, as shown in the decay
tree in Figure 3.5. Here we see a K emerging from the PV and then undergoing a
hadronic interaction with material creating many children. It has 4 immediate children

that are reconstructed into the DV and appear to be detector-stable, except for one
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which appears to undergo some sort of elastic scatter later in the detector. 1 additional
track reconstructed in the DV does not directly originate from the K™, but rather from
an intermediate 7' (958) particle. All of the tracks should be considered to be part
of the same process. This means that one cannot use the immediate parent or even
necessarily track truth origins as a good metric for whether or not a track belongs to
the same process as the others.

There may be a secondary elastic hadronic interaction where the truth-particle
associated with the track was actually not the particle created at the displaced vertex.
GEANT4 may also occasionally change a particle barcode while in flight if dealing
with scattering in the detector. Therefore, a novel method of meaningfully describing

the origin of a reco-track in the context of DVs needed to be developed.

Ideally, any particle reconstructed in the detector can have their ancestry traced back
to the originating Standard Model long-lived particle (OSMLLP) that was produced at
the proton-proton collision and physically left and travelled away into space before
either decaying displaced from the collision or being stable. The OSMLLP of a truth-
particle can also be itself, for example as shown in the schematic in Figure 3.7. Such a
definition would allow us to determine more meaningfully if tracks share a common
displaced "origin" or not, as demonstrated in the schematic in Figure 3.7, as well
as visible in the decay tree example in Figure 3.5. Note that since these OSMLLPs
travelling out into the detector will no longer interact with each other due to distance,
each particle in the detector geometry will have only a single OSMLLP.

However, some care must be placed in determining the exact threshold of how
"displaced" is defined, specifically as there may be particles that live a non-zero amount
of time but still decay insignificantly close to the proton-proton collision into long-lived
particles that go on to create respective DVs.

Several candidates can be chosen for this radial threshold at which the particle
must be produced before it and decay after it to be considered the OSMLLP of all of

its descendants. For example r,,, = 0 would be very strict and include any particles

xyz

that have even an insignificant displacement. One could also choose r,, = 4mm,

xy
consistent with the analysis cut on displacement.

Figure 3.8 shows the distributions of particle production radii and decay times (in
ct). In the lowermost leftmost corner in the underflow bin in both production time
and decay time, are particles that are produced and decay immediately at the time

of collision. These are mostly gluons and quarks from before the OSMLLP is made.
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Figure 3.5: Decay tree of an event showing relevant truth particles. Edges represent particles,
vertices are coloured by time distance from the PV (grey if they are at the PV
itself). Particles highlighted in bold red are reconstructed in the DV. Dotted lines
represent Gen tracks, solid lines represent G4 tracks. PU and fake tracks cannot be
truth-matched to the hard scatter and are therefore not included. The particles are
highlighted with the same colour share the same OSMLLP. Originating protons of
the collision are out of the scope of the plot, but would be above. Note that not all
particles involved in the event are included.
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Figure 3.6: Truth particle event display of the event shown in Figure 3.5. All truth particles are
shown, as well as the beampipe. The particles that have ended up reconstructed
into the DV are outlined in red, where it is clear they all originate from the same
interaction. Particles sharing the same OSMLLP as the reconstructed tracks are
coloured in green. This appears to be a hadronic interaction with the beampipe.

A

OSMLLP _ -
77T '\ o ’
PV“\_‘_/" < osMLLP

Figure 3.7: Schematic of how the OSMLLP is determined. All tracks highlighted with the same
colour share the same OSMLLP. The OSMLLPs are denoted in the schematic.
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The mode of particles in the left lower quadrant represent short-lived particles that
are produced and decay at essentially the PV. The mode of particles that appear in
the left upper quadrant of the plot represent potential OSMLLPs: particles that are
produced "promptly"” and decay "displaced". Note that any particles in the upper
overflow bin (above the red dashed line) are detector-stable. The mode of particles
in the right upper quadrant are decay products of the OSMLLP: particles produced
"displaced" and later decay even more "displaced". The particles on the diagonal line

are extremely short-lived intermediate particles.

There appears to be a clear demarcation between the prompt and long-lived particle
distributions at decay ct ~ 1 mm. The majority of the particles that live in the area
just below ¢t = 1 mm but are not more clearly prompt are neutral pions. The cut
on where the OSMLLP should be defined, in other words, the cyan lines, should be
made to separate out these three modes: OSMLLPs, decay products of OSMLLPs, and
extremely short-lived intermediate particles that essentially exist only at the PV. This
was therefore chosen to be at ct = 1 mm, where the particle must be produced before
this threshold and decay after this threshold to be considered the OSMLLP.

All of these candidate thresholds were tested after the classification study was
performed, and it was found that no significant number of DVs changed category if

the cut-off requirement was changed.

Therefore, for the purposes of these studies and the analysis:

The OSMLLP of a truth-particle is the particle’s ancestor (not necessarily
immediate, and can also be the particle in question itself), which was
produced at ct < 1 mm and decayed at ct >= 1mm (or is stable). Note that

promptly-decaying particles will not have a defined OSMLLP.

3.3.2 General Breakdown of DV Backgrounds

The general procedure for cataloguing and categorization involved sampling events
and manually studying them to understand their properties and configuration. A
programmable condition would be derived to describe this particular class of back-
ground and then events that pass this condition would be further sampled to verify if
they indeed demonstrated similar behaviour or if there were sub-classes of DVs. This
procedure was repeated iteratively until the only remaining classes of background

were those with insignificant contributions.
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Figure 3.8: 2D histogram of the production and decay times of all truth particles in a sample of
events containing DVs with 3 or more tracks in a single DAOD file. The red dotted
lines represent the underflow and overflow bins. The cyan lines represent the ct
of 1 mm from the collision, where this appears to reasonably split the multimodal
distribution into sensible regions.
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In general, it was determined that one can roughly separate DVs into the following

categories:
¢ single-process DVs (tSP)
* single-process DVs with additional track (tAX for accidental crossings)
¢ other DVs (tOther).

The "t" prefix denotes that these are categories in truth.

e A tSP DV is defined as a DV where all of its tracks share the same OSMLLP, and
therefore, all originate from the same long-lived process.

¢ An tAX DV has all of its track except for one from the same OSMLLP.
¢ tOther DVs are for any other DVs that don’t fall in any other category.

All of these categories each have their own subcategories which each exhibit their own
unique behaviours which will be elaborated on in the following sections.

A plot of the breakdown of the DVs into these categories in terms of mass distribu-
tion, in this example inside and outside material for DVs with 4 tracks, is shown in
Figure 3.9. tSP DVs dominate in the low mass region, whereas tAX dominate in the
high mass region. tOther DVs are several orders of magnitude lower than any other

source of background in any mass region, so they will be largely ignored.

3.3.3 Truth Single-Process DVs (tSP)

Truth single-process DVs are "true" DVs, in other words processes that are actually
originating from the hard scatter and not the result of misreconstructing the DV.

An example of a decay tree of a tSP DV is in Figure 3.5, where all tracks in the DV
originate from the same OSMLLP.

There are three major subcategories of tSPs with their own behaviours. There are
G4-only, Gen-Only, and G4+Gen tSP DVs, defined by whether or not the tracks
reconstructed in the DV consist of only those from GEANT4, only those from the
generator, or both from GEANT4 and the generator respectively.
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Figure 3.9: Breakdown of the mass distributions of the various truth-categorizations of DVs,
here plotted for nTDrZCkS =4 and inside material.

Gen-only tSP DVs represent SM decays, as they are true natural decays in flight
at the generator level that do not involve an interaction with detector material, which
would require GEANT4 to model.

G4-only tSP DVs largely represent hadronic interactions (HI). This means that
some Standard Model long-lived or otherwise stable particle travelled through the
detector and collided with detector material and underwent a hadronic interaction
with the material to produce children tracks, which can only be modelled by GEANT4.

Note that HI can only be G4-only DVs and Gen-only DVs can only be SM decays.
However it is possible some SM decays may be in the G4-only category if the particle
had some scattering process in flight where it was taken over by GEANT4. However

the G4-only category is dominated by HI.

G4+Gen tSP DVs represent an SM decay with a secondary hadronic interactions
(HI). In order for all tracks to originate from the same OSMLLP and have both G4
and Gen children tracks, this means that there must have been an SM decay where
one of the decay products shortly afterwards underwent a hadronic interaction with

material.
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A schematic of what these three categories look like is shown in Figure 3.10.

o—— Generator Tracks
o—— GEANT4 Tracks
&—— True-Pileup Tracks

o - . Fake Tracks
Y Y Y e PV
O bv
Pure SM Decays Hadronic Decay with
Interactions (HI) secondary HI e—— (Tracks recon. in DV)
(Gen-Only tSPs) (G4-Only tSPs) (G4+Gen tSPs) | S (Tracks not in DV)

Figure 3.10: Schematic of the tSP sub-categories.

Figure 3.11 shows the shapes of the overall distributions inside and outside of
material for the tSP category. The shapes of the overall distribution are different inside
and outside material. The reason for this is because there are still a significant amount
of SM decays, mainly from B mesons, that pass the displacement cleaning cut of
4 mm. They therefore contribute a significant fraction and may even dominate outside
of material changing the shape. However, at higher masses hadronic interactions
dominate, therefore given the signal region cut mpy > 10GeV, no SM decays make

it into the signal region due to the sharply falling tails and no known SM hadrons of
such high mass.
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Figure 3.11: Breakdown of the mass distributions of the tSP DVs, plotted for ”%chs =5 inside
and outside of detector material. For the inside plot, the two dotted lines are
shown in order to guide the eye to demonstrate the inflection in slope in the
hadronic interactions curve, here occurring at about mpy, =10 GeV.

Hadronic interactions have an additional complication. As visible in Figure 3.11

the "slope" of the exponential portion of the HI curve appears to have two components.
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Ignoring the rise and peak, there is a steeper-sloped exponential at lower masses which
then changes into a more shallower-sloped exponential at higher masses.

Upon closer inspection of these events, it appears that the population of DVs in
the shallower high mass exponential tail have a different configuration to those in the

lower mass sharper exponential tail despite both being HI.

As shown in the comparison and schematic in Figure 3.12, unlike in regular HI
where the momentum is spread somewhat evenly amongst the children particles,
these DVs in the shallower high mass exponential appear to have their mass extremely
dominated by a single high-pr track that is relatively collinear with the PV-DV vector.
This is likely due to a unusually high momentum OSMLLPs originating from the PV,
which would therefore allow a high momentum collinear outgoing track after the

interaction.

There is however not a simple variable that conveniently and cleanly separates all
of these "elastic collinear hadronic interactions" from regular hadronic interactions,
and the need to develop one is unnecessary. Rather it seems that these two components
are ends of a spectrum that co-exist across the mass distribution, and just one is more
prominent in low mass and the other in high mass. However one should note the
existence of this, as care would be required in the estimation methods to properly
account for this behaviour.

3.3.4 Truth Single-Process Plus Track DVs (tAX)

These DVs consist of a "true" DV, but with an extra track crossing from a different

process that has accidentally been added to the DV during its reconstruction.

We can divide up this category based on the identity of the crossing track: Gen,
G4, PU, or Fake, with schematics shown in Figure 3.13.

These each have different shapes and behaviours in terms of their mass distribu-
tions as shown in Figure 3.14.

The Gen-tAX DVs have only a single peak at low mass, save for some noise in
high mass. This is because Gen tracks that cross the DVs must originate close to the
PV, which means in order to cross the DV such that it is reconstructed within it, it
is restricted to be very close to the PV-DV vector. This means that it cannot add too

much mass to the DV due to the relatively small momentum that is transverse to the
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Figure 3.12: Example of an a) "regular HI" DV and a b) "elastic collinear HI" DV. These plots
have the PV-DV vector aligned to the y-axis, whereas the absolute value of the
momentum in the direction transverse to the PV-DV vector is plotted in the x-axis.
These figures keep an equal aspect ratio in order to accurately reflect the scale of
the relative orientations of the tracks. c) shows a schematic of these DVs.
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Figure 3.13: Schematic of the tAX sub-categories.
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Figure 3.14: Breakdown of the mass distributions of the tAX DVs, plotted for n%ZCks =4 inside
detector material.



68 The Displaced Vertex + Jets Search (DV+]ets)

PV-DV vector, and that the shape will largely resemble that of HI. The few events in

high mass are due to small mass DVs with an unusually high pr Gen track crossing.

The PU-tAX DVs have a slowly decreasing distribution over all mass. This is be-
cause the crossed track explicitly does not come from the same PV, and therefore could
come from anywhere. This means that the restriction that it must be reconstructed in
the DV does not limit the angle at which it crosses, which can be as small or as large as
possible, only restricted by the length of the interaction region. This large continuous
range is what causes the large continuous and relatively flat distribution, where the
lower mass corresponds to more collimated crossing angles, and the high mass to

larger crossing angles.

The G4-tAX DVs have a combination of behaviours of the Gen-tAX and PU-tAX,
with a low mass peak followed by a shallow decreasing tail. This is because, being a
G4 track, it is usually a child of a track originating from the PV that decays displaced,
and therefore does not need to originate from the PV itself. This means it has an
extra degree of freedom. The low mass peak corresponds to cases where the G4 track
originates close to the PV, and the high mass tail corresponds to where the G4 track
originated further from the PV and closer to the DV.

The Fake-tAX DVs have similar distributions to the Gen-tAX DVs. This hints that
many of the tracks classified as fake originate from the PV. This is consistent with the
observation that many reconstructed tracks classified as fake in fact have momenta
consistent with their associated truth track despite that particular truth track not
contributing enough hits to have a high enough TMP. This is in part because hits that
contribute more to the TMP originate from the PIX, whereas hits that contribute more
to the pt originate from the TRT, meaning that a missed hit in the PIX can cause the
TMP to lower significantly without greatly affecting the pr.

It is clear that at high mass, the PU-tAX dominates with a large contribution from
G4-tAX.

3.3.5 Other Categories of Truth DVs (tOther)

The rest of the categories can be separated into the following. A sub-DV here refers
to a subset of the DV comprising tracks that all share the same OSMLLP. However in
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terms of underlying mechanisms, we can generally classify these as merged vertices,
doubly accidentally crossed DVs, and other. These will be described below.

DVs comprised of two sub-DVs merged together, both from the same hard-scatter
(tHS-MV).

DVs comprised of a sub-DV from the hard scatter and PU tracks (tDVw2+PU).
As there is no truth information with PU, it is impossible to know if all the PU tracks
are from the same OSMLLP in their respective PV (in which case this would be a
merged vertex process), or if the tracks were all from separate origins (in which case

this would be a multiple accidental crossings), or some mix of the two.

DVs comprised of a sub-DV plus two tracks, where the tracks have different
origins or OSMLLPs (t2xCertainAX). These are doubly crossed DVs. Both crossed
tracks cannot be from PU at the same time, as we would not be able to tell the
mechanism.

DVs comprising only PU-tracks (tPU-Only) It is impossible to know what the
underlying mechanism of these DVs are and whether or not their tracks all come from
the same PV (separate from the PV of the hard scatter), and even if so whether or not
the underlying mechanism would count as a tSP, tAX, merged vertex, doubly-crossed
DV, or something else.

Finally there are just miscellaneous DVs (tMisc) that do not fall into any of these

categories, usually due to the tracks being from multiple different origins.

Schematics of the categories are shown in Figure 3.15. The mass distributions of
these categories are shown in Figure 3.16. The most prominent contribution are from
tHS-MYV, with the second largest being from t2xCertainAX. There are limited statistics,
however it is safe to assume the other sources of background are insignificant and do

not need to be explicitly accounted for.

It is important to note, however, that given the information provided by the MC at
truth-level, there remains a level of ambiguity and it is impossible to know precisely
the exact mechanism of the DVs in some of these subcategories. This has been kept
in mind for future analyses, where efforts are now underway during the DV+MET
analysis to produce specific MC which keep truth information from PU tracks, in order
to more accurately classify DVs.



70 The Displaced Vertex + Jets Search (DV+]ets)

o—— Generator Tracks
o—— GEANT4 Tracks

B R &—— True-Pileup Tracks
..“' ..” ° Fake Tracks
® PV
Merged True DV True DV PU-only O Dbv
Vertices from plus 2+ PU- crossed by 2 [tPU-Only]

Same Hard tracks independent o :

Scatter [tDVw2+PU] tracks (Tracks reco.n' in DV)

[tHS-MV] [t2xCertainAX] ®uruee (Tracks not in DV)

Figure 3.15: Schematic of the tOther truth categories.
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Figure 3.16: Breakdown of the mass distributions of the tOther DVs, plotted for ”%chs =5+
inside detector material.
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3.4 The Combined Background Estimate

The three major mechanisms behind the sources of background are "true" DVs (eSP),
accidental crossings (eAX), and merged vertices (eMV). The combined background
estimate aims to estimate these individually and combine them together to form an
estimate. Other sources of background, such as DVs with two additional unrelated
tracks or pileup-only DVs, are insignificant compared to the sizes of these primary

background sources in all regions and so are therefore not considered.

How these estimated categories relate back to the truth categories of background
as described in the previous section is non-trivial and would depend on the estimation
method. In some cases it may not be possible to fully separate or map the estimated
background directly to the truth backgrounds. This will be the case if the estimate,
using only information available in the data, can only estimate a proxy of a category
defined from the truth information. For example, the accidental crossings estimate
adds a track onto existing DVs. However, some of the DVs the track is getting added
to may already have a crossed track, as the method cannot tell if this is the case using
information available only in data. Hence this estimate does not purely estimate the
tAX category. Estimate categories are therefore prefixed by an "e" to avoid confusion
with the truth categories prefixed by a "t".

As the MC cannot be relied upon for the background estimates as its mismodelling
in this context is not well understood, the goal is to make the background estimates
as data-driven as possible and to rely as little on the MC as possible. This however
may create challenges for certain backgrounds due to the inherently few raw events
available to study in the high mass regions in both data and MC, where it is essential
we model properly due to the signal region also being in high mass.

This section will cover the individual estimation procedures, the closure test in MC,

and the combination.

3.4.1 Estimating Single-Process DVs (eSP)

This eSP background can be mapped to the tSP category fairly easily. The goal is to
properly estimate the number of single-process DVs, in other words "true" DVs that

have not been affected by reconstruction effects.
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In theory, it is possible to create an angular variable that could separate out SP
from other backgrounds such as the maximum angular separation of the tracks. Un-
fortunately, since signal would tend to be SP-like, this causes issues with signal
contamination as well as too few events to create a reliable estimate. Instead, after

many attempts at an estimate, a functional fit method was developed.

Below mpy =10GeV, in DVs with any number of tracks, both inside and outside
material, the tSP dominates all other backgrounds by at least an order of magnitude.
It is only above this point where the other backgrounds become prominent. Therefore,
one could assume that everything mpy < 10GeV is SP, and fit a function that follows
the form to this low mass region to allow for extrapolation to the high mass region.

The initial fitting function is as follows, to be fitted in the mpy < 10 GeV portion of
the given region that is being estimated:

p(mpy) = — (3.2)

Note that, this being the mass distribution, the actual number of DVs visible in a
bin will be the integral of this function between the bin edges. This function intends to
model the linear-like rise (A(m — B)) that peaks before undergoing an exponential-like
decay (¢~ D ) that is the general shape of tSP. The reason for the unusual combination
of the two functions via this reciprocal of a reciprocal sum form is to ensure a smooth

transition between the density functions.

However, as mentioned in Section 3.3.3, there is a secondary exponential tail from
elastic collinear HI that needs to be taken into account. Unfortunately, the inflection
point in most regions occurs at too high mass to be able to properly fit a secondary

exponential tail at low mass for extrapolation.

Since our signal region is high mass outside of material, we can use the high mass
inside material regions as control regions for the secondary exponential and extrapolate
to the signal region. However, in data the high mass region has contamination from
other components of background. Although it is possible to roughly separate these

out with an angular variable ((AR) described later in the section), deriving the

max”/

templates directly in data inside material and extrapolating to outside material would

deprive us of a high statistics validation region for this corrected estimate. Although
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we would be able to use the high mass outside material n%\alcks =4 region between
mpy =10GeV and 20 GeV for validation, this unfortunately does not have sufficient
statistics as it is outside material, and it would be preferable for these SP DVs that

dominate inside material to have a validation region inside of material.

Therefore, the correction to the tail will be derived from inside material high mass
regions in MC, and then validated in an MC closure test as well as in inside material
data with a (AR) . cut.

To understand how we will derive this correction, for simplicity, assume we only
consider the SP DVs mass distribution above about mpy, =5 GeV, where it is essentially
only the exponential component. In other words, we can write

_ m—Cy

m—C
~e D +e P2, (3.3)

PIN,#PY., . MC No EvSel (m)

Tracks”

m—Cz
Dy

m—C

where e” D represents the original exponential fitted at low mass, and e

repre-
sents the secondary exponential that dominates at high mass. This secondary exponen-
tial can be obtained by fitting the full mass range of tSP DVs inside of material in the
MC. Specifically, the original function is fitted in the inside material, mpy, < 10GeV
region of the given nll?chks tSP MC with no event selections. Then the "corrected

function",

p(mpy) = — (3.4)

is fitted, however the parameters already determined in the regular fit are fixed, and
only C, and D, are actually fitted here.

If we try to go from the MC no event selection inside material region for a given
”%chs to the equivalent region in data with event selections, the exponentials will be
affected by not only the selections but by differences in the MC and data. However, as
they both remain exponentials, only with potentially a change in slope and amplitude,
this change must be parameterizable by the multiplication of a factor of the form Se™ s
If the selections and the difference between MC and data affects both components in

the same way, this factor will be the same in both components.

One can attempt to verify this in a rough approximation by plotting the tSP compo-

nent against the data with a cut on (AR) ., in order to select for tSP DVs. (AR) . iS

maXx
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defined as the maximum opening angle between a DV track and the summed track
momenta of all other tracks in the vertex. Accidentally crossed tracks will usually
cross at a large angle to the rest of the tracks in the DV, allowing us to use this variable
to help separate tSPs from the accidental crossings background, as shown in Figure
3.17. (AR)pax < 0.8 is therefore selected as the cut, and the data with this cut is shown
against the tSP DV distribution in Figure 3.18, where relatively good agreement is

seen.
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Figure 3.17: (AR) .y distribution of tSP and non tSP DVs in MC. A cut is selected at <0.8 to
select for a high purity sample of tSP DVs.

As these match within uncertainties, one can write in the high mass region the
approximation that

_m
p OUT,n%ZCkS,Data W. EvSel(m) ~ Se * P IN,nTDrZCkS,Data wW. EVSel(m) (3‘5)
_m _m-C T )
~Se se D +Se se M (3.6)

) ) . L. ) ) DV
where POUT ALY, Data w. Euse (1) is the DV invariant mass (m) distribution with na.

number of tracks in data with the event selections but outside of detector material, and
PINRY. Data w. Evse (1) is the same but inside of detector material. C, D, C,, D, are
defined as in Equation 3.4, and S and s define the exponential factor that characterize

the difference in the distribution when going from inside to outside of material.
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Figure 3.18: The mass distribution of tSP MC is plotted alongside data with a (AR) ., cut,
in order to get a proxy for what the tSP components of data with selections look
like. The first column is for inside material and the second column is for outside
material, with four (first), five (middle) or six or more tracks (last).
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Going from inside to outside material, the high mass region should only be from
true HI, and there should not be any significant difference in interaction between
for example a metallic nucleus inside detector material and an air molecule outside
detector material. Therefore, the only difference should be a change in amplitude
and one can represent going from inside to outside by applying a factor A to the
inside mass distribution to obtain the outside mass distribution. This is unfortunately
very difficult to verify in MC as there are so few statistics in the outside region that
there are typically too few tSP DVs in the region where the original exponential
begins to dominate and the effect of the B-decay peak begins to vanish, as shown in
Figure 3.19. However, it is important to note: the estimate is fundamentally limited
by our knowledge about the behaviour of this secondary component, due to the lack
of statistics available in the tSP MC. Therefore, as will be discussed in Section 3.4.1,
not only will the regular fit uncertainties be propagated to the final template, but the
statistical uncertainties in this tSP MC control region will be as well. However, one
must appreciate that there is good agreement in the region where there are sufficient

events to draw a conclusion.

These two assumptions allow the estimation inside or outside material of some
given region from a control region of corresponding ”%chs in MC with no event

selections but containing only tSP DVs.

A schematic of the information available and a visual representation of the es-
timation method in terms of the equations is shown in Figure 3.20. To clarify, the
primary function and the secondary exponential are both fitted in the tSP MC inside
control region. The primary function is then fitted in the low mass region in data. The
secondary exponential in data is then set to be the secondary exponential in the tSP
MC control region but normalised by the ratio of the primary exponential in data over
tSP MC.

In other words, if p(l) (m) was the primary exponential and p(z) (m) was the sec-

ondary,
e (m) = Ase™ %o P (3.7)
OUT, DY 4., Data w. EvSel )
(1)
. pOUT,nTDrZCkS,Data w. EVSel(m) (2) (m) (3 8)
NCY (m) PINRY . MC No Evsel ‘

o IN, 72V ., MC No EvSel
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Figure 3.19: tSP MC DVs that only have GEANT4 tracks (in order to isolate the "true HI" DVs
that dominate in the high mass from possible decays that only exist in low mass)
compared inside and outside of material in order to determine whether or not
their shapes are comparable. The DVs have four (left), five (middle) or six or more

tracks (right).

Normalized to 1e5

tSP MC, No Ev. Sels.

Data With Ev. Sels.

m—C _x _m—C x _m=G

Inside e D + [Se se D ]+Se se D2
. _m-C _m-G _x _m—C x _Mm=G
Outside [Ae D ]+Ae D, [ASe se D ]+ASe se D2

Fitted in Primary Fit |

Figure 3.20: Schematic showing the equations of the mass distribution in terms of the primary
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and secondary exponentials in the different regions.
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Uncertainties

With the low mass primary function fitting, a covariance matrix is provided by the
fitting algorithm. In order to obtain the fitting uncertainty, sample distributions of the
primary function are generated from sampling multi-variate gaussian distributions
tor each of the parameters using the corresponding elements of the covariance matrix.
Sample distributions falling outside the range limits of the parameters, set to ensure
proper physical behaviour of the function, are ignored. The standard deviation of
these toys in a given mass bin is therefore written out to be the fitting uncertainty
in that mass bin. Note that these uncertainties are correlated across bins, and so the
uncertainty of any given mass range must be computed separately, and cannot be

calculated from the uncertainties of individual bins.

As previously mentioned, the accuracy of the secondary function fit is primarily
limited by our knowledge of its behaviour, which is limited due to the lack of events
available in the tSP MC to study. Therefore, the statistical uncertainties in this tSP MC
control region will be propagated to the template, normalised by the same ratio of the

primary fits in the data and tSP MC control region.

Closure Test

Although the estimation method uses tSP MC, one can still do a limited closure test
in the full MC to check if the primary fitting in the full MC works sufficiently well
to model the tSP, as well as whether or not the ratio method for the secondary fit
is functional. The full MC was therefore passed to the algorithm as if it was data.
The results of the closure test are shown in Figure 3.21 for all MC regions. The
estimate matches the true tSP MC to within uncertainties, so no additional non-closure
uncertainty needs to be applied.

3.4.2 Estimating Accidental Crossings (eAX)

The general method for estimating accidental crossings predates the author’s joining
of the analysis team. The method involves estimating the number of n%ﬁcks-trk DVs
with crossed tracks by taking (n%\;cks-l)-trk DVs and adding on an extra track, and
then normalising the resulting mass template by a crossing factor representing how

often crossings occur. The procedure is outlined in Figure 3.22.
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Figure 3.21: The estimate in the full MC against the tSP MC as a sort of closure test. The top
row is for inside material and the bottom row is for outside material, with four
(left), five (middle) or six or more tracks (right). Note that these do not have event
weights applied and bin contents are not normalised to bin width. "Nominal"
refers to the fit without the secondary component correction.
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TN\ LY

Figure 3.22: Visual representation of the procedure for estimating accidental crossings.

The procedure first involves obtaining a library of crossing tracks that can be added
to DVs. This is done by taking nTDIZCkS =3 DVs where the invariant mass of 2 of the
tracks lies within 0.05 GeV of the K, mass of 0.497 11 GeV. This means that it is likely
that this 3-trk DVs was actually a K; decay that was crossed by an additional track.
The fiducial volume of the detector is divided into 3 radial regions and 6 z regions
during the entire procedure in order to account for the possible different behaviours
of crossing tracks in the different regions. The momentum information of the track is
saved as well as its information relative to its DV.

Therefore for each DV in a given region, a random track from the corresponding
library is added to the DV, and the DV’s properties are recomputed. The obtained mass

AKS,S-choose-Z trks
Kj,3-choose-2 trks+AKS 2trks”
where Ay represents the area under the K; mass peak visible in the the given region.

S

distribution from this method is then normalised by the ratio

This represents the fraction of DVs that had a crossing track over those that could have

a crossing track.

Due to discrepancies observed in the mass distribution between the true accidental
crossing distribution in MC and the accidental crossings estimate in MC, as can be
seen in Figure 3.25a and b respectively, the author investigated potential causes in
order to resolve the difference. It was discovered by the author that the method by
which a track is added to a DV is not trivial. Tracks have a momentum (p,, p,, Py),
which will be added to the momenta of the other tracks in order to obtain the total
invariant mass of the DV. A more convenient basis geometrically is to define them by
their 3-momentum magnitude p, the component of that momentum transverse to the

beampipe pr, and the angle around the beampipe ¢,,.

The existing method determined the momentum of the track to add by keeping
p and pt consistent, and then changing only ¢;,, such that the A¢p = ¢, — Ppypy
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between that of the track and the PV-DV vector of the DV being considered is the same
with the new DV, with respect to the DV the track originally came from.

As is visible in Figure 3.25b, the shape of the mass distribution obtained by this
method in MC does not match the true distribution of accidental crossings in MC. This
is because the mass of the DV, obtained by the norm of the sum of track momenta,
is dependant on the direct dot product angles between the individual tracks, and is
agnostic to any particular orientation. As seen in Figure 3.23, the projection angle ¢ is
not necessarily related to the actual angle between the track and the other tracks in the
DV or the PV-DV vector. This results in the tracks essentially being added at angles
that are somewhat random, resulting in a smeared mass distribution with a thick tail

and loss of recovery of behaviours of individual tAX components.

This could be fixed if instead the direct dot-product angle Ax between the track and
the PV-DV vector was kept constant. However this is not trivial to do. The track py is
an important parameter to attempt to keep constant since the momentum of the track
is obtained via measuring the radius of curvature of the track caused by a charged
particle in the transverse direction where the bending is caused by a magnet. This
means that the uncertainties and cuts on tracks are all in fact based on the transverse
momentum pr, rather than the total scalar momentum. However since the total scalar
momentum is what contributes to the DV mass, it would be ideal to keep both of these
parameters constant.

Figure 3.23: Visual representation of a DV and track in the detector, showing the PV-DV vector
and the angles Ax and A¢.

The constraint to keep a fixed total scalar momentum and a fixed p corresponds
to a cone of possible track momenta around the collision axis. The constraint to keep a

tixed Aa between the track and the PV-DV vector corresponds to a cone of possible
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track momenta around the PV-DV vector. The intersection of these cones are our
possible track momenta that we can set such that they will be properly added to the
DV, as shown in Figure 3.24. The solution of this is as follows, where one only needs
to determine ¢ as p and p are fixed and a modulus of 277 is implied:

1 [Pek"PvDV COS(AR) — Pio T PyDV 2
Ptrk, T PVDV,T

(Ptrk,new = (Ptrk,old + cos (3.9)

There are typically two solutions, the sign is chosen randomly. If there is no solution, a
new track is drawn from the library. 7py/py, represents the PV-DV vector.

5
TpvDV

e

\/

Figure 3.24: Visual representation of the track momentum constraints. The blue cone repre-
sents the constraint from p and pr. The green cone represents the constraints from
p and da. The red line represents the PV-DV vector. The two intersections of the
cones, in yellow, are the solutions for momenta satisfying all constraints.

After the implementation of this new method, Figure 3.25¢c shows a much better
agreement with the shape of tAX, where the individual behaviours of the individual

components can now be recovered.

The statistical uncertainties from the vertices the tracks are added to, are propa-
gated to the final template. Uncertainties from the crossing-factor are determined
by comparing them to when the crossing-factor is determined from A — p7 decays
instead.
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Figure 3.25: Mass distributions in MC divided by subcategory for AX, with what is aimed
to be estimated and the two angular estimate methods. These plots are made
without event weights.
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3.4.3 Estimating Merged Vertices (eMYV)

A method for estimating the merged vertex background predates the author’s involve-
ment in the analysis. Since merging of vertices occurs in the vertexing algorithm only
if the distance significance squared S? between the vertices to merge is below 100
(unitless), this means that one can merge vertices from the same event and from differ-
ent events and compare the distance significance distribution. One should observe
a deficit in the same-event merged vertices in the $* <100 region, as can be seen in
Figure 3.26, corresponding to vertices that have already merged that we wish to study.
A merged vertex template can be formed by merging vertices from different events,
and then normalising this template to the distance significance deficit in the ratio of

the same-event to different-event distance-significance distributions.

n e i T T L A A
T - ATLAS Ny, = (2+3)-trk ]
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Figure 3.26: Comparison of the §? distribution from 2 and 3-track vertices that were merged
together from the same vs. different events for the trackless SR. The merging
portion of the secondary-vertexing algorithm merges vertices with $* < 100. The
deficit in the $* < 100 distribution for the same-event merging represents vertices
that were already incorrectly merged by the algorithm. This plot was produced
by Atsushi Mizukami and Emily Anne Thompson, as it appears in the analysis

paper [1]
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3.4.4 Closure Uncertainty for Accidental Crossings (eAX) and
Merged Vertices (eMV)

Accidental crossings and merged vertices cannot be separated in truth information
due to the lack of information about pileup and the internal workings of the vertexing
algorithm. This is because the vertexing algorithm is run during the reconstruction of
the data files which is done centrally within the collaboration, and this information
is not saved to the file by the algorithm. For example, DVs that are SP with two
extra pileup tracks cannot be categorized with certainty as they can be either category,
depending on the physics of the pileup tracks not available to us. It could be that
if the two pileup tracks represents an SP pileup vertex that this is a true merged
vertex. However if they are separate tracks in the pileup event this would be a double
accidental crossing. Additionally selections have an effect. For example, if one has a
merged vertex, however only one track of one of the vertices merged survives selection,
it would not be possible to tell whether or not such an event should be categorized as

a merged vertex or accidental crossings.

Therefore, for closure tests of the estimation methods, ideally this would be done
separately for SP and other DVs. The closure for SP has been detailed in Section
3.4.1. A separate closure test is then done for the combined eAX and eMV estimates,
comparing them to all non tSP DVs in the truth information, which can be seen in
Figure 3.27. Since the SP DVs dominate in low mass to the point that an non-closure
uncertainty on the other components would not matter, a flat uncertainty for the other
components is derived by only comparing the high mass bins where the eAX and eMV
dominate. There is an underestimation, and so a flat uncertainty of 40% corresponding
to this underestimation is assigned to the combined eAX and eMV in the final estimate.
This is derived from the inside material regions as an accurate non-closure cannot be

derived in the high-mass outside material regions due to large statistical uncertainties.

The non-closure is less than with the original ¢-angle method, where the ¢-angle
method would require a non-closure uncertainty of 70%. However, due to severe
time constraints in the analysis the official result from the paper uses the original
¢-angle method. This was justified due to the fact that the ¢-angle method is more
conservative in the SR (due to DVs that would have otherwise been in the low mass
region peak being shifted to the high mass region) and it still remaining within a

suitable uncertainty. This is intended to be fixed in the future DV+MET analysis,
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Figure 3.27: The combined estimate performed in MC is compared to true MC. The difference
in the high mass bins is taken to be a non-closure uncertainty for the combined
eAX and eMV. The overall systematic for the eAX trace was developed by Emily
Anne Thompson. The trace for the eMV estimate is produced by Emily Anne
Thompson and Atsushi Mizukami

however for the rest of this chapter, results will be stated using the ¢-angle method in
order to be consistent with the official paper results.

3.4.5 Combining Background Estimates

Several methods of combining the separate background estimates were investigated,
primarily those that involved allowing the normalisations of the respective estimates
to be determined via a simultaneous fit of all of the estimate shapes in data. However
it was determined by the author that the methods which involved simultaneous fits
were not reliable and yielded unstable results. This was due to the transition period
between where hadronic interactions dominate towards where the other backgrounds
dominate being quite close to the mpy, = 10 GeV cut-off, meaning there was insufficient
information about the behaviour of the accidental crossings and merged vertices
shapes to properly fit their normalisations. As a result, the final method chosen has
only the hadronic interactions estimate directly fitted in data, primarily due to it being
fairly challenging to derive a normalisation otherwise. The other estimates use their

own normalisations as described in their respective sections.
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The combined background estimate is initially validated during the development
of the estimate in the unblinded 1y, = 4, mpy € [10 — 20 GeV] region. The estimate
is finally validated, right before the unblinding of the SR, in the blinded n%chs =4,
mpy > 20GeV validation region. The results are seen in Figure 3.28, created by the
team using inputs from those responsible for each individual estimate, taken from the

paper [1], where good agreement is seen.
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Figure 3.28: The blinded validation region in data (”TDchks = 4, mpy > 20GeV), against the
combined background estimate, created by the team and taken from the official

paper [1].

The final estimated backgrounds are 1.08 £ 0.69 for the High pr SRand 2.1+1.1
for the Trackless SR, as calculated by the team from respective inputs in the official

paper [1].

3.5 Inclusive Background Estimates

The combined background estimate is complex and with sizable uncertainties. An-
other estimation method was developed by the analysis team in order to estimate
background DVs inclusively, agnostic to their particular type. As this analysis has
quite unique backgrounds, these separate estimates are then cross-checked against

each other in order to instil confidence in the understanding of the estimate.

This inclusive background estimate method is based on all of the background types
being correlated with the presence of tracks, and therefore track-jets. In other words,
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the more track-jets there are in the events, the more tracks there are, and therefore the
more DVs. Therefore, if one can determine how many background DVs appear per
jet in some control region, knowing the number of jets in the signal region one can
therefore determine the number of expected background DVs. The control region is
chosen to be single-photon-triggered events that fail both the High pr and Trackless

jet requirements.

These track-jets are reconstructed slightly differently than typical jets reconstructed
from calorimeter deposits. These are reconstructed with an anti-k; algorithm with
AR = \/(Aiy)z + (Ap)* = 0.4 from all py > 1GeV and |dy| < 2mm tracks. The d,

requirements makes the track-jet insensitive to LLP decays.

In the control trigger region, 2D binned histograms are parameterized as a function
of the closest track jet pt (pj;t) and the number of tracks in the closest track jet (anert acks)r
are made for the number of track jets matched to a DV and for the total number of
track jets. Their ratio, which represents the probability of a DV being present given a
jet is present, is referred to as the jet-DV probability,

. et i # jet(pjet, e ) matched to DVs
t et
P(DVl]Et(pJ; ’n]Teracks)) — T 7 ""Tracks .

. jet  jet (310)
#iet(pr , Mpa0c) total

In order the reduce limitations due to a small number of events, the control trigger
region uses the region ”%chs > 4, mpy > 5GeV for its DVs. As the signal region
may be defined in an (v, My ) region that is not the (nhee > 4, mpy > 5GeV)
used in the control trigger region, an f factor is calculated to compensate for this. This
normalises the result by the ratio of the number of events with DVs falling into the
(n%ZCkS’ mpy ) region in the control trigger region to the number of events with DVs

talling into the (”TDchks > 4, mpy > 5GeV) region in the control trigger region.

Therefore, the estimate method can be summarised as follows:

. jet jet
Ny DV = fdV ) Y. P(DV |jetsg (P, nhoal)) (3.11)

SRr(nTracks'mDV) . jet jet
]etSR( T ’nTracks)

_ NerBlmp) (3.12)

(”DV KksMDV)
Tracks™MDV) N CR, (R 4 >4,mpy >5GeV)
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A closure test with MC in the SR saw good agreement. This method was validated
in both MC and data in various (”TDchkS/ mpy ) regions outside of material for both
multi-jet selections, particularly with (nyq. = 4, mpy € [10,20]GeV) and (1D >
5,mpy € [5,10]GeV). This saw good agreement except for a consistent overestimation
of background in the (nQvqs > 5,mpy € [5,10]GeV) regions but only in MC. This
region is dominated by hadronic interactions, so this hints that this method may not
perform very well in hadronic interaction rich regions. An uncertainty is derived from

this non-closure.

Systematic uncertainties in the control region, the possibility of a dependence on

the number of track-jets in the event, and pileup were also taken into account.

The final estimated yields for background events in the signal region are 0.46f8:%

for the High pr SR and 0.83f8;§§ for the Trackless SR, as determined by Emily Anne
Thompson and Moe Wakida in the paper [1].

3.6 Uncertainties

In addition to the uncertainties described by the background estimation methods,
since the results are derived from comparing MC signal yields to data, uncertainties
relating to difference in data and MC are important to take into account. Effects of
pileup were determined to be negligible enough to be ignored. Uncertainties relating
to the tracking uncertainty, jet energy scale and resolution, data integrated luminosity,
and MC modelling of initial state radiation were considered. The data integrated
luminosity uncertainty is 1.7% as determined by the collaboration. The jet energy scale
and resolution uncertainties as a result of the jets originating from displaced decays
were found to be negligible in the Strong RPV signal model, but up to 10% in the EWK
RPV signal model. This is due to the EWK RPV signal model primarily relying on the
Trackless Jet SR, whose required trackless jets are the focus of this uncertainty. The
uncertainty from initial state radiation was determined by varying parameters in the
generator and showering during production and comparing to the nominal. These
were determined to be negligible for the Strong RPV signal model and up to about 20%
for the EWK RPV signal model. These jet uncertainties were determined by Giulia
Ripellino in the paper [1].
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The uncertainty on standard tracking reconstruction efficiency has already been
determined by the collaboration to be approximately 1.7% [69]. Therefore, by plotting
the radial distribution of K decays in both data and MC, normalising in the low radius
region where the efficiency is well understood, one can estimate the MC mismodelling
of LRT tracking. This is added in quadrature to the uncertainty from standard tracking
to obtain a per-track efficiency uncertainty, which can be propagated to the final event

counts. This was determined to be between 14% and 17% by Giulia Ripellino in the

paper [1].

3.7 Results

The predictions of the two estimation methods agree with each other, lending confi-
dence that the estimates are reliable and correct.

After unblinding, in data 1 event was observed in the High pr SR and 0 events
were observed in the Trackless SR. The estimates and final data yields are summarised
in Table 3.9. This one observed event is from 2017 data, and represents a DV with 5
tracks and mpy = 32.6GeV, at R, = 7.5mm, which lies inside the beampipe. This
event is shown in the event display in Figure 3.29.

Signal Region | Combined Inclusive | Observed
High pp 1.08+£0.69 046703 |1
Trackless 21+11  0.8370% |0

Table 3.9: Summary of the yields in the signal regions as estimated by the combined and
inclusive estimates, compared to the final unblinded yields in data. These are the
final numbers from the paper, calculated by various members of the analysis team

[1].

As the observed data is consistent with the background estimate, and therefore the
Standard Model, exclusion limits on the BSM scenarios are set. Limits are calculated
according to the CL; method [70] using pyHF [71][72]. In general, the Strong RPV
model has its sensitivity primarily in the High pt region, whereas the EWK RPV model
has important contributions from both. As the two SRs are orthogonal, limits can be

combined as a two-bin fit. The final exclusion limits of long-lived particle mass vs.
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Figure 3.29: Event display of the single observed event in the signal regions in data. Created
by Moe Wakida. The blue circles represent different proton-proton interactions
along the beamline. The green tracks are the reconstructed DV. The shaded brown
cylinder represents the beampipe.
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lifetime on both models are shown below in Figure 3.30, where the Strong RPV model
is plotted for a fixed gluino mass of m; = 2400 GeV.
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(a) Strong RPV model, m; = 2400 GeV (b) EWK RPV model

Figure 3.30: The dashed line and the yellow band represents the expected limits and its £ 1c
uncertainty. The solid red line represents the observed limit, with the dotted red
lines representing the theoretical + 1o uncertainty. These plots are taken directly
from the paper [1], created by the team using respective inputs, using code created
by both Stefan Richter and myself.

The observed limit appropriately does not deviate largely from the expected limit.
For the Strong RPV model, this limit therefore excludes the possibility of nearly the
entire lifetime range from 0.01 to 1ns of long-lived neutralino mass down to a couple
hundred GeV. For the EWK RPV model, this excludes up to at least 1.2 TeV of long-

lived neutralino mass for the lifetime range from 0.01 to 10 ns.

This is the first ATLAS search result for such multijet-triggered high mass and high
number of track displaced vertices with /s = 13 TeV data, as well as the first ATLAS
search to have set limits in such long-lived RPV scenarios. The CMS experiment had
recently conducted a similar search, with a model similar to our EWK RPV model,
however the primary difference is that their fiducial volume was limited to a radius of
less than 20.9 mm such that they do not need to consider a material map. At long-lived
neutralino lifetime of T = 0.03 ns, their analysis was able to exclude up to 1.3 TeV as

opposed to this analysis which was able to exclude up to 1.5TeV [73].

This analysis in theory should have sensitivity to Higgs Portal models where the
scalars decay into bb pairs at the displaced vertices, which of course can also count as
jets themselves. Many of the Higgs production modes can also have additional jets
from the production process itself. The ttH mode in particular will have jets due to
the b’s and possibly from the W’s of the t quark decays. The VBF mode has a high
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cross-section as well as forward jets from the production process. The ggH mode,
although to within leading order has no jets from the production process, may have

initial state radiation and has the dominating cross-section.

As the jet requirements used in this analysis are so stringent, very few MC events
produced would pass the analysis requirements, meaning that a dedicated filter has to
be produced for these samples and a very large number of events need to be available
as input to the filter. Unfortunately due to technical limitations, these samples were
unable to be completed within the timespan of this thesis. However, from preliminary
numbers with a reduced MC sample test obtained in the formulation of the sample
request by Anna Mullin and myself, we expect a yield in the Trackless SR of 59.6 & 21.8
for one of the most sensitive points of mg = 45GeV and ¢t = 10mm when we
include all Higgs production modes at 100% Higgs branching ratio. Note that the large
statistical error in the MC are due to the limit number of raw events available in this
small test sample. A limited plot of the expected yields for various signal points in the
Trackless SR at 100% Higgs branching ratio inclusive of all Higgs production modes is
shown in Figure 3.31. Effectively no sensitivity is expected from the High-pT SR.

Higgs Portal Trackless SR Expected Yields
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Figure 3.31: Expected yields for the Higgs Portal model at 100% Higgs branching ratio inclu-
sive of all Higgs production modes for a limited signal scan of LLP scalar mass
and lifetime. Samples used to create this plot were produced with Anna Mullin.
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As a rough estimate one could consider the uncertainties of the background esti-
mate of the analysis to be able to reject a signal of 3 DVs to a 95% certainty. Taking as
a rough estimate the nominal value of the signal yield without its uncertainties, this
would allow this analysis to roughly exclude down to the scalar occupying 5% of the
Higgs branching ratio for the mg = 45GeV and ¢t = 10 mm point. The current limits
on this point for hadronically-decaying scalars is also approximately around 5% from
independent ATLAS [74] and CMS [75] analyses, meaning there is the potential for a
statistical combination with a reinterpretation of this analysis to obtain the best limits

to date on this branching ratio.

Although there is sensitivity to Higgs Portal models in this analysis, which triggers
partially on jets from the Higgs production process, the jet requirements need to be very
stringent which limits the sensitivity. In the next chapter a new analysis is introduced,
the DV+MET search, where one triggers instead on MET from the event. Here, DVs
will still be produced by the decay of the long-lived dark sector particles that the Higgs
decays into. However, as many Higgs production processes also produce neutrinos,
and the MET requirements are much less stringent than those on jets, there is the

potential to have even more sensitivity with this alternative approach.



Chapter 4

The Displaced Vertex + Missing
Transverse Energy Search (DV+MET)

“What we lack in experience we make up for in enthusiasm.”
— Fionn Bioshop, PhD Particle Physics, LHCb, University of Cam-
bridge

This chapter details the "DV+MET" search, where new long-lived particles (LLPs)
Beyond the Standard Model are searched for using displaced vertex signatures in
events that are triggered by missing transverse energy (MET). MET is simply used
as a trigger and there are no additional requirements that it is directly originating
from the LLP decay DV or not. Similar to the DV+Jets analysis, this is to allow the
analysis to be as general as possible, and inclusive to a wide variety of BSM models.
The primary physics motivation for using this specific trigger was simply because the
Run 2 analyses triggering on muons [57] and jets [1] have already been completed,
leaving MET as the next most motivated general trigger. This search uses the full Run
2 proton-proton collision data set of 139 fb~ ! at centre-of-mass energy /s = 13TeV.
This is the first full Run 2 DV+MET search, following up on the early partial Run 2
DV+MET analysis [2].

In this updated search, in addition to using what is now the standard VSI vertexing
algorithm (described in Section 2.3.4), a new fuzzy vertexing algorithm developed by
Risa Ushioda is being used for the first time in ATLAS. If an LLP decays into heavy
quarks, such as b-quarks, the heavy quarks have a lifetime that results in their hadrons

decaying a few mm after they are produced in the DV. This means that the stable

95
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tracks that are reconstructed by the detector will not all point back to the original DV,
but rather nearby. The traditional VSI algorithm requires that all tracks point back to
the DV. This requirement may be too strict for these heavy decay DV cases. The fuzzy
vertexing algorithm aims to solve this by loosening the restriction that tracks must
originate from the DV, instead allowing them to come from a volume around the DV.
This is illustrated visually in Figure 4.1.

LLP . LLP .+~
PV PV
VSI Vertexing Fuzzy Vertexing

Figure 4.1: An LLP originating from the PV decays into a bb pair, which each decay later into
several tracks. Black dotted tracks are not reconstructed by the detector. Orange
dotted tracks are not reconstructed into the DV, but orange solid tracks are. The
blue circle represents the DV, which is point-like in VSI vertexing and a volume in
fuzzy vertexing.

Unfortunately, the loosening of the vertexing requirements also results in increasing
backgrounds. To ensure no loss of sensitivity to models with LLPs decaying into light
quarks, three different signal regions are planned to target different areas of phase
space, searching for events with 1) at least 1+ VSI DV (the "1+ VSI DV SR"), 2) exactly 1
tuzzy DV (the "1 fuzzy DV SR"), and 3) 2+ fuzzy DVs (the "2+ fuzzy DV SR"). Although
the analysis is signature-driven, these three SRs are each optimized using a different

particular signal benchmark model.

The 1+ VSI DV SR uses an R-Hadron R-parity-conserving (RPC) SUSY model. This
model is used as it is the same model used in the early partial Run 2 analysis [7],
therefore allowing for a direct comparison in sensitivity gain. Here a gluino pair is
produced from the collision. These are hadronized into R-hadrons (hadrons with a
SUSY particle in them), hence the name of the model. These then decay into squarks.

The squark then decays into a neutralino and quarks. The squark is assumed to be
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significantly heavier than the gluino, meaning it is produced very off-shell, causing
the gluino to become long-lived. This decay of the long-lived R-hadron gluino into the
neutralino and quarks is what creates the displaced vertex signature. The neutralino is
invisible and constitutes the MET that is triggered on [76]. The Feynman diagram for
this process is shown in Figure 4.2a.

The 1 fuzzy DV SR uses a Wino-Bino RPC SUSY model as it has a single heavy-
flavour DV in its final state. Here a Xg is produced in the collision and decays into a X?
and a very off-shell Higgs. The X(l) is stable and invisible, and comprises the MET the
event is triggered on. The long-lifetime of the i originates from it only being able to
decay via a very off-shell mediator, the Higgs. Additionally the mass splitting between
the neutralinos is assumed to be on the order of 30 GeV which further prolongs its
lifetime. The off-shell Higgs decays into a bb pair, forming a single fuzzy DV [77]. The
Feynman diagram for this process is shown in Figure 4.2b.

The 2+ fuzzy DV SR uses a Higgs Portal model as there will be two heavy flavour
DVs in its final state. A Higgs boson is produced in the collision via any of the Higgs
production processes. Neutrinos from the Higgs production process, particularly
from a Z or W decay in the VH or ttH modes, will be the source of MET that can be
triggered on. The Higgs decays into a scalar LLP pair, which then each decay into a
bb pair. Each of these bb pairs will form a displaced fuzzy vertex, assuming that they
decay within the fiducial volume. No explicit mechanism for the long-lifetime of the
scalar is imposed. The Feynman diagram for this process is shown in Figure 4.2c. One
may note that if one were to design an analysis specifically to target this model, one
would rather trigger on a single lepton as any of the W decays that produce a neutrino
will also produce a lepton, and the lepton triggers are more reliable. However this case
is already covered by the already completed DV+muon search [57] and the already
currently underway Higgs Decay with Multiple Implementations analysis [75]. This
analysis serves primarily to help complete the phase space of possible general trigger
signatures in a model agnostic way, and this model is used here as a benchmark rather

than as motivation.

I was analysis contact for this analysis. I therefore lead the analysis team together
with my co-analysis contact Evan Michael Carlson. A large part of my responsibility on
the analysis is coordinating the team, designing the analysis, and providing feedback
to students. Another large part of my responsibility is closely providing support and

supervision to other students on analysis to help them complete their tasks.
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(b) Wino-Bino model Feynman diagram

(a) R-Hadron model Feynman diagram
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(c) Higgs Portal Feynman diagram (WH/ZH
production shown. Other modes may also
be produced)
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Figure 4.2: Benchmark models for the DV+MET analysis. The blue circles represent the DVs.
The object surrounded by the green dots represent objects that the analysis triggers

on, in this case MET.
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My primary tangible contribution to the analysis were in updating the material
map veto system, doing track cleanings and signal region definitions for the 2+ fuzzy
DV SR, and together with Anna Mullin developing the MC request for the Higgs
Portal model. I am also heavily involved in the development of an updated inclusive
background estimate in collaboration with others in the analysis team. I also did
preliminary track cleaning studies for the 1+ VSI DV SR before this was taken over by
another person.

As my primary contribution was on the 2+ fuzzy DV SR, this is what this chapter
will focus on. The analysis is still in progress at the time of this writing, so only current
progress on the material map and sensitivity studies for the 2+ fuzzy DV SR will be
covered.

4.1 Samples and Basic Selections

The full Run 2 dataset of 139fb ™' of proton-proton collision data at /s = 13TeV
was used for this analysis. The data directly analysed in this analysis is collected
by a set of MET triggers. However, data collected from other triggers will also used
in the analysis for background estimation. Like the DV+Jets analysis, the standard
processing for the particular software release used at the time of this analysis ("Release
21") did not include the large-radius tracking required to reconstruct displaced vertices
(as described in Section 2.3.4). The same filter derived by the RPV/LL group to select
events in data that would be interesting for several different analyses to undergo bulk
reconstruction.

The various MET triggers themselves vary depending on physics data-taking
period, and typically trigger on a MET between 90 GeV to 120 GeV. This online MET is
reconstructed during data-taking and so is done with a fast but less accurate algorithm.
The MET reconstructed for use in the analysis is done offline, after data-taking with a
more accurate algorithm and taking into account calibrations. Typically this means
that there will be a turn-on curve in the offline MET, as some events that lie at the
cut-off of the online MET may in fact be misreconstructed and end up on either side
of the cut-off in the offline MET. Due to this, the early Run 2 analysis placed their
offline MET cut-off at 250 GeV to ensure they were at the full efficiency of the trigger
[2]. In this current analysis we are investigating the use of this trigger turn-on region

and lowering this threshold. However, there is a limit due selections already made
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on events in order to pass the RPV/LL filter before they can be re-reconstructed with
LRT. These limits impose that MET>150GeV and an internal intermediary rough
form of offline MET referred to as MET_LHT>180GeV. MET_LHT ("LocHadTopo",
meaning local hadronic topological cluster calibration) is a more rougher version of
MET, but calculated only using calorimeter cells, where the energy is calibrated by first
classifying clusters as being hadronic or electromagnetic [79]. These limits are what
have been defined as tentative event selections as of this writing. Naturally, the event
must also contain DV(s) that pass the selections of either the 1+ VSI DV, 1 fuzzy DV, or
2+ fuzzy DV SRs. These selections are outlined in Table 4.1. The VSI and fuzzy SRs are
designed to focus their sensitivity to light and heavy decay models respectively, and
are expected to not have significant cross-sensitivity. For this reason, the fuzzy and
VSI SRs are not kept orthogonal.

Event Selections:

® Passes MET triggers
e MET>150GeV
e MET_LHT>180 GeV

¢ Contains DV(s) that passes the DV selections of either the 1+ VSI DV, 1
tuzzy DV, or 2+ fuzzy DV SR.

Table 4.1: DV+MET Event Selections

Simulated events for the signal models are needed in order to estimate yields,
needed to both design signal regions and draw conclusions about the results. The
Higgs Portal model was generated by taking MC of Higgs boson generation already
centrally produced in ATLAS, and then manually using Pythia 8.307 to decay the
Higgs boson into 2 long-lived scalars, those long-lived scalars into a bb pair each, and
then to perform the showering and hadronization of the event [64].

In theory, any Higgs production mode has the possibility of creating sufficient MET
to pass the trigger if the LLP decays past the calorimeter or if the LLP decay products
are displaced such that they are counted as MET. However, only the ttH and VH
productions are focused on in this work as these are the only Higgs production modes
that create neutrinos. The V H production modes were produced using POWHEG 2
and Pythia 8.212 at next-to-leading order [50][64]. The ttH production modes were
produced at leading order using POWHEG 2 [80].
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Much like the DV+]Jets analysis, although the background estimate is largely data-
driven, background simulated events are still needed to study and understand the
backgrounds, as well as to test if the background estimates function properly. The
dominant background for a MET-triggered analysis will be Z — vv events. Therefore,
Z — vv events were generated using Sherpa 2.2.1 at leading order [51]. W — v also
will exist as a background, however it is expected to not be as high as leptons are
included in the MET reconstruction used in the analysis. Those samples were not
produced due to the high computational cost of running MC samples through LRT

and secondary vertexing requiring us to prioritize samples.

The effects of pileup is generated in the same manner as with DV+Jets. Pileup
interactions are generated with Pythia 8.210 [64] and overlaid on top of the samples in
three different profiles that correspond to different data-taking periods: MC16A (2015-
2016), MC16D (2017), and MC16E (2018). Including all relevant Higgs production
modes, 180,000 events were produced for MC16A, 260,000 events were produced for
MC16D, and 300,000 events were produced for MC16E. For the background samples,
approximately 2.9 million events were produced for MC16A, 3.2 million events were
produced for MC16D, and 4.2 million events were produced for MC16E. All MC sam-
ples are propagated through a simulation of the ATLAS detector [65] using GEANT4
[66], after which the samples are processed in the same manner as data.

4.2 Updating the Material Map Veto

As discussed in Section 3.2.3 in the DV +Jets analysis, a material map veto is essential
for the analysis as it gives a reliable way of removing what would otherwise be a
dominating hadronic interactions background.

No veto is perfect, and there will always be regions of the fiducial region in which
one cannot be certain whether or not lies inside detector material or not, particularly
in literal edge cases where the decision becomes very sensitive to the material map
accuracy, DV resolution, and binning. One could be conservative in developing the
veto, deeming any uncertain region as inside material, in order to get a clean signal
region as free of hadronic interactions as possible. However this also means that in
the inverse veto region that there may be an increase in the possibility of signal con-
tamination as the DVs in regions actually outside of material that are miscategorized

as inside material will be dominated by signal. This is unideal as the inverse veto
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region is needed for validation and control regions. The pragmatic, albeit somewhat
inelegant, solution for the purposes of analysis is to develop two vetoes: a loose veto
whose inverse will be used for "inside material" regions, and a strict veto which will
be used to define "outside material" for the signal region.

Additionally, the veto needs to be different if it is applied in data or MC. There
are two major differences to keep in mind: the GEANT4 map used in the simulation
may be different in real life, and as mentioned in Section 3.2.3 the beampipe and pixel
layers are not perfectly at the centre of ATLAS in real-life. The coordinate reference for
ATLAS is measured from the cavern itself. In the fiducial volume there lies the pixel
detectors which are attached to the beampipe which will therefore also be slightly
offset in real life, and the SCT support attached to the ground which is stable.

The solution to the second problem is simple. The offsets of the beampipe and pixel
layers are known and were determined by the collaboration after the alignment and
track calibrations by observing what offset to the pixel layers was required to maintain
their rotational symmetry. These offsets can be applied to the maps in the data vetoes.
MC vetoes will not apply these offsets as the GEANT4 map used in simulation assumes
perfect alignment.

As for the first problem, originally the solution was to use a data-derived map for
data vetoes and to use a modified version of the simulation GEANT4 map for MC
vetoes. The data-derived map and GEANT4 map are shown in Figures 4.3a and b
respectively. In the GEANT4 case, different geometry regions would simply be tagged
as either "material" or not material. As described in Section 3.2.3, for the data-derived
map case in the outer region where there are insufficient DVs in data to derive a high
resolution map, regions of the detector are blocked out using the GEANT4 map as
guidance and the presence of DVs as confirmation [57].

In past analyses, the GEANT4 map would be directly used as the MC veto, and the
data-derived map would be directly used as the loose data veto [57]. However, over
the course of the DV+Jets analysis, two issues with this approach were discovered.
The first is that there were clusters of DVs were discovered that were deemed "outside
material" by the GEANT4 map, which corresponded to the locations of cooling-liquid
tubes in the pixel detector. This is shown in Figure 4.4, where the inside of the tubes
filled with liquid appears to the map as "outside material” at around R, = 60 mm.
Additionally, the GEANT4 and data-derived maps appear visually different, vetoing a

visually drastically different amount of the fiducial volume. This makes the data and
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Figure 4.3: Visualizations of the data-derived and GEANT4 maps that are used for vetoes.

These are shown in (R,,, ¢,z = 0mm), with "inside material” denoted in red.

MC behave very differently. This is particularly detrimental when calculating signal
yields and doing initial studies trying to develop tentative signal region definitions
using MC background samples as a guide. We also observe regions in the MC map in
the inner radial regions that are not in the data-derived map, as shown in Figure 4.5,
which appear to be largely structural.

Ideally, the MC and data vetoes would be placed on equal footing. The GEANT4
map was designed in the first place to model the detector material regions as accurately
as possible for simulations. Although this is not perfect, it is not expected to be
significantly different from the detector at the resolution of the data-derived map.
There is of course no way of directly validating the accuracy of the data-derived map
in real-life, as the closest most accurate map we have of the detector is the GEANT4 map
in the first place. Unfortunately, the timeline of the analysis, as well as computational
constraints, do not permit the development of a "MC-derived" map to be made in the
same procedure as the data-derived map. Additionally, getting access to the original
GEANT4 map to remake the map is non-trivial. The solution agreed upon was therefore
be to simply use the data-derived map for both MC and data. This means that the
total fraction of the fiducial volume that is vetoed by the MC and data vetoes will be
the same. However, of course the geometry actually being simulated in MC may be

slightly different than the real-life geometry so the efficiency may be different.
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Figure 4.4: A visualization of the GEANT4 map in the inner radial region with (ny, ¢,z =
Omm). Yellow denotes "inside material". DVs with 5+ tracks from a dijets MC
background sample are shown as white crosses overlaid on the map only if they
happen to lie in bins the map deems as outside material.
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Figure 4.5: Visualizations of regions in red that the GEANT4 map deems as "inside material”
but the data-derived map deems as "outside material.
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Therefore, four different vetoes will be developed: MC Loose, MC Strict, Data
Loose, and Data Strict. The only differences between the data and MC vetoes will
be that the pixel layer offsets will be applied for the data vetoes. The strict vetoes
will start with the loose vetoes as a base, adding additional algorithms that can only
further veto DVs that have not already been vetoed by the loose veto. The loose vetoes
simply implement the data-derived map directly, vetoing DVs as "inside material" if

their position lies in a map bin declared by the map as "inside material".

The strict vetoes will have three additional steps to further veto DVs. The first step,
referred to as the GEANT4 map step, is to additionally veto DVs in regions the GEANT4
map deems as "Inside Material". This ensures that no regions of the fiducial volume
which theoretically should have material are deemed as "outside material" due to the
data-derived map statistically not being able to correctly identify this region as "inside
material". This takes the risk that there may be no material there in real life in the case
of any flaws in the GEANT4 map.

The second step, referred to as the neighbouring bins step, is to additionally veto a
DV if any of the bins in the data-derived map surrounding the bin in which the DV
lies is deemed as "inside material". If the edge of a material cuts through a bin but not
enough of the volume of the bin lies inside the material, the entire bin may be deemed
"outside material". However, this is not true as DVs that fall in the bin may be doing
so because they are having hadronic interactions with the small amount of material
that remains in the bin. Therefore, we check directly neighbouring bins in order to
take into account these edge cases and the effective uncertainty on the maps. In an
ideal world one would design the bin boundaries such that they are mostly aligned
with the material in the GEANT4 model, i.e. our best guess for where material should
be, with smaller bins on the order of the expected resolution of the GEANT4 model
placed on material edges which can be used to make a more accurate neighbouring
bins step. Unfortunately, due to time constraints in the analysis it was not possible to

re-derive the maps with custom bin boundaries.

The third step, referred to as the uncertainty veto, is to take into account the
DV vertexing position uncertainty. Both the VSI and fuzzy DVs have an associated
uncertainty on the vertex position. This is given by the vertexing algorithms in
terms of the six non-degenerate elements of the position covariance matrix, which
represent the variance in 0y, 0,, and ¢,, as well as the covariance of 0y, 0;,
VSI constructs this from the fitting uncertainty whereas fuzzy vertexing constructs

and o,..

this covariance matrix based on the positions of the vertex seeds. One can construct
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from this covariance matrix a 3D ellipsoid in the fiducial volume that represents the
1o uncertainty on the vertex position. In order to take into account this vertexing
uncertainty in the veto, to be conservative to within 1o uncertainty one would then
ideally veto the DV as being outside material if any bins of the data-derived map that
overlap with the 3D ellipse volume are deemed to be inside material.

It is mathematically and computationally non-trivial to determine the collision
between a generic ellipsoid and a wedge-shaped bin. As the 1o uncertainty is more of
a guiding rule-of-thumb rather than a strict boundary, instead the collision between
the wedge-shaped bin and the "aligned box" around the ellipse will be tested for
collisions with bins. The aligned box is the rectangular prism that is aligned with the
ellipsoid’s major axes and circumscribes it. One can also define for other purposes a
"coordinate bounding box" around the ellipse, which is a rectangular prism aligned
with the coordinate axes rather than that of the ellipsoid, which circumscribes the
ellipsoid. A diagram of these boxes is shown in Figure 4.6.

S—e

y

Figure 4.6: An uncertainty ellipsoid is shown with its aligned box in red and coordinate
bounding box in blue. The major axes of the ellipse shown as black arrows are
in the direction of the eigenvectors of the covariance matrix, and of length of the
square-root of the corresponding eigenvalue.
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If one defines the covariance matrix

2
O)% ny Oy%z
L=\, o5 o (4.1)
2 2
Oxz Ufz o

noting that the off-diagonal terms may be negative, then the representation of the

ellipsoid in space is

(x = xp)
(c-x%) (y-y0) (227 |y-y0)| = ®2)
(z —zo)

where s = 1 for the 1o contour and ry = (x, Y, 2g) is the position of the DV. The
eigenvectors of X form the directions of the major axes of the ellipsoid, with their
respective eigenvalues dictating how stretched the ellipsoid is along those axes. Hence,
the aligned box is defined by the eigenvalues and eigenvectors, whereas the coordinate
bounding box is simply defined by (0, 0,, 0;). The normals of the aligned box will

also therefore simply be the eigenvectors [52].

The algorithm goes as follows. First, if the DV has already been vetoed by the loose
veto, it is not considered in order to save on computation time. Second, if the overall
coordinate bounding-box of the ellipse is too large (i.e. if the variance in x, y, or z is
too large) the DV is automatically vetoed. This is to save on computational power, as
if the ellipsoid is too large it would inevitably intersect with detector material, and it is
likely improperly fitted anyways. This threshold was chosen to be (0, = 100mm, 0, =
100 mm, o, = 100 mm. Third, each sub-map of the data-derived map is checked, where
only bins lying in the overall coordinate bounding box of the ellipsoid that are deemed
inside material are considered. The ellipsoid aligned box is then tested for collision

detection with every eligible bin.

This collision detection algorithm is the same as that used in video games, known
as the separating axis theorem [53]. Public libraries exist with implementations of this
algorithm due to its widespread usage. However, in order for it to function efficiently
within the analysis framework with as minimal overhead as possible, these libraries
were not used and code for the collision detection algorithm was instead written from

scratch by the author. If we approximate the wedged-shape bin as a hexahedron with
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flat planes connecting the 8 extrema points in (R,,, ¢, z), then we are effectively doing
collision detection between two hexahedrons. One can define a points matrix and a
plane matrix for each of the solids. The points matrix represent the 8 extrema points of
the hexahedron and is represented as

-xl xz o« o o x8-

Yi Y2 - Vg
Q= (4.3)
o 71 Zp Zg

11 1|

where points (x1,;,z;) through (xg, yg,zg) are the extrema points. The ones row is
for an algorithmic purpose as will be clarified later. As for the planes matrix, these
represent the 6 hexahedron planes as

Al Bl Cl Dl-
AZ BZ CZ D2 (44)

[N
I

| A¢ By Co Dg

The planes are represented by equations A;x + B;y + C;z + D; = 0, where n; =
(A;, B;, C;) is the normal of the plane pointing outwards from the hexahedron, and
D; = —n; - r;, where r; represents a point (x;,y;,z;) that lies on the plane. Note that if
one multiplies a row of the S by a column of the Q matrix, we get a scaled distance
from that particular plane to that particular point, where the distance is positive if the
point lies on the "outside the hexahedron" side and vice-versa for inside [83].

Collision detection works by finding if there exists a plane of separation between
the two solids. In the simplest case, one can check every plane of both solids, and see
if all of the points of the other solid lie on the "outside" of that plane. If that is the case,
then that plane is a plane of separation between the two solids and this proves that
they do not intersect [83]. This is illustrated in Figure 4.7a and b. Additionally, if there
is at least a point of the other solid that has a negative distance with all planes of the
solid in question, this means those points lie inside the solid and one can guarantee an
intersection.
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Therefore, the algorithm first takes the planes of the DV ellipsoid and the points of
the bin and multiplies themas S - gbin' This results in a 6 by 8 matrix. If there is at
least one row where all 8 entries are positive, this means that there exists a plane of
separation between the solids and they do not intersect. If not, the test is inconclusive.
If there is at least one column where all 6 entries are negative, this means that at least
one point of the bin lies inside the ellipsoid aligned box and we can guarantee an
intersection. If not, the test is inconclusive. If the test is still inconclusive, one repeats

the above algorithm but using the ellipsoid points and the bin planes.

If the tests still remain inconclusive, there is one last remaining test that needs to be
performed. In 3D, one can have a case as illustrated in Figure 4.7c, where the solids are
non-intersecting, but no plane-point test using faces of the solids as the planes gives
an intersecting result due to their arrangement. In these cases, the plane of separation
would be that defined by the cross-product of the edge of one solid and the edge of the
other. In the same manner as above, one then checks simultaneously if all the points
of one solid lie on one side of the new plane, and all of the points of the other solid lie
on the other. If this is the case, a plane of separation has been found and an intersect
can be guaranteed. If all of the tests failed, then the solids do not intersect. All edge

pairs must be tested [53].

A comparison of the performance of the four separate vetoes in VSI vertexing
in Figure 4.8a shows that the data and MC vetoes are on similar footing and yield
similar results. It appears around 25% of the DVs that the VSI algorithm reconstructs
lie outside our fiducial region. The strict vetoes tend to veto approximately 10%
more DVs as the loose veto. The majority of this new vetoing power comes from the
vetoing of neighbouring bins, with about 3% coming from the uncertainty-based veto.
Effectively no DVs get vetoed by the GEANT4 map veto, and only around 0.2% of DVs

have a problematically large covariance.

A comparison four vetoes in fuzzy vertexing in Figure 4.8b also shows that the
data and MC vetoes are on similar footing and yield similar results. Here only about
1% of DVs reconstructed by the fuzzy vertexing algorithm lie outside the fiducial
volume. This is because the fiducial volume was included as a partial restriction
during vertexing. The strict vetoes tend to veto approximately 6% more DVs as the
loose veto. Like with VSI, the majority of this new vetoing power comes from the
vetoing of neighbouring bins, with about 3% coming from the uncertainty-based veto.
Effectively no DVs get vetoed by the GEANT4 map veto or have a problematically
large covariance. Significantly more fuzzy DVs pass the veto than in VSI. This is
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H m

(a) If a plane can be drawn between the two (b) The easiest separating planes to check are
hexahedrons they do not intersect. the planes of one of the hexahedrons.

(c) There is a case where none of the hexahe-
dron planes are separating, but the hexa-
hedrons do not intersect, that needs to be
checked.

Figure 4.7: Diagrams illustrating the separating axis theorem.
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because the fuzzy vertexing algorithm tends to have a significantly higher efficiency of
reconstructing noise or pileup-related vertices inside the beampipe, which are outside

material.

DV Out of Fiducial Volume
Vetoed by Regular Map Veto
Vetoed by GEANT4 map
Vetoed by Neighbouring Bins
DV Uncertainty Too Large
Vetoed by Uncertainty Veto
Passes All Vetoes

Percentage

T T T T

MC LOOSE ~ MC_STRICT DATA LOOSE DATA STRICT
VSI DV Veto

(a) Breakdown for VSI DVs
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Vetoed by GEANT4 map
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DV Uncertainty Too Large
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Fuzzy DV Veto

(b) Breakdown for Fuzzy DVs

Figure 4.8: Comparison of the MC and data, loose and strict vetoes in VSI and Fuzzy DVs.
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4.3 Determining the Signal Regions

As with the DV+Jets analysis, there are selections applied to events, namely regarding
MET and requirement on numbers of VSI or fuzzy DVs. Both DV types will also have
selections, as well as selections on their individual tracks. Similarly to the DV+Jets
analysis, selections were optimized in order to maximize signal yield while reducing
the number of expected background events in the signal region to about one. This is
again due to the large expected uncertainties in the background estimation process.

The event selection for the signal regions has been described in Table 4.1. The
following section outlines the development of the track and DV selections for the three
VSI and fuzzy DV SRs. Note that these are preliminary selections before background
estimation studies were performed, and will likely need to be re-optimized once
background estimates are obtained.

4.3.1 Fuzzy DV Signal Regions Selections
Fuzzy DV Signal Regions DV Selections

As there is the 1 Fuzzy DV and 2+ Fuzzy DV SRs, efforts were made to harmonize
track selections between the two SRs such that the definition of a "fuzzy DV" is
consistent within the analysis. Additionally, efforts were also made to harmonize the
DV selections between the two SRs, with the exceptions of the number of tracks and
invariant mass, allowing for a more straightforward way of ensuring orthogonality.
The fuzzy DV selections are summarised in Table 4.2.

The fuzzy DV pre-selection was developed by Risa Ushioda with a modification
on the seeds requirement by the author in order to suit the 2+ Fuzzy DV SR, as well
as with the suggestion of the "maximum pt fraction" cut by the author to reduce
background yields for both SRs. The pre-selection keeps the fiducial volume and
distance cuts from the DV+]Jets analysis, however removes the x* and core tracks cuts
as these are no longer relevant for fuzzy DVs.

The "maximum py fraction" cut was originally proposed by Oleg Brandt and
the author for the DV+]Jets analysis but not implemented due to time constraints.

Occasionally high pr tracks can be drastically mismeasured, sometimes to the point of
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Fuzzy DV Pre-selection:

* rpy < 300mm and |zpy| < 300 mm

® Txy,DV — Txy,pv > 4 mm

* —r;fi(i,?:kk) < 0.9 after Fuzzy DV track cleanings [Section 4.3.1]

° Nseeds > Ntrks if Ntrks < 5. N,

seeds

Fuzzy DV track cleanings [Section 4.3.1]

> 5 if Ny > 5 after

1 Fuzzy DV SR Full selection:

* DV lies outside detector material as per new material map veto (Sec-
tion 4.2)

® N, > 5, after ‘ Fuzzy DV track cleanings [Section 4.3.1]

* mpy > 10GeV, after ‘ Fuzzy DV track cleanings [Section 4.3.1]

2+ Fuzzy DV SR Full selection:

¢ DV lies outside detector material as per new material map veto (Sec-
tion 4.2)

* Ny > 3, after ‘ Fuzzy DV track cleanings [Section 4.3.1]

Table 4.2: DV+MET Fuzzy DV SR Selections
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having an obviously unphysically high py. Unfortunately, this mismeasurement can
result in a DV ending up in the high mass signal region by random chance when it
should not. In order to ensure that these DVs do not reach the SR, a cut is imposed
to ensure that no track in the DV has an unusually higher p; than the other tracks.
This is done by comparing every track py with the scalar sum of all of the track pt’s,
and ensuring that the fraction for any track does not surpass a certain threshold. A
distribution of all DVs passing the 2+ Fuzzy DV track cleanings and selections except
for this variable are shown in Figure 4.9 (where the 2+ Fuzzy DV SR DV selection
is looser and inclusive of the 1 Fuzzy DV SR DV selections), where background can
be seen to dominate the higher fraction region. The threshold for the selection was
chosen to be 90% as it provided good background rejection while not significantly

reducing signal.
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Figure 4.9: The fraction of maximum track pt over sum of track py’s plotted for DVs passing
the DV selection for the 2+ Fuzzy DV SR. "HP" represents Higgs Portal signal
and "WB'" represents Wino-Bino signal. The number on the right of the divider
represents lifetime whether in T or cT depending on the signal. The first number on
the left represents LLP mass. The second number on the left if present represents
the mass of the invisible decay product of the LLP.

The DVs are formed via the combination of two-track seeds. Following track

cleanings, the number of remaining seeds that still have both tracks in the DV needs
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to be recalculated. A higher number of seeds indicates a higher connectivity between
the tracks. In theory the minimum number of seeds could be 0 (where this represents
the extreme case of all tracks in the DV divided up into completely disconnected pairs,
where only one track from each pair actually passes the track cleaning). The maximum
number of seeds would be N, choose 2 (representing every track in the DV being
interconnected). Risa Ushioda had shown that requiring five seeds remaining in the
DV was sufficient as a selection to remove background for the 1 Fuzzy DV SR. The
author for the 2+ Fuzzy DV SR had determined this requirement to be the number
of seeds being equivalent to the number of tracks, in order to ensure on average full
minimal connectivity between all tracks. As the higher mass DVs do not contribute
significantly in the 2+ Fuzzy DV SR, a compromise was reached such that the number
of seeds would need to be at least the number of tracks for N, < 5 DVs, and would
need to be at least five for N;,, > 5 DVs. This allows for a consistent requirement
across SRs while still maintaining optimal expected background and yields for both
SRs.

The 1 Fuzzy DV full selection was studied by Risa Ushioda and has ended up
identical to that from DV+Jets, with its N, > 5, mpy > 10GeV, and outside detector
material requirements. The 2+ Fuzzy DV full selection was studied by the author and
has ended up identical to that of the Higgs Decay with Multiple Implementations
ATLAS analysis [78], where there is no explicit mass requirement on the DV, the
requirement on the number of tracks is reduced to N,,;; > 3, and the outside detector

material requirement remains.

Fuzzy DV Signal Regions Track Cleanings

Several preliminary iterations of the track selections were done by both Risa Ushioda
and the author. One important development was Risa Ushioda had discovered an
extremely efficient type of track cleaning, namely a change to the usual selection on
requiring a minimum dot-product angle between the track and the PV-DV vector. This
selection intends to help reject low-mass hadronic interaction DVs and tracks that may
be effectively from the PV but slightly misreconstructed. However, it was discovered
that although the large hadronic interactions background nearly always are DVs that
originate from the hard scatter, the hard scatter is not always identified correctly
as the PV, at least in the context of events that pass the DV+MET event selections.

The selection was therefore expanded to ensure that the minimum dot-product angle
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between the track and the PV-DV vector is tested against every pileup vertex in the
event as well instead of just the primary vertex. The background rejection efficiency
was able to increase significantly with this change, with only a few percent loss in signal
yields. This angular variable will be represented by Aa(trk,V — DV,VV € [PV, PU]).

The efficiency of this cut will of course depend on the radial region. It was found
by the author that for 2+ Fuzzy DV SRs, this cut is unfortunately too strict, particularly
on low-mass signals very similar to hadronic interactions. However it was found
that when investigating tracks that would be cut by the stricter angular cut, the d-
significance distribution actually becomes dominated by signal in high d-significance
tracks, as can be seen in Figure 4.10. Therefore a new type of cut was developed where
a track would need to meet a minimum Aa(trk, V — DV,VV € [PV, PU]), except if
it had a sufficiently high d,-sig that could guarantee its quality as a displaced track.
The exact values of where to place the selections were done via trial and error, using

guidance from plots of the variable in question in the different radial regions.

Most cuts would need to be tuned to the different radial regions, as the background
and signal will have different behaviours in different regions, visible in Figure 4.11.
Inside the beam-pipe (approximately ny < 22mm) where there is no material, the
background dominates with b-decays. The distributions are simply exponentials,
where the background tends to have a lower lifetime than most signals. This radial
region for studies was expanded to include up to R, < 34 mm as the region containing
the IBL, the closest pixel layer to the beampipe, followed a similar distribution. In the
rest of the detector, the distribution shape is dominated by effects of detector material.
This region was split at R,,, = 150 mm such that the fiducial region is divided into
three total regions. The upper two regions can have different signals dominating due
to different lifetimes.

A maximum allowed A¢ between the track and the PV-DV vector is also imposed
with the intention of removing backwards-pointing tracks. However, for heavy LLPs,
the boost is low and one should in fact expect occasional backwards-going tracks. For
this reason the selection was not set at 77/2, but was allowed to vary as needed in the
different radial regions. The exact locations of this cut for the different radial regions
was also determined empirically.

An additional cut was done on track pr much like in the DV +Jets analysis. How-
ever the cut had to be reduced from a minimum of 2 GeV to a minimum of 1.1 GeV in

order to not be too detrimental to Wino-Bino signal yields. Although due to the recon-
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Figure 4.10: Distribution of background and signal track d-significance in the different radial
regions. This has the track cleaning applied, except that the minimal angle cut
is reverse and the dj-significance condition is not applied. This therefore rep-
resents tracks that would have been removed by the minimal angle cut if the
dy-significance condition were not applied.
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Figure 4.11: Distribution of background and signal DVs with respect to the DV R,,, with the
material map veto applied.

struction algorithm, no tracks have pr <1 GeV, this very minor cut still is important in
fine-tuning the background rejection and signal yield optimization.

The final track cleanings, summarised in Table 4.3, were developed by the author
after several rounds of iteration with Risa Ushioda to ensure optimal performance for
both SRs.

Fuzzy DV Signal Regions Yields

From MC background, the 1 Fuzzy DV SR is expected to see 1.74 £ 2.15 background
events, whereas the 2+ Fuzzy DV SR is expected to see 0.39 £ 0.39 background events.
The large uncertainties are due to a very low number of raw events in the MC in the

signal region.

The Higgs Portal model has sensitivity in both the 1 Fuzzy DV and 2+ Fuzzy DV
SRs, with yields shown in Figure 4.12a and b respectively. There is more sensitivity

for the mid-range lifetimes from ¢t = 1 mm to ct = 100 mm in the 2+ Fuzzy DV SR,
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Track Cleanings

* Allhits must Ry, ;; >= Ry, py

e Track pr > 1.1GeV

For DVs with R, py < 34mm:

e Aa(trk,V — DV,VV € [PV, PU]) > 0.15 except if track d-sig> 60.
e Ap(trk,PV — DV) < 1.75

For DVs with 34 mm < R,, py < 150 mm:

e Au(trk,V — DV,VV € [PV, PU]) > 0.15 except if track d-sig> 70.
e AP(trk, PV — DV) < 1

For DVs with R, py >= 150 mm:

e Aua(trk,V — DV,VV € [PV, PU]) > 0.05 except if track d-sig> 5.

o Ap(trk, PV —DV) < 1

Table 4.3: DV+MET Fuzzy DV Track Cleanings
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however there is a slightly better sensitivity in the 1 Fuzzy DV SR for the highest
lifetime, due to the fact that those cases are less likely to have both DVs decaying in
the fiducial volume.

There is effectively no sensitivity for LLP scalars of 5GeV mass for any lifetime.
This is because these decays look virtually identical to b-decays and there are no
variables found that can be used to discriminate between the two. There appears
to be the strongest sensitivity at ct = 10 mm, with sensitivity increasing with LLP
scalar mass. ¢t = Imm and ct = 100mm points share similar sensitivity, with
sensitivity tailing off at ct = 1000 mm. A dedicated sensitivity study of how low
of a Higgs branching ratio can be excluded with this analysis compared to existing
limits using these yields is performed in the following Section 4.4. As for discovery
potential, assuming a three standard deviation difference from the estimate needed for
evidence of discovery, and assuming as a very crude conservative approximation of the
background of being 1 £ 1 roughly based on the background MC yields and statistical
uncertainty of 0.39 &= 0.39, one could have evidence of discovery with only observing
approximately 4 events. This means that the most sensitive point of mg = 55GeV and
cT = 10mm could have evidence of discovery if the branching ratio of the Higgs to

the scalar was larger than approximately 0.5%.

Higgs Portal 1 Fuzzy DV SR (Lumi-Comp'd) Higgs Portal 2+ Fuzzy DV SR (Lumi-Comp'd)
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Figure 4.12: Yields for the Higgs Portal model in the Fuzzy DV SRs.
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As for the Wino-Bino model, there is no previous known search of this particular
model. Yields are shown in both the 1 Fuzzy DV and 2+ Fuzzy DV SRs, with yields
shown in Figure 4.13a and b respectively for a Ang,X? = 40 GeV. The model has its
greatest sensitivity in the 1 Fuzzy DV SR, however it notably also has some level of
sensitivity in the 2+ Fuzzy DV SR despite in theory only one DV being present in the
Feynman diagram. This is in most cases likely due to the bb decay being reconstructed
as two smaller vertices instead of one large fuzzy vertex. Sensitivity is highest for
T = 0.03 ns and for the lowest masses.

As a rule of thumb, a difference of two standard deviations from the estimate (95%
confidence) is needed to be observed for exclusion, three standard deviations is needed
for evidence of discovery, and five standard deviations is needed to claim discovery.
For the 1 Fuzzy DV SR, using the background MC yields and statistical uncertainty
directly as a crude estimate, this means that there is exclusion power for points with
yields greater than about 6 events, and discovery potential for points with yields
greater than about 8 events. This means the analysis will likely be able to exclude
up to 750 GeV of neutralino mass at 0.03 ns lifetime, and up to 450 GeV of neutralino
mass at the higher 3ns of lifetime for this case of AngX? = 40GeV. Similarly the
analysis would be likely able to have potential for evidence of discovery for 700 GeV
of neutralino mass at 0.03 ns lifetime, and up to 400 GeV of neutralino mass at the

higher 3 ns of lifetime for the same case of Amxg 0= 40GeV.

4.3.2 VSI DV Signal Region Selections
VSI DV Signal Region DV Selections

The VSI DV selections were studied by Emily Filmer and ended up remaining identical
to the DV+Jets DV selections. These are summarised in Table 4.4.

VSI DV Signal Region Track Cleanings

These track cleanings were initially developed by the author and later finalized through
studies by Evan Michael Carlson, particularly with an improvement in the selection
involving the maximum allowed track angle with respect to the PV-DV vector. As the

tiducial volume can be roughly divided into three radial regions, and there are both
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Figure 4.13: Yields for the Wino Bino model in the Fuzzy DV SRs for the case of Amxg o=
40GeV.

Pre-selection:

* rpy < 300mm and |zpy | < 300 mm

b I’xy,DV — rxy,PV > 4mm

e x*/DOF < 5

® Niscore = 2, after track cleanings [Section 3.2.4]

Full selection:

* DV lies outside detector material as per new material map veto (Sec-
tion 4.2)

® N, > 5, after ‘ VSI DV track cleanings [Section 4.3.2]

* mpy > 10GeV, after ‘ VSI DV track cleanings [Section 4.3.2]

Table 4.4: DV+MET VSI DV Selections
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core and attached tracks, each variable considered can be plotted in all six regions to
determine the optimal location for the selection. Tracks were additionally classified
as "good" (descends from the primary OSMLLP of the DV), "bad" (is a crossed track),
or "unknown" tracks, in order to ensure that cuts were not made in such a way to
select specifically on pathological signal tracks. An example of such plots are shown in
Figure 4.14, which shows the distribution of the dot-product angle between the track
and the PV-DV vector.

Following preliminary cuts guided by the plots, the cuts were manually moved
to empirically optimised for low background and high signal yields. The final track
cleanings are summarised in Table 4.5, where R,, pp = 22mm represents the inner
radius of the beampipe.

The selection on the radius of the track’s first hit R, ;; needing to be at a larger
radius than the radius of the DV R, py, is taken from DV+Jets analysis. The pr
and d,-significance cut were loosened to be py > 2GeV and d-sig> 10 for all track
types and radial regions, which was permissible due to the lower backgrounds in this
analysis. It was also found that the cuts on the minimum Aa(trk, PV — DV) would
only need to be applied inside the beampipe without an addition p; requirement,
and that the maximum Aa(trk, PV — DV) requirement on attached tracks would only
need to be applied outside the beampipe and could be extended to 2.5 from 7t/2. The
motivation for this extension is that the heavy LLPs that are being targeted will not
have a high boost and do in fact have a chance of having backwards tracks. Both these
angular cuts can be justified through the plots in Figure 4.14.

VSI DV Signal Region Yields

From MC background, the selections are strict enough that in fact no events pass
the selection. The R-Hadron signal was also used for VSI DVs in the early Run 2
DV+MET analysis, allowing for a direct comparison in sensitivity [584]. To allow for
direct comparisons with the paper plots, yields for a fixed meo = 100 GeV and a fixed
Amng(l) = 100 GeV are shown in Figure 4.15a and b respectively. Although the MC
background estimate is not substantive, if one as a crude approximation assumes the
analysis will observe on the order of 1 41 background events in the SR, one would be
able to exclude models up to a 95% confidence if they have yields surpassing 3 events

in the signal region, or have evidence of discovery is they surpass 4 events.
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Figure 4.14: Distributions of the angle between tracks and the PV-DV vector for attached
and core tracks in the three different radial regions. All tracks from all DVs are
included, with the only track selections applied are the two "base" track selections
(radius of first hit and backwards track). "BP" represents the R, py < 22mm
radial region, "PIX" represents the 22mm < R,, py < 150 mm region, and "OUT"
represents R, py > 150 mm.
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Track Cleanings

e All hits must ny,hit >= RX]/,DV

e Track is NOT both A¢(trk, PV — DV) > 3 and |dy| < 1

¢ Track pr > 2GeV
* Track dy-sig> 10
* Aa(trk, PV —DV) > 0.2 for DVs with R,, by < Ry gp

* Aa(trk,PV — DV) < 2.5 for attached tracks in DVs with R, py >
Rx
y,BP

Table 4.5: DV+MET VSI SR Track Cleanings

The previous analysis excluded in the fixed meyo = 100 GeV case up to a maximum
of my = 2350GeV at 7; of about 0.1 to 0.3ns [54]. In this analysis, from the yields
we can roughly expect to exclude up to possibly above m; = 2550GeV or have
evidence of discovery up to mg = 2500 GeV for the same l1fet1me range. In the fixed
Am o = 100 GeV case, the previous analysis excluded up to m, = 1800 GeV at 7 of
s = 2050 GeV

8

or have evidence of discovery up to m; = 2000 GeV in the same lifetime range.

about 0.1 to 0.3ns [84]. In this analysis we can expect to exclude up tom

4.4 Higgs Portal Sensitivity Study

This section outlines a sensitivity study for the Higgs Portal model using the yields
obtained in the previous section, in order to determine how low in terms of the Higgs
branching ratio the analysis is able to exclude. This is done via the CLs formalism [70],
using pyHF [71][72]. A workspace was developed to statistically combine both the 1
Fuzzy DV and 2+ Fuzzy DV SRs, taking into account placeholder uncertainties.

For both the signal and background, MC statistical uncertainties and a luminosity
error uncertainty of 1.7% (as determined by the collaboration and used in the DV+]Jets

analysis [1]) are taken into account as such.
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Figure 4.15: Yields for the R-Hadron model in the 1+ VSI DV SR, intended to complement
regions plotted in the results in the early Run 2 DV+MET paper to plots [84].

The background has an additional uncorrelated conservative 70% uncertainty to
represent the uncertainty that will likely arise from the background estimate process,
taking from the uncertainties present in the DV+Jets analysis [1].

The signal has generous correlated uncertainties pertaining to tracking (20%), QCD
scale (20%), and PDF and «, variations (20%), all chosen to be generous with respect
to the samples used in DV+]Jets that had the highest uncertainties. A MET trigger
uncertainty of 1% was also applied, due to the analysis including part the region below
the MET trigger plateau, taken from the Higgs to invisible analysis who similarly used
this MET turn-on region [85].

The final expected branching ratio exclusion plot is shown in Figure 4.16. Although
uncertainties are very large due to the very conservative uncertainties applied in the
workspace, this shows that the analysis has the potential to exclude even below 1%
branching ratio to a hadronically-decaying LLP scalar of more than 35GeV mass,
which would be the most stringent exclusion to date for this case, compared to the
latest ATLAS [74] and CMS [75] results which exclude this down to about 4% at a
cT = 10 mm for the more sensitive higher masses. The mg = 55GeV and ct = 10 mm

signal point has the highest exclusion power, able to exclude down to 0.05%, which is
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an order of magnitude improvement over the current hadronic-decay limits. Note that
the current overall limit on the Higgs branching ratio to undetected products is 15%
[30].
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Figure 4.16: The expected sensitivity for the exclusion of the Higgs branching ratio to LLP
scalars that decay hadronically for different LLP masses in different colours. The
dotted line represents the expected limit, with the shading representing one o
of uncertainty. Different colours represent different LLP masses. The Higgs to
undetected limit [30] is shown with a black line, and the best current ATLAS
[74] and CMS [75] limits for hadronically decaying LLP Higgs Portal scalars at
cT = 10mm is shown with a red star.

4.5 Conclusion and Future Steps

The analysis is currently in progress at the time of this writing, with the main focus
of the team being on working on background estimation methods. The background
methods are inspired by those used in DV+Jets, however due to issues caused by
the different event landscapes from the shift of jets to MET, new issues have arisen
that need to be solved, requiring some creative new solutions to make the estimation
methods more robust. As the methods being studied are still in flux and not finalized
they will not be detailed in this thesis. Following background estimation, signal
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region definitions will inevitably need to be re-optimized. However, the promising
sensitivity of the analysis can hopefully motivate the importance of seeing this analysis
to completion.

Looking forward past this analysis to the future of DV analyses, Run 3 is already
underway with a suit of new specialized LLP triggers being developed and investi-
gated. Following Run 3, Run 4 will be with an upgraded LHC designed to deliver
higher luminosity. The current inner detector in ATLAS is not suited to deal with
such high luminosity. Thus a replacement needs to be created in order to allow for
analyses that depend so critically on tracking performance, such as DV analyses, to be
able to thrive in this new high-pileup environment. This replacement is the ATLAS
Inner Tracker (ITk), and the next chapter will detail the author’s contribution to its
pre-production and production stages.



Chapter 5

ATLAS Inner Tracker Upgrade (ITk)
Strips Sensors Quality Control

7

“So the ITk is being delayed at the same rate as time. .."
— UK ATLAS PhD Student during the 2020 STFC Summer School
at Lancaster, held on March 2021 on Zoom

Following Run 3, a high luminosity upgrade will be installed on the Large Hadron
Collider (HL-LHC), giving 4000 fb~! over the course of its planned 10 years of lifetime.
The current ATLAS Inner Detector is unable to cope with these conditions, and is
approaching the end of its lifetime [56]. A fully-silicon replacement, the ATLAS Inner
Tracker (ITk), is therefore currently being developed, comprising both pixel and strip
sensors. The strips portion of the ITk comprises 22000 sensors of 8 types: 2 barrel and
6 endcap [57].

Every sensor, with a schematic as shown in Figure 5.1, needs to be evaluated for
quality control (QC), which is performed at various institutes, each with their own
independently-created test setups with slightly different internal workflows, before
they can be integrated into modules that will go into the ATLAS detector. These sensors
are similar in detection mechanism to the current ATLAS SCT detecting technology, as
outlined in Section 2.2.1.

The decision on whether or not the wafer passes or fails QC should be consistent
across the institutes. As the wafers are often transferred between institutes during

various stages of production, the test data needs to be kept in a centralized location,

129
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a) Strip
Ground/Bias

Backplane

b)

Charged Particle

Figure 5.1: a) Bird’s-eye view [55] and b) cross-section of a strip sensor

the ITk database (ITk DB) [89]. For these reasons, a common framework with common
algorithms is needed to objectively and automatically assign pass/fail decisions to
sensors, interface with the common ITk information database, and do reporting. The
qualification task is defined as developing software to address this need. The intended
workflow of the use of the software developed in this qualification task is described in
Section 5.1.

More specifically this task is broken down into several required core aspects that
need to be developed. First, functions need to be developed that can read and convert
data from the test data files produced by the LabView-based quality control testing
setups into a python object. However, this was complicated by the fact that there were
multiple competing data formats at the time of development due to it being in the
early pre-production stage. Because of this, functions also need to be developed that
can convert an old data file into a new format once the new format had been decided
on. Functions also need to be developed in order to download test data from the
ITk DB into a python object. Functions then need to then be made to find tests that

correspond to the batch of interest and then organize them to be sent to the analysis
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functions. The primary QC tests performed on all sensors are current-voltage (IV),
capacitance-voltage (CV), and metrology, whereas current-stability tests on the sensor
as a whole and current-capacitance-resistance (ICR) tests on each individual strip
are done on a sample. For every test type a custom function needs to be made for
extracting parameters from data, such as breakdown voltage or active thickness, and
then based on the technical specifications assign a pass/fail decision. Functions then
need to be developed to parse and arrange this into a report for the technician, and
send this information to plotting functions to make interactive plots in the report. A
script interface then needs to be developed such that the technician can override a
decision and choose whether or not to upload the test in question. Finally, functions
for uploading the test to the ITk DB need to be developed.

As for the context of this task, collaborators working with the ITk DB have made a
some generalized functions to help deal with authentication when sending application
programming interface (API) requests, which was later superseded by a python library.
These were used in order to keep things consistent between other scripts that used
the ITk DB. Until this point, technicians have been making individual limited-scope
bash scripts to comb through existing data to search for issues. These were not
consistent across institutes and only work with the specific data format they were
developed for. These were therefore not used and this functionality was redeveloped
from scratch. The specifications detailing pass/fail decisions are in the technical
specifications document [90]. Some algorithms for extracting parameters needed to
be used for pass-fail decisions already existed within the collaboration for the test
analysis functions, and where possible, these were adapted to the needs of the task.
The rest was developed from scratch. Python 3 was used, and the batch reporting
was produced as a local webpage with interactive plots using the graphing library
Plotly-JS [91].

The responsibilities on this task were shared with Dominic Jones, with myself
taking the primary responsibility for the task. Dominic helped write parts of the
analysis functions for the IV test, stability test, and strip test. I was responsible for
the rest of the task, namely comprising developing the framework, the interactive
reporting interface, the extraction of data from data files, liasing with the ITk DB, the
general analysis function code, and specific analysis functions for CV and metrology
tests.
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5.1 Workflow

Each institute has its own custom setup for performing QC tests. The workflow
followed by the institutes is as follows, shown visually in Figure 5.2. A common set of
LabVIEW scripts within the collaboration provide an interface to perform the given

test with the setup and output a local file in a standard format with the test data.

The goal of the QC scripts is to extract and calculate relevant parameters from these
local data files and make an automatic decision on the sensor, in whether or not it

passes, fails, is marginal, or if there was likely an error with the measurement.

The ITk DB stores and tracks all information relating to parts of the ITk. The
QC scripts are designed to interface with this database such that QC tests, extracted
parameters, and decisions can be automatically uploaded. Additionally, the QC scripts
are also designed to download raw test data and stored extracted results from the
ITk DB in order to do batch reporting. With this, results of a wafer can be compared
against its batch with interactive plots that can be used to make decisions on accepting
a batch or to investigate issues.
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Figure 5.2: Visual representation of the QC workflow.
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5.2 An Example of QC Analysis: Treatment of CV Tests

The capacitance-voltage (CV) test is performed by measuring the capacitance of the
entire sensor as the high voltage applied across it changes. The technical specifications
lists two relevant criteria for sensors to be deemed as passing: 1) the active thickness
Dy, > 270 pm and 2) the initial voltage of full depletion V¢; <350V [92].

As the voltage across the sensor increases, the depletion region slowly grows until
it cannot grow further, being limited as it begins to approach the backplane of the
sensor. This state at which the depletion region can no longer grow with voltage is
known as "full depletion". When a particle passes through the sensor, it is only when
it passes through this depletion region where electron-hole pairs are produced, which
are picked up by the strip contacts and registered as a hit. Therefore, the active volume
of the strip and the sensor is directly related to the thickness of the depletion region.
Therefore, the thickness of the depletion region is known as the "active thickness" of
the sensor.

This depletion region is where the largest contribution to the capacitance of the
sensor originates. As the depletion region is deprived of charge, the positive and
negative contacts on either side of the sensor therefore act like a parallel-plate capacitor,
as

€€ A

=D

(5.1)

where C is the capacitance, A is the active area of the sensor, € is the vacuum permit-
tivity, and €, is the relative permittivity of silicon [93]. As the voltage across the wafer
increases the thickness of the depletion region, D increases and C therefore decreases
until it hits the plateau region.

The voltage V and capacitance C can be written in terms of x and y, where x is
defined as the absolute value of the voltage x = |V, and y is defined as the inverse
square of the capacitancey = 1/ c. Parameterizing in this way results in the CV curve
acting as a linear increase in y with respect to x until it finally flattens off and stays
constant after x = V4| [93].

Previous internal rough scripts in the collaboration approached the problem as
titting two individual lines to the data in limited voltage ranges. However, this

approach relies heavily on recalibrating the fit ranges for every sensor type, on which
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fitting results can heavily depend. Instead, another approach was used, where instead
of fitting two separate lines in limited ranges, a functional form comprising both lines
and a smooth spline in between is fitted across the entire range. This effectively leaves
the "fitting range" to be itself fitted by the curve-fitting algorithm. If one extrapolates
the two lines and their intersect lies at (x,y) = (f,d), the functional form is defined
as a straight line of variable slope a until x = f — w, another straight line of variable
slope b (restricted to be close to 0) after x = f + w, and a quadratic spline between
x = f —wtox = f +w. wparameterizes how sharp the transition is. This is illustrated
in Figure 5.3

>
x = |V|

Figure 5.3: A schematic of the CV curve fit. The two linear sections are outlined by green lines
which extend to the transition point. The quadratic spline linking the two sections
is in orange.

From this, V; can be naturally extracted from the fit parameters as f = |Vfd |, as
this is the transition point from the expanding depletion region to plateau. The active
thickness can be extracted by simply using the parallel-plate capacitor formula to
calculate distance, taking the capacitance to be at y = d, and therefore C¢; = 1/ V.
This means

Dfull = €,,€0A\/H. (52)

The scripts obtain the raw capacitance and voltage data points and perform a check
to ensure the data is not empty or not all zeroes (which indicate a failed measurement).
The capacitance and voltages are converted to the practical variables x = |V| and

y=1/ C?, non-finite points are discarded, y is normalised to its mean, and data below
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50V is discarded as it noise-dominated. The full curve function is fitted to data, and
then the curve fit parameters are used to calculate Vy; and Dy,;. If the data has not
already been classified as a measurement error, a pass/fail decision is made based on
the technical criteria for these two variables. Histograms and line traces for all sensors

in the batch are plotted against each other to help technicians identify batch-anomalies.

5.3 Batch Reporting

QC approval is done on a batch-by-batch basis. This means that the collaboration
reserves the right to reject entire batches, even if they may contain some specification-
compliant wafers, if there is reason to believe the batch is unreliable. Therefore, even
though the scripts make decisions on individual sensors, reports are produced that
show interactive summary plots by batch. This allows humans to visually detect
outliers such as in Figure 5.4 and potential anomalies in properties across the batch not
immediately obvious to an algorithm. The reporting tool is also designed to provide
a concise table summary per batch in a single interface to help keep track of what
tests have been completed on which sensors as shown in Figure 5.5. Additionally, the
scripts provides direct interactive access to both local and database data in Python for
studies and investigations.

Depletion Voltage Histogram: VPX32407

7 W148 2021-02-25T12:40

b = W149 2021-02-25T14:35

. Specification- Wi Sz

- W152 2021-02-25T15:45

compllant but W153 2021-02-25T16:49

= ’ W154 2021-02-25T16:43
SLace - W155 2021-02-26T11:26

g 4 VlSlbly-ObVIOUS W157 2021-02-26T14:48
‘" = W158 2021-02-26T14:54
s 3 Outllers W159 2021-03-01T14:04

W160 2021-03-01T14:12
W162 2021-03-01T15:24
W163 2021-03-01T15:30

W164 2021-03-02T14:17

W165 2021-03-02T16:03

W167 2021-03-03T15:11

1 W1A0 I071_A2NIT16-0d
250 300
Initial Depletion Voltage [V]

Figure 5.4: Annotated screenshots of interactive plot from the QC scripts showing depletion
voltage histograms with clear specification-compliant outliers.
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m MANUFACTURING18 ATLAS18_IV_TEST_V1 ATLAS18_CV_TEST_V1 |

w141

Figure 5.5: Screenshot of a portion of the report monitoring table. This shows a part of a row
of information for wafer 141, where an IV test was performed but was empty due
to a measurement error, and a CV test was performed and passed specifications.
Having the information in one interface allows technicians to easily spot issues and
know how to find the test in question.

5.4 Current Status

The QC scripts have proven to be a robust, reliable and intuitive interface for sensor
evaluation, reporting and monitoring. Since their introduction, the library has already
processed 3000 sensors through preproduction and production in 7 sites in 9 institutes
in 5 countries. As we enter production, the scripts are undergoing continuous devel-

opment to add new features useful to our QC sites.

Since the completion of the qualification task, the scripts have been taken over by other
members of the collaboration who are maintaining them and continuously adding

new features to suit its needs.



Chapter 6
Conclusion and Outlook

“At the end of the day, us particle physicists are basically just professional
histogrammers.”

— Anja Beck, Professional Histogrammer, LHCb, University of
Warwick

Unfortunately, no evidence for new physics was found over the course of this thesis.
However, this does not mean that the work done does not have impact. The searches
and interpretations presented in this work imply important constraints on what form

new physics can take.

Chapter 3 detailed the first search of its kind in Run 2, searching for long-lived
particles with displaced vertex signatures in events triggered by multijets. The unique
signature allowed for a fairly general model-independent search, however results were
interpreted with R-parity violating supersymmetry models. Limits were placed on the
existence on 2.4 TeV gluino-produced long-lived neutralinos down to at least 300 GeV
for lifetimes between 0.01-1ns. Limits were also placed on electroweak-produced
long-lived neutralinos up to at lease 1.2 TeV in the lifetime range of 0.01 to 10ns. The
general nature of the search additionally lends itself well to extending its impact in
setting limits to other theories through possible reinterpretations.

Chapter 4 detailed the full Run 2 search of long-lived particles with displaced
vertex signatures in events triggered by missing transverse energy. This followed a
similar result made with only early Run 2 data from 2016 [2] but was however been

completely overhauled with a more robust analysis design and the incorporation of
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fuzzy vertexing. Interpreting sensitivity for a R-hadron gluino model where long-lived
gluinos decay into quarks and an invisible neutralino, the search has the potential
to exclude up to 2050 GeV or have evidence of discovery up to 2000 GeV of gluino
mass at 0.1 to 0.3 ns of lifetime, at a gluino-neutralino mass difference of 100 GeV. This
improves on the early Run 2 analysis result of excluding 1.8 TeV of gluino mass in the
same lifetime range. This analysis will also have the first such result in ATLAS for Wino-
Bino models where a long-lived neutralino-2 decays into an invisible neutralino-1 and
an off-shell Higgs that decays to a b quark-antiquark pair. Here we have the potential
to exclude up to 750 GeV, or have evidence of discovery up to 700 GeV, of neutralino-
2 mass for a lifetime of 0.03ns and mass-splitting of 40 GeV. This analysis has the
sensitivity to exclude the branching ratio of the Higgs decaying into hadronically-
decaying long-lived particle pairs down to 0.05%, or to have evidence of discovery
if the branching ratio is larger than 0.5%, at a lifetime of cT = 10 mm and long-lived
particle mass of 55GeV. This is an order of magnitude improvement in discovery
and exclusion power for hadronically-decaying scalars over the current limits of
approximately 5% from ATLAS [74] and CMS [75] for the same point.

Finally, Chapter 5 described the author’s qualification task work in the ATLAS inner
tracker upgrade (ITk). The development of a software framework for the automatic
parameter extraction, evaluation, database interfacing, and reporting of quality control

tests on strip sensors was a success, and is currently being used across the collaboration.

There are of course many possible future steps for this line of research. The increase
in luminosity expected in Run 3 is already expected to improve results. To more
precisely target the Higgs Portal model, sensitivity could be drastically improved by
designing a trigger that targets the vector boson fusion (VBF) Higgs production process
due to its high cross-section and striking signature. This can be tied together with
tuzzy vertexing or jet shape requirements (for example requiring jets have a certain
substructure or most of its energy deposited in cells further from the beampipe, which
could be possible in the L1Calo) in the trigger, requiring essentially a displaced vertex
in the event to allow for more accepting requirements on the VBF jets. Improvements in
large-radius tracking in order to improve reconstruction efficiency while maintaining
a low rate of reconstructing fake tracks would also benefit sensitivity, as is currently
being worked on with the new Release 22 used in ATLAS. There are additionally
dozens of other possible long-lived particle signatures in ATLAS that could be targeted
that have not yet been fully exploited, such as kinked tracks, or stable charged particles
that fully travel outside of ATLAS before decaying. Additionally, as at the moment
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most long-lived particle searches target very specific benchmark models. There may
be potential benefit in taking inspiration from prompt SUSY and attempting statistical
combinations efforts in the field of long-lived particles. Although there may not be
a direct increase in discovery potential from such an exercise, the gain comes in the
ability to guide and motivate strategic future areas of study. For example, if one notices
that the combination tends to poorly exclude a certain sub-class of models with similar
signatures, this could motivate developing new triggers and analyses to better target

this case.

This is only the beginning. The field of long-lived particle searches is only in its
infancy, using only fairly general triggers in a run where it was expected that new
physics would have been easier to find. Learning lessons from Run 2, including from
this work, the future is bright, with new dedicated triggers and creative strategies to

make the most of Run 3 and maximize our discovery potential.
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Colophon

This thesis was made in IXIEX 2, using the “hepthesis” class [94].
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