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Zusammenfassung

In dieser Arbeit wird eine Suche nach schweren langlebigen geladenen Teilchen mit
dem ATLAS Detektor am Large Hadron Collider vorgestellt. Diese Suche analysiert
einen Datensatz von 36.1 fb~' Proton-Proton-Kollisionen. Die erwartete Signatur
solcher schwerer langlebiger geladener Teilchen im Detektor ist ahnlich der eines
Myons, jedoch haben diese hypothetischen Teilchen eine héhere Masse. Dies
hat zur Folge, dass diese Teilchen mit einer deutlich niedrigeren Geschwindigkeit
erzeugt werden als hochenergetischen Standard-Modell-Teilchen. Des Weiteren
fuhrt die niedrige Geschwindigkeit der Teilchen zu lonisations-Energieverlusten
deutlich Gber denen von Myonen, welche den Hauptuntergrund fur diese Suche
darstellen. Schwere langlebige Teilchen kdnnen sowohl elektrisch- also auch far-
bgeladen sein. Farbgeladene schwere langlebige Teilchen hadronisieren zusam-
men mit Quarks zu sogenannten R-Hadronen. Diese kdnnen durch den Austausch
der Quarks in hadronischen Interaktionen ihre Gesamtladung andern.

Zur ldentifikation von schweren geladenen langlebigen Teilchen, werden Mes-
sungen des lonisations-Energieverlust im Pixel Detektor sowie Flugzeitmessun-
gen im Tile-Kalorimeter, in den Monitored-Drift-Tubes und in den Resistive-Plate-
Chambers, verwendet. Die Suche ist mit dedizierten Signal Regionen, sowohl fur
farbgeladene langlebige Teilchen als auch fur paar-produzierte langlebige Teilchen
die nur elektrisch geladen sind, ausgestattet. Da kein signifikanter Uberschuss
an Daten Ueber der erwarteten Anzahl an Ereignissen gefunden wurde, kon-
nen die Ergbnisse verwendet werden um Ausschlussgrenzen auf den Wirkungs-
querschnitt und die Masse der Teilchen zu bestimmen. Paar-produzierte Sbot-
tom, Stop oder Gluino R-hadronen kdnnen bis zu einer Masse von 1250 GeV,
1340 GeV beziehungsweise 2000 GeV ausgeschlossen werden. Fur farbneutrale
paar-produzierte langlebige Teilchen kénnen Massen bis 430 GeV fur Staus und
1090 GeV fur Charginos ausgeschlossen werden.






Abstract

In this thesis a search for Heavy Charged Long-Lived Particles (HCLLPs) in a dataset
of 36.1 fb~" of proton-proton collisions with the ATLAS detector at the Large Hadron
Collider is presented. HCLLPs manifest in the detector by signatures of heavy
muon-like particles and are expected to be produced with velocities, significantly
lower than the speed of light. Accordingly they are also expected to have an ioni-
sation energy loss larger than that of muons, which are the main background for
this search. Beside their electrical charge, HCLLPs can also be colour charged and
hadronise together with Standard Model quarks to so called R-hadrons. Those
R-hadrons can have a very special signature as they are able to change their overall
charge through the exchange of the Standard Model quarks in hadronic interac-
tions.

The observables used to identify HCLLPs in this analysis are a dE/dx estimate with
the pixel detector and time-of-flight measurements with the Tile Calorimeter, the
Monitored Drift Tubes and the Resistive Plate Chambers. The signal regions are de-
signed to cover signatures of colour-charged particles that can undergo a change
of charge as well as pair-produced colour singlets that are charged throughout the
whole detector. No significant excess over the estimated background was observed
and the results are used to set upper limits on the production cross section as well
as lower mass limits for several models. The obtained lower mass limits for sbot-
tom, stop and gluino R-hadrons are 1250 GeV, 1340 GeV and 2000 GeV, respectively,
while for colour singlets such as staus and charginos 430 GeV and 1090 GeV are ob-
tained.
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Chapter 1

Introduction

Modern particle physics appears to be currently in a way pointing period.
In 2012, with the discovery of the Higgs boson [1, 2], the last missing piece
of the Standard Model of Particle Physics (SM) was found. However the
SM is known to be limited in several ways, as for example an implementa-
tion of a coherent description of gravity is missing. Another limitation of
the SM is, that it does not offer a good candidate for dark matter, a new
type of matter proposed to explain astrophysical and cosmological obser-
vations, such as gravitational leansing effects [3] or the observed power
spectrum of the cosmic microwave background [4]. A variety of theories
Beyond the Standard Model (BSM), that are able to solve one or the other
problem of the SM, are suggested, but there is currently no one-fits-all so-
lution available. For experimental particle physics this encourages open-
mindedness in the searches for new physics to exploit the full potential
of the experiments. At particle colliders, beside the majority of searches
looking for prompt SM particles also unconventional searches, that are
for example targeting new types of long-lived particles, are conducted.
The mechanisms in the SM resulting in long lifetimes for some of the par-
ticles can, in a similar way, lead to significant lifetimes for particles in
a BSM theory. A possible explanation why those new types of particles
have not been observed so far, is that they are too heavy to be produced
in significant amounts. Heavy long-lived particles can be targeted in two
different ways depending on their nature. If they interact with the detec-
tor material and are long-lived enough they can be directly reconstructed
in the event. If they are not able to interact with the detector they can
be targeted with searches looking for their decay products, as long as
the decays happen within the detector volume and with a resolvable dis-
placement from the primary interactions. For both cases very distinct
signatures, with basically no SM backgrounds, are expected.
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CHAPTER 1. INTRODUCTION

The main target of the search described in this thesis are HCLLPs that are
decaying outside of the detector. Those particles are expected to be pro-
duced at the Large Hadron Collider (LHC) with velocities significantly lower
than the speed-of-light, due to their high masses and have a heavy-muon-
like signature in the detector. Furthermore their low velocities lead to
ionisation energy losses that are significantly larger than those of muons.
Both velocities estimated from time-of-flight measurements as well as
ionisation energy loss measurements are used as observables to identify
HCLLPs. There are no SM particles that are heavy and long-lived enough
to serve as HCLLP candidates, the only background for this search are
muons with outliers in the energy loss and time-of-flight measurements.
Very specific features are expected for colour-charged heavy long-lived
particles as they hadronise with SM quarks to so called R-hadrons. Those
R-hadrons can change their charge through hadronic interactions in the
detector, leading to signatures where R-hadrons are only visible in some
parts of the detector.

The thesis is structured as follows. In the second chapter the theoret-
ical motivation is given. This includes a short summary of the SM and
its limitations. The mechanisms leading to longevity in the SM are used
to explain the long lifetimes of particles predicted in BSM theories. Also
the impact of HCLLPs on the early universe and the corresponding con-
straints on their lifetimes and masses are discussed. In the third chapter
the experimental setup with the ATLAS detector at the LHC is presented.
A particular focus is on the subsystems that are used for ionisation energy
loss measurements and time-of-flight measurements to identify HCLLPs.
In the subsequent chapter the expected signatures of HCLLPs at colliders
are discussed in detail. This involves a description of the impact of the
production mechanisms on the kinematics of HCLLPs as well as their ex-
pected velocity and energy loss. A particular focus is placed on the hadro-
nisation and the hadronic interactions of R-hadrons. In addition the range
of lifetimes relevant for the search described in this thesis are discussed.
In the fifth chapter the search for HCLLPs using a data sample of 36.1 fb™"
proton-proton collisions collected with the ATLAS experiment [5] will be
discussed as the main part of this thesis. This involves the estimation and
calibration of the main observables used for the identification of HCLLPs
as well as the analysis search strategy and the estimation of the back-
grounds, which is conducted in a fully data-driven manner. The chapter
is concluded with a discussion of the results. In the final chapter a sum-
mary as well as an outlook for the search for HCLLPs is given.



Chapter 2

Theory

2.1 Standard Model

The SM is one of the best experimentally validated theories so far. Never-
theless history teaches us, there was always a next, more general theory
spanning a wider range of validity. In the first part of this chapter a brief
introduction of the SM particle content and the basic interactions is given.
This is followed by a general discussion of the reasons for longevity in the
SM. Those can serve as a guideline to detect the relevant phase space
of theories BSM with long-lived particles. In the last section the need for
such a BSM theory will be motivated. This section is inspired by Refer-
ence [6], which gives a comprehensive introduction to the SM.

2.1.1 Particle Content

The particle content of the SM is composed of fermions (half-integer spin)
and bosons (integer spin): Fermions are leptons and quarks, which are in
our current understanding the fundamental bricks of matter and organ-
ised in three generations, where each higher generation is a high mass
copy of the former. There are two types of bosons: gauge and scalar
bosons. Gauge bosons are the mediators of the forces, while the scalar
boson is giving the particles their masses. For leptons each generation is
composed of an electrically charged lepton and a respective neutral neu-
trino. The first generation is formed by the electron (e~) and the electron-
neutrino (ve-), the second by the muon (x~) and the muon-neutrino (v,,-)
and the third by the tau (r—) and tau-neutrino (v,.-). Also in the quark sec-
tor each generation of quarks is composed of an up-type and a down-type
quark, where the up-type quark carries an electric-charge of 2/3 and the
down-type quark an electric-charge of —1/3. Quarks also carry a colour-
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Figure 2.1: Schematic drawing
of the lowest order Feynman-
diagramms (tree-level).
The interacting particles
(in-coming) are on a blue
background while the pro-
duced particles (out-going)
are on a red one. The internal
line (gray background) corre-
sponds to a virtual internal
particle propagator. The
interaction points between
different lines are called
vertices and contribute to
the  matrix-element  with
the corresponding coupling
constant.

CHAPTER 2. THEORY

charge and therefore also interact over the strong force. The first gener-
ation is composed of the up- (v) and down-quark (d), the second of the
charm- (¢) and strange-quark (s) and the third of the top- (t) and bottom-
quark (b). For each of the fermions also an anti-particle exists, which has
the same mass and spin as the particle, but inverted charge-like quantum
numbers. Additionally quarks and leptons have a right- and left-handed
eigenstate, due to the chiral nature of the weak interaction. This means
that the weak interaction only couples to left-handed fermions and right-
handed anti-fermions.

Gauge bosons are the mediators of the forces. The mediator for the Elec-
tromagnetic (EM)-interaction is the massless photon (y°), while the weak
interaction is mediated by the neutral Z°- and the charged W*-bosons.
The strong interaction is mediated by gluons (g) carrying a colour and an
anti-colour. The last piece of the SM, and also the latest elementary par-
ticle being discovered, is the scalar Higgs boson (H°) [1, 2], the quantum
excitation of the underlying Higgs-field. The Higgs-field gives masses to
W*- and Z°-bosons via the Higgs mechanism and to quarks and leptons
via Yukawa-couplings [8]. The particle content of the SM is summarised
in Table 2.1 including mass, spin and colour-/electric-charge.

2.1.2 Interactions

The SM describes three of the four, so far known, fundamental interac-
tions. While the interactions of the EM, the weak and strong interactions
are covered, an implementation of gravity is still missing, which will be
discussed in more detail in Section 2.1.4. The SM is expressed in a mathe-
matical framework called Quantum Field Theory (QFT). In this framework
particles are understood as excitations of the underlying fields. Their in-
teractions are treated by interaction terms of the corresponding fields.
There are three probes for the interactions of elementary particles: bound
states, decay and scattering. The key ingredients to calculate lifetimes
(decay) or cross sections (scattering) are the matrix element of the un-
derlying processes and the available phase space. The matrix element is
calculated by evaluating Feynman diagrams, which are the graphical rep-
resentations of the underlying processes (e.g. Figure 2.1). This means
that all dynamics end up there. The phase space in contrast depends on
the momenta and masses of the involved particles, so it is purely kine-
matic.

Toy lowest order Feynman-diagrams are drawn in Figure 2.1. They only
differ by a rotation and hence by the in-coming and out-going particles.



2.1. STANDARD MODEL

name label | mass [MeV] | el. charge [e] colour
leptons (spin =1/2)

electron e 0.511 -1 -
electron-neutrino Ve- <2-10°° 0 -
muon w- 105.66 -1 -
muon-neutrino = < 0.2 0 -
tau T 1776 -1 -
tau-neutrino V- <18 0 -
quarks (spin =1/2)

up u 2 2/3 r.gb
down d 5 -1/3 r.g,b
charm C 1275 2/3 r.gb
strange S 95 -1/3 r.g,b
top t 173103 2/3 r.g,b
bottom b 4.103 -1/3 rgb
gauge bosons (spin = 1)

gluon g 0 0| (r.gb)x2
photon ~0 0 0 -
W-boson w* 80385 +1 -
Z-boson 2° 91188 0 -
Higgs boson (spin = 0)

Higgs HO 126-103 0 -

Table 2.1:

Summary of the

particle content of the SM
with spin, mass, colour- and
electric-charge of the respec-
tive particles [7].



Figure 2.2: Feynman diagram

showing the emission or ab-

sorption of a 4° by a charged
particle (c).

Figure 2.3: Feynman deya-
gram showing the fundamen-

tal charged weak vertex, in-
volving both the coupling to
leptons or quarks.
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They have four external lines, which correspond to visible particles and
one internal line corresponding to a virtual particle, that can not be ob-
served. In contrast to the observable particles, the virtual particle can
have any mass due to the uncertainty principle. A virtual particle with a
mass different to its rest-mass is called off-shell. The larger the differ-
ence to the rest-mass the less likely the process. Also direct four-point
interactions are possible but are allowed only for interactions where ex-
clusively gluons or vector-bosons participate. Predominantly three-point
interaction vertices are the fundamental bricks all higher-order diagrams
are made of. Each of those vertices introduces a factor /ay, with o be-
ing the coupling constant of x: em (elctromagnetic), w (weak) or s (strong)
interaction. Depending on the strength of the coupling higher order dia-
grams with more vertices can be almost negligible or important.

Electromagnetic Interaction

The EM-interaction is described by the quantum electrodynamics (QED)
which is a gauge theory with a U(1) symmetry group. The mediator parti-
cle of the EM-interaction is the photon. The photon couples to the electric-
charge which means that it couples to quarks and charged leptons as
well as charged composed particles. In principle also the coupling to W-
bosons is possible, but these processes are very rare. The fundamental
vertex associated with the EM-interaction is shown in Figure 2.2. It de-
scribes the interaction of a charged particle (c) with a photon. In this
version the emission or absorption of a 4° is shown. The vertex can
also be rotated, which means that the in- and outgoing-particles are ex-
changed. The rotated diagram corresponds to a pair-creation or an anni-
hilation reaction of two charged particles. The coupling constant for the
EM-interacion is aem (~ 1/137 [7]).

Weak Interaction

The weak interaction, as the name suggests, is significantly weaker than
the other interactions described in the SM. The corresponding mediator
particles are the W*- and Z°-bosons, which couple to the weak isospin. All
leptons and quarks interact over the weak interaction. In particular also
neutrinos, which are electrically neutral and have no colour charge, only
interact weakly.

The fundamental vertices associated with the weak interaction can be
split into neutral vertices (Z°-boson) and charged vertices (W*-boson).



2.1. STANDARD MODEL

The neutral vertices are basically the same as the ones for the ~°, Fig-
ure 2.2, where the 40 is replaced by a Z%-boson. The main difference,
besides the significantly weaker coupling, is, that also a direct coupling
to neutrinos is allowed. The fundamental charged vertex is shown in Fig-
ure 2.3. For the leptons it corresponds to a lepton converting into a neu-
trino of same lepton flavour or backwards. Also the fundamental charged
vertex involving quarks changes the quark type (up- to down-type or vice
versa). Besides generation-saving processes also those changing between
the generations were observed. This was understood by the weak force
coupling not to the mass eigenstates (physical particles), but to the weak
eigenstates. For the down-type quarks those weak eigenstates are a lin-
ear combination of the mass eigenstates. The weak eigenstates are con-
nected to the mass eigenstates by the CKM matrix [9], which is slightly
off-diagonal and therefore allows for a conversion of a down-type quark
to an up-type quark of a different generation or vice-versa. For complete-
ness also vertices involving a Z° coupling to two W+ bosons and 4-boson
interactions are possible.

The weak interaction can be unified with the EM-interaction in the elec-
troweak theory, which is accomplished in a SU(2)xU(1) gauge group. The
unification of the two forces implies that above a certain unification en-
ergy scale the weak and the EM-force merge into a single electroweak
force [10, 11, 12].

Strong Interaction

The strong interaction is described by quantum chromo dynamics (QCD),
which is a SU(3) gauge group theory. Adding this to the electroweak gauge
group one obtains the SM gauge group as SU(3) x SU(2) x U(1). The me-
diator of the strong interaction is the gluon, which couples to the colour
charge and is, in contrast to the photon, colour charged itself. It is there-
fore also able to couple to itself. Besides the gluon, only quarks carry a
colour charge. Quarks are singly colour charged forming a colour triplet
while gluons carry a colour and an anti-colour forming a colour octet. The
fundamental vertices for QCD are shown in Figures 2.4, 2.5 and 2.6. The
first is showing the interaction of a quark with a gluon, while the latter
two are showing self-interactions of gluons.

In contrast to the EM interaction the coupling constant for the strong in-
teraction as ~ 1, which means that higher order diagrams are important.
But this is not the coupling that is actually observed in experiments, as
vacuum polarisations are able to screen the charge seen by the particles.

Figure 2.4: Fundamental QCD
vertex involving two quarks
and a gluon.

Figure 2.5: Gluon three-point
interaction vertex.

Figure 2.6: Gluon four-point
interaction vertex.
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Figure 2.7: Exemplaric dia-
gram showing a particle inter-

action involving an additional
particle loop.

CHAPTER 2. THEORY

An illustrative description of this screening can be given in QED. Imag-
ine e.g. the external lines in Figure 2.7 being electrons and the mediat-
ing photon pair-producing and annihilating an electron-positron pair, as
sketched with the loop. The electron positron pair can be understood
as a dipole, screening the charge of the external electrons. This results
in a change of the effective coupling between them. These screening ef-
fects are rather weak in QED but very important in QCD due to the strong
coupling. Estimating the effects of all loop correction results in the ef-
fective coupling constant being momentum transfer dependent, which
can be also interpreted as a distance dependence due to the uncertainty
principle. For QED the effective coupling increases at short distances,
whereas for larger distances it decreases. The inverted behaviour was
found for QCD, so for short distances the quarks get asymptotically free,
while the coupling gets strong for larger distances. This behaviour of the
strong interaction has important consequences: Colour charged particles
do not exist isolated, but only in overall colourless states, known as quark
confinement. Quarks are bound into hadrons which are either mesons
(quark-anti-quark pairs) or baryons (bound states of three quarks/anti-
quarks). For gluons also glueballs, states only build from gluons, would
be possible but have not been observed so far. A further important con-
sequence is that the further colour charged particles are pushed apart the
more energy is transferred to the colour field between them. It can get en-
ergetically favourable that a new quark anti-quark pair is produced out of
the vacuum. If the colour charged particles are produced with high ener-
gies e.g. at colliders, this creation of new particles occurs until the energy
in the movement apart is no longer sufficient to produce new particles.
Then the coloured partons combine to form colour neutral hadrons. This
process is called hadronisation. The signature of colour charged particles
in a high-energy collider are therefore several hadrons flying in approxi-
mately the same direction, called a jet.

2.1.3 Lifetime

In the context of QFT, lifetime is not a discrete value associated to a par-
ticle type, but has an intrinsic random element. Correspondingly, the pa-
rameter of interest is not the lifetime, as no direct prediction on the decay
of a given particle is possible, but a mean lifetime that can be used for a
statistical prediction on the number of decaying particles in the limit of
large samples. The number of remaining particles follows an exponential
decay law with the decay rate being the reciprocal of the mean lifetime.



2.1. STANDARD MODEL

Most of the particles do not have only a single possible decay channel,
but several with different decay products. Hence the overall decay rate
for a particle is given as the sum over all decay rates for the allowed de-
cays. The decay rates or mean lifetimes can be calculated from the matrix
element and an integration over the allowed phase space.

From the theoretical perspective there are three potential sources for a
elongation of the particle lifetimes: Number of decay channels, matrix el-
ement and phase space. If the particle has no allowed decay channels,
e.g. as it is the lightest particle with a conserved quantum number, the
particle has a long or infinite lifetime depending on the quantum num-
ber being strictly or almost conserved. Having a low number of allowed
particle decay channels is a key feature for long-lived particles, as this
minimises the probability for non-suppressed decay modes. For parti-
cles with allowed decay channels to become long-lived, those have to
be suppressed through a small matrix element, a small phase space or
both. One reason for a small matrix element can be the virtuality of an
intermediate particle, e.g. the W-boson in Figure 2.8. As introduced in
Section 2.1.2, intermediate particles can have masses different to their
restmass, but those processes are suppressed the larger the difference.
Decay modes via heavy mediators are significantly suppressed. Another
reason for a suppression of the matrix element can be soft couplings.
For example, if the decay of a particle is only feasible via the gravitational
force, it is significantly suppressed compared to a decay e.g. involving
solely strong interactions. An additional scenario suppressing the decay
rate is, if the tree-level processes are not allowed and hence the parti-
cle decay is only feasible at higher order, with each vertex suppressing
the decay by the corresponding coupling constant. Last but not least the
available phase space can be a reason for a low decay rate. For a particle
decay the available phase space is given by the mass difference between
the decaying particle and the sum over the mass of the decay products.
This is typically realised, if the particle is almost mass degenerated with
the lightest particle with a (almost) conserved quantum number.

For most of the known cases, long lifetimes do not occur due to a single
of the previously discussed reasons, but rather due to a combination of
them. Overall, one ends up with the following list, which can serve as a
guideline to identify particles with significant lifetimes in the SM as well
as in theories extending the SM:

e number of decay modes

- lightest particle with a (almost) conserved quantum number

11

Figure 2.8: Feynman dia-
gram for the muon decay
to an electron, anti-electron-
neutrino and muon-neutrino.
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electron/proton

conserved quantumn.
few decay channels
off-shell particle

soft coupling
forbidden tree-level
mass degenerated

Table 2.2: Reasons

X X X X X <

for

longevity for the SM elec-

tron/proton.

muon

conserved quantumn.
few decay channels
off-shell particle

soft coupling
forbidden tree-level
mass degenerated

Table 2.3: Reasons

longevity for the SM muon.

neutron

X X < < < X

for

conserved quantumn.
few decay channels
off-shell particle

soft coupling
forbidden tree-level
mass degenerated

Table 2.4: Reasons

L XX

for

longevity for the SM neutron.
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- few decay channels
e matrix element

- off-shell intermediate particles
- soft couplings

- forbidden tree-level decay
e phase space

- mass degenerated with lightest particle with a (almost) con-
served quantum number

This recipe for the identification of particles with significant lifetimes will
be verified for some examples in the SM in the following.

The simplest examples in the SM are the electron and the proton. Both
particles are stable as they are the lightest particles with a conserved
quantum number. The electron is the lightest particle carrying a lepton
number, while the proton (uud) is the lightest baryon and thus stable due
to baryon number conservation.

A further example for a particle with significant lifetime in the SM is the
muon. The only allowed tree-level decay of the muon is shown in Fig-
ure 2.8. All higher-level diagrams are based on the tree-level decay with
some additional radiations, which are suppressed due to the additional
vertices. The muon is the second-to-lightest charged lepton, hence only
the decay to an electron is allowed. The decay is mediated by the weak
force which has two implications: First the decay involves two weak ver-
tices leading to a soft coupling and second the mediator particle, the W-
boson, is suppressing the process due to its high mass (Table 2.1). The
arguments for the muon getting a substantial lifetime are summarised in
Table 2.3.

The meta-stable particle with the longest lifetime in the SM is the neutron,
which is the second lightest particle carrying a baryon number. The only
allowed tree-level decay is the beta-decay to an electron-anti-electron-
neutrino pair and a proton, where a down quark converts into an up
quark. Also for the case of the neutron only the decay via the weak inter-
action is possible, hence both the off-shell mediator and the soft coupling
argument hold for the neutron. Besides those arguments, the neutron is
also almost mass degenerated with the proton. The mass difference be-
tween the proton (938.3 MeV) [7] and the neutron (939.6 MeV) [7] is only
1.3 MeV, which results in a very small available phase space for the de-
cay. This leads to a significant elongation of the mean lifetime (880.1 s) [7]
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compared to the muon (2.2-106 s) [7], which has in principle a similar de-
cay mode. The reasons for the longevity of the neutron are summarised
in Table 2.4

The last example discussed here is the BO meson, which is composed of
a down- and an anti-bottom-quark. Also the BO meson can only decay
via the weak-interaction, but due to the high mass many possible decay
modes are allowed. The decay of the bottom-quark to a top-quark is for-
bidden due to the higher mass of the top-quark, hence the decays always
involve vertices with small couplings due to the off-diagonal elements in
the CKM matrix V¢, = (40.5+1.5)x 103 and V;, = (4.09+0.39) x 103 [7].
Decays to e.g. pairs of leptons are even further suppressed as no flavour
changing neutral currents are allowed at tree-level, and only decays with a
high vertex multiplicity involving off-diagonal CKM couplings are possible.
This results in a mean lifetime for the BO meson of (1.5194+0.007)x 10~ "% s
[7], which corresponds to a resolvable decay distance at collider experi-
ments . The arguments for the BO meson getting a substantial lifetime
are summarised in Table 2.5.

2.1.4 Motivation for a Theory Beyond the Standard Model

The SM represents one of the best experimentally proven theories, but
has still some open questions and issues. These issues can be split into
two categories, problems that are understood as mathematically inele-
gant and hence disturb the beauty of the theory, and problems that need
to be solved to understand the fundamental principles of Nature. So
problems that should be solved and problems that have to be solved.
Some issues belonging to the first category are summarised under the
naturalness argument of a theory, which requires the ratios between the
free parameters of a theory to be roughly of O(1). One example for an un-
natural behaviour of the SM is the hierarchy problem. The Higgs mecha-
nism relates the Higgs mass to the masses of the gauge bosons and hence
sets the scale of the electroweak interaction. Therefore a Higgs mass of
O(100 GeV) was needed and also observed. In QFT loop corrections are
able to screen the bare quantities as already introduced in Section 2.1.2.
For the Higgs mass the correction to the bare mass by fermion loops is
given as

2 |)‘f|2 2
Amp = ——5N+.., (2.1
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with the Yukawa coupling to the Higgs field (\s) and the cut-off scale (A).
The cut-off scale is the energy where the validity of the theory breaks
down. For the SM often the Planck scale O(10"° GeV) is assumed as there
gravitation is definitely no longer negligible and hence a new theory is for
sure needed. To get the Higgs mass to the observed value the bare Higgs
mass and the contributions due to loop corrections have to be fine-tuned
up to 16 digits, which feels unnatural. Also the number of free param-
eters in the SM (19) is rather large, which supports the idea of a more
fundamental theory with less free parameters.

A further "should be solved" problem is the absence of a striking argu-
ment for why exactly three generations of fermions have been observed
and also why the EM-charge is quantised the way it is. One solution to
those problems would be a Grand Unified Theory (GUT), which is also a
very mathematically elegant idea. In a GUT theory at a high energy scale
(GUT scale O(10'® GeV)) the electroweak and strong couplings are merged
into a single coupling, that is characterised by a larger simple symmetry,
which is broken to the SM at lower energy scales. This implies that the
coupling constants of EM-, weak- and strong-interaction have to intersect
at the GUT scale. An extrapolation from the SM to the GUT scale does not
result in such an intersection. Hence, for a GUT to be realised in Nature,
new physics between the weak scale and the GUT scale is mandatory.
Also a further unification of the couplings with gravitation might be re-
alised, often referred to as Theory of Everything. The quantisation of the
EM-charge can be explained within a GUT by putting quarks and leptons
in the same multiplet. An important probe for GUTs in the measurable
energy range is the, so far not observed, decay of the proton, as they im-
ply that the lepton and baryon numbers are not conserved.

One problem of the SM that "has to be solved" is that until now no con-
sistent formulation of a quantum gravity was possible. The theory of the
large scales (general relativity) and the theory of the small scales (SM) can
not be consistently treated in an overarching theory so far.

A further issue of the SM that has to be solved is the matter-anti-matter
asymmetry seen in the observable Universe. One well motivated and ac-
cepted assumption of the Big Bang theory is that equal amounts of mat-
ter and anti-matter were produced. The SM does not explain what has
happened to the anti-matter as everything we see is made out of mat-
ter. There are two different attempts to solve this issue: It is thought
that there might be regions where anti-matter is dominant though this
would lead to a, not yet observed, "burning horizon" in the regions where
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anti-matter- and matter-dominated regions intersect. Another possible
solution is that the observed asymmetry would be realised by a mech-
anism transforming anti-matter to matter. The conditions that have to
be fulfilled for such a mechanism where formulated by Sakharov [13]
as: baryon/lepton-number violation, out of thermal equilibrium, and CP-
violation. The baryon/lepton-number violation is allowing processes where
matter is produced from anti-matter and vice versa, but in a thermal equi-
librium backwards process would have the same rate cancelling the net
matter anti-matter transfer. Also the CP-conjugated processes have the
same rates as long as no CP-violation is present. Hence, both require-
ments, being out-of thermal equilibrium and the presence of CP-violation
are neccassary to produce a net anti-matter to matter conversion. The
out-of-thermal-equilibrium conditions should be fulfilled through the cool-
ing of the Universe due to its expansion. Solutions for the baryon- or
lepton-number violation would be e.g. a GUT which allows for such pro-
cesses. The CP-violation, that is further needed, can be seen in the SM
through small complex terms in the CKM matrix, but the amount of CP-
violation is orders of magnitudes too small to explain the observed asym-
metry. So additional sources for CP-violation are needed to answer the
question about the missing anti-matter.

Last but not least there is the outstanding question about the origin of
Dark Matter and Dark Energy. It was observed that the expansion of the
Universe is accelerating. This is accounted for in the standard model of
cosmology with a cosmological constant which is interpreted as a dark
energy permeating all of space and driving the acceleration. Gravitational
lenses and deviations from the expected rotation curves of galaxies are
examples for observations that can not be explained with visible matter
only. The most commonly accepted solution is Dark Matter, dark means
that it has no QED and QCD interactions and is hence not directly de-
tectable with telescopes. It is only detectable over its influence on ordi-
nary/visible matter via the gravitational force. One possible type of Dark
Matter candidates are weakly interacting massive particles, which could
be in a mass range where they can be produced at colliders. The standard
model of cosmology includes both Dark Energy and Dark Matter and can
be used to simulate the cosmic microwave background, which is nicely
agreeing with the observed distribution. A fit to the observed data allows
for a prediction of the abundances of Dark Energy, Dark Matter and ordi-
nary matter, shown in Figure 2.9. This means that only about 5% of the
Universe is made out of ordinary, well known matter, while only little is
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known about the nature of the rest.

Summarising this section, the SM has some open questions. The major-
ity of theories that are targeting some of the discussed issues are com-
ing with additional particles. Those additional particles can be in a mass
range were they are producible at the LHC. But as there is currently no
one-fits-all theory that is solving all the discussed issues, it is important to
have searches that are as model independent as possible to ensure that
nothing substantial is missed. One target for model independent search
strategies are heavy charged long-lived particles, which will be discussed
in the following.

2.2 Heavy Charged Long-Lived Particles

One potential type of new particles that can be targeted with detector
searches are HCLLPs. Heavy in this context means that the masses are
higher than the ones of SM particles, so roughly starting at 200 GeV. Those
particles have to be electrically or colour charged, or both to allow for di-
rect interactions with the detector, which is a key feature of the signature
targeted with the search described in this work. In the first part of this
section theories extending the SM providing HCLLP candidates are intro-
duced. This is followed by a discussion of the cosmological constraints on
HCLLPs as their life-time might be sufficient to have a significant impact
on the formation of the Universe.

2.2.1 Theories extending the Standard Model

As discussed in Section 2.1.4, there is a need for theories extending the
SM. It is natural to believe that those theories are similar to the SM and
hence also scenarios leading to long-lived particles are thinkable. There-
fore the hints for longevity, discussed in Section 2.1.3, can be used to
detect parameter spaces in theories extending the SM, which provide
charged long-lived particle candidates. Some examples will be discussed
in the following.

Supersymmetry

One extension of the SM is the introduction of a new space-time symme-
try, called Supersymmetry (SUSY), which is mapping fermions on bosons
and vice versa. This would predict a fermionic super-partner for each bo-
son and a bosonic super-partner for each fermion. The nomenclature for
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the super-partners is an s- in front of the bosonic super-partners (e.g. se-
lectron, squark) and an -ino behind the names of the fermionic super-
partners (e.g. gluino, wino).

A pure supersymmetric theory would allow for both lepton- and baryon-
number being violated, which would imply a rather rapid decay of the
proton. Such decays are largely restricted by experiments (lifetime proton
> 2.1 x 10%° years [7]). The most common solution is to require R-parity
conservation, with R-parity being a multiplicative quantum number, that
is +1 for the SM particles and -1 for the super-partners. Besides the sta-
bility of the proton the R-parity conservation also implies that the lightest
supersymmetric particle is stable, and hence can serve as a Dark Matter
candidate. A further consequence would be that supersymmetric parti-
cles would only be produced in pairs.

In a perfect "unbroken" SUSY the masses of the SM-particles and their
respective super-partners would be the same. Loop corrections to the
Higgs mass are of opposite sign for fermions and bosons. As the SM par-
ticles are paired with sparticles those correction would perfectly cancel
for an unbroken SUSY and hence solve the hierarchy problem. But as
such particles have not been observed, SUSY has to be broken to intro-
duce masses for the super-partners high enough to be not yet observ-
able at colliders. But still, if the mass difference is not too large between
particles and sparticles, SUSY would remain an elegant solution to the hi-
erarchy problem.

As SUSY was not observed so far, nothing is known about the poten-
tial mechanism of supersymmetry-breaking. From the phenomenological
side the most straight forward approach is to introduce the minimal num-
ber of allowed (gauge and poincare invariance) supersymmetry-breaking
terms in the theory, that do not reintroduce the hierarchy problem. The
corresponding model is called Minimal Supersymmetric Standard Model
and has to deal with overall O(100) free parameters, which is an enor-
mous freedom and can hardly be used as a guideline for searches for
new particles. Attempts to lower the degrees of freedom are done by in-
troducing mechanisms for the supersymmetry-breaking (e.g. Gauge Me-
diated Supersymmetry Breaking (GMSB)) or by choosing other constraints
on the parameters (e.g. Split SUSY).

In GMSB models [14] typically the gravitino is the lightest supersymmetric
particle. The next-to-lightest supersymmetric particle can get long-lived,
as for those models R-parity is conserved and therefore only the decay
to the gravitino, suppressed by the softness of the gravitational coupling,
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is allowed. Besides gauginos, and for a small parameter space sneutri-
nos, also staus can be the next-to-lightest supersymmetric particle and
therefore candidates for a heavy charged long-lived particle. GMSB mod-
els also serve regions of parameter space where the other sleptons are
almost mass-degenerated with the stau and hence can be long-lived as
well.

In models with Anomaly Mediated Supersymmetry-breaking (AMSB) [15]
typically the lightest chargino and neutralino are almost mass degener-
ated. For some regions of parameter space the neutralino is the light-
est supersymmetric particle and hence stable. The decay of the chargino
to the neutralino is suppressed due to the small available phase space.
So those models serve a Dark Matter candidate, the neutralino, and a
charged long-lived particle, the chargino. In other regions of the AMSB
parameter-space the stau is the lightest supersymmetric particle and hence
stable, but as this region is less favourable as it does not serve a good
electrically-neutral Dark Matter candidate.

Further interesting scenarios are the so called Split-SUSY models. The
masses of the gauginos and higgsinos are roughly at the weak scale while
the scalars have very large masses. A nice side-effect of this constellation
is that the decay of the proton, which has to involve an internal squark, is
heavily suppressed due to the off-shellness of the super-heavy squarks.
Independent of whether or not R-parity is conserved the only possible de-
cays for gluinos are the decays over the super-heavy squarks or the decay
to a gravitino suppressed by the soft coupling. Hence Split-SUSY models
serve long-lived gluinos, which are colour-charged and hence could give
very distinct signatures in the detector, which will be discussed in more
detail in Section 4.5.

The parameter space of supersymmetric models is very broad and hence
many further scenarios leading to longevity for charged particles are pos-
sible. In principle all charged sparticles can be long-lived for some su-
persymmetric parameter space. The searches should be therefore per-
formed as generic as possible in order to cover as large regions of the
parameter space as possible.

Universal Extra Dimensions

Further models resulting in similar scenarios for heavy charged long-lived
particles are models with universal extra dimensions [16]. In those mod-
els all SM particles are allowed to propagate in the extra dimensions.
The models are constructed in a way that the 4-dimensional SM, which
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is perfectly describing the low-energy-scale physics, is a low-energy ef-
fective theory of an underlying N-dimensional theory. As we live in a 4-
dimensional world, the additional dimensions have to be somehow hid-
den. The simplest way of such a compactification would be that the extra-
dimension is wrapped to a circle with radius R, as shown in Figure 2.10. If
a plane wave-function is able to propagate into the extra dimension, one
gets the following form: W(t, X, y) = exp(—i(Et — pxX — pyy)) with E being the
Energy, t the time, X and p the coordinate and momentum in the ordinary
dimension and y and p, being the coordinate and momentum in the extra
dimension. As the additional dimension is wrapped the wave in the extra-
dimension is the same after a full circle: W(t,X,y) = W(t, X,y + 27R). This is
called the periodicity condition. By inserting the plane wave in the peri-
odicity condition one gets 2np,R = 2mrn where n is an integer. This means
that momentum in the extra dimension would be quantised p, = n/R,
which can be interpreted as excitations of the SM particles with masses
v/m2+n2/R2. This method can be extended to more dimensions lead-
ing to similar results. The new particles are excitation (Kaluza-Klein (KK))
modes, where the zero mode corresponds to the SM. The corresponding
KK particles of the excitation modes would be stable for the case of strict
momentum conservation in the extra dimensions. The particles would
have a conserved KK quantum-number. One difficulty is to obtain the ex-
act SM as a 4D effective theory. This is achieved e.g. in Reference [17], by
breaking the momentum conservation in the extra dimension on loop-
level, resulting in a breaking of the KK quantum-number to a KK parity.
Only the odd KK numbers are charged under this parity and hence the
lightest KK particle of the first mode is stable, leading to a very similar
particle spectrum as in super-symmetry.

For the simplest cases, the lightest particles would be, similarly as in the
SM, also long-lived for the first KK mode. This means that one can get
e.g. long-lived charged KK-gluons or KK-electrons. By including the gravi-
ton as lightest KK parity charged particle one can get similar signatures
as for the GMSB models with e.g. a next to lightest long-lived KK-tau [18].
Universal extra dimensions can serve good Dark Matter candidates if the
lightest KK particle is neutral and stable.

Multi-charged long-lived particles

HCLLPs are not limited to |g| = 1e and a variety of theories extending the
SM is predicting them with higher charges [19, 20]. One further exam-
ple is a Yang-Mills-Higgs model constructed from an almost-commutative
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Figure 2.11: Diagram showing the current understanding of the Big Bang and the different epochs of the Universe together with the
evolution of energy density composition of the Universe [22].

geometry [21]. In this model a pair of electroweak singlets with opposite
electric charge is added to the SM. The hypercharge of the corresponding
fermions can be any non-zero fractional number and, as the particles are
not charged under any other gauge charge of the SM, they are expected
to behave like heavy stable (multi-) charged leptons. It is also speculated
that those particles could form electrically neutral bound states, which
could be a candidate for composite dark matter.

2.2.2 Cosmological Impact and Constraints

Heavy charged long-lived particles can have significantimpact on the evo-
lution of the Universe after the Big Bang depending on their lifetimes and
possible interactions. They can be either themselves Dark Matter candi-
dates or co-existing with an additional dark matter candidate. As itis hard
to construct a theory leading to the dark nature (not interacting with light)
for the former, in the following it will be mostly focused on the co-existing
candidates. Comparing the expected impact of heavy charged long-lived
particles with observations gives rather stringent limits on the densities
and interactions, which will be discussed in the following. A very compre-
hensive introduction to the current understanding of the evolution of the
Universe can be found in Reference [22] and am elaborated summary of
cosmological constraints on HCLLPs can be found in [23].

The evolution of the Universe together with its energy density composi-
tion is shown in Figure 2.11. The Big Bang is expected to be followed by an
epoch of accelerated expansion, called inflation. In the first minutes the
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energy was mostly present in the form of radiation. During this era inter-
actions were frequent, highly energetic and out of thermal equilibrium.
Particles that are produced therefore annihilate shortly afterwards. The
rate of interactions is much higher than the expansion rate of the Uni-
verse, but as the Universe is cooling down the interaction rate decreases
faster than the expansion rate leading to a decoupling of the particles. As
the masses and interactions of different particles are distinct they decou-
ple at different times. Dark Matter as well as co-existing heavy charged
massive particles, if massive, are expected to decouple rather early in the
Universe, as indicated in Figure 2.11. A few minutes after the Big Bang the
Universe is cold enough that light nuclei such as e.g. Hydrogen, Helium or
Lithium can form and not immediately disintegrate. This period is called
Big Bang nucleosynthesis. Roughly 400.000 years later the Universe has
sufficiently cooled down, that the plasma of protons and electrons recom-
bines forming Hydrogen atoms. The Universe gets transparent for pho-
tons as no free charges are present anymore. These photons from the
beginning of the Universe are still detectable in the form of the Cosmic
Microwave Background. After this the structure formation begins leading
13.8 Gyr later to the Universe observed today.

Constraints from non-collider physics on HCLLPs can be categorised into
constraints from the impact on the evolution of the early Universe, con-
straints from indirect measurements on the interaction of new types of
matter, and direct measurements of interaction with SM particles.

e impact on formation of the Universe

- gravitational impact on evolution
- impact on Big Bang nucleosynthesis

- Dark Matter relic density
e decay products

- highly energetic photons

- distortion in Cosmic Microwave Background
e direct detection

- scattering with SM particles

- anomalous isotopes
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Constraints from the gravitational impact of HCLLPs on the evolution of
the Universe can be explained as follows. An over-production of matter
particles in the early Universe would lead to a faster termination of the
radiation dominated epoch. Which means that the Universe would be
younger. Strong limits can be obtained comparing the corresponding age
of the Universe with the age of the oldest observed objects, e.g. globular
clusters [24].

A further important source of constraints for HCLLPs is their impact on
the Big Bang nucleosynthesis. The abundances of the light elements es-
timated from simulations of the Big Bang nucleosynthesis are in good
agreement with the abundances measured in regions of the Universe
without significant processing in stars. The only deviation was found for
the “Li abundance, where the simulations predict a roughly three times
larger abundance than the ones observed [25]. HCLLPs produced at the
beginning of the Universe are expected to have mostly highly energetic
decay products, due to the energy available from the mass of the HCLLPs.
If the lifetime of the particles is sufficient to decay in significant amounts
during Big Bang nucleosynthesis they could inject highly energetic par-
ticles into the plasma. This can have significant impact on the relative
abundances, as those particles could be able to disintegrate e.g. He-
lium nuclei. In particular hadronic injections such as highly energetic
protons are problematic, but also induced photodissociation processes
by highly energetic non hadronic particles can lead to effects, that are in
conflict with the observations. But it was also shown for example in Ref-
erence [26], that HCLLPs could explain the lower ’Li abundances. They
are able to form bound states with nuclei which have, due to their high
mass, cross sections in the order of nuclei and not of the order of atoms.
Such bound states are able to induce reactions which increase the °Lj,
but decrease the ’Li abundance. If the HCLLPs are partners to electrons
or muons (e.g. selectron or smuon in SUSY), regions in phase space can be
found where the right abundances for both °Li and ’Li can be achieved. A
possible way to get around highly energetic decay products disintegrating
the light atoms are models where long lifetimes are achieved by a mass
degeneration between the HCLLP and the Dark Matter candidate. For
those scenarios most of the energy is carried away by the Dark Matter
candidate, and only very soft SM particles are injected into the plasma.
For those cases also partners to the tau (e.g. staus) can lead to the right
abundances of the light elements [27].

Another important constraint is that the correct relic densities for Dark
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Matter have to be achieved as measured e.g. by the Wilkinson Microwave
Anisotropy Probe (WMAP) [28]. The related constraints are of course
largely model dependent as they need knowledge about the interactions
of Dark Matter candidates and potentially also the related HCLLPs. Stud-
ies where carried out e.g. in Reference [29] scanning the Constrained
Supersymmetric Standard Model (CMSSM) [30] parameter-space for the
correct relic Dark Matter density, incorporating results from searches at
the LHC. Low supersymmetry-breaking mass parameters are mostly ruled
out by direct searches. The high mass region not yet excluded by the
searches typically gives to large relic Dark Matter densities [31]. Interest-
ing regions for high mass parameters are hence regions where the Dark
Matter candidate co-exists with an almost mass degenerated stau. The
mass degeneration results in rather long lifetimes for the staus, which
hence are able to annihilate with the Dark Matter candidates, in this case
the lightest neutralino, to effectively lower the relic Dark Matter density.
The results of the CMSSM fit are shown in Figure 2.12. It can be seen
that most of the interesting regions and in particular the best fit result
is estimated for staus with lifetimes in the region 100 ns-1000 ns. These
lifetimes are sufficiently large for particles produced at the LHC (velocities
close to the speed-of-light) to travel O(100 m). Which are distances suffi-
cient to pass the full ATLAS detector.
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Figure 2.12:  Plot showing
10,000 CMSSM points with
the mass-difference between
the chargino and stau being
smaller than the tau mass,
leading to long-lived staus.
The best result from the
CMSSM fit is shown with a
green star, the 68% and 95%
CLs regions are drawn in red
and blue respectively. The
colour code is indicating the
lifetime of the stau for the
respective model point [29].
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Problematic for charged long-lived particles are also constraints from in-
direct observations, such as decay products in the form of highly ener-
getic photons. Highly energetic photons from the decays of HCLLPs would
be visible today, for particles decaying after the recombination of pro-
tons and electrons. The corresponding spectrum, including the effects
of photon scattering and redshift, are calculated and compared with the
observed diffuse gamma-ray background in Reference [32] to place lim-
its depending on mass, relic density, lifetime and branching fraction to
photons. Relics with reasonable branching fractions can be ruled out for
lifetimes of the order 10~* times the age of the Universe.

Decay products in the form of highly energetic photons can also be prob-
lematic for the Cosmic Microwave Background. For lifetimes lower than
the ones problematic for the diffuse gamma-ray background the pro-
duced highly energetic particles would be injected into the thermalisation
of the blackbody spectrum of the Cosmic Microwave Background. The
limits on spectral distortion can be used to place limits similar to the ones
from the diffuse gamma-ray background, but for smaller lifetimes [33].
The Dark Matter density near the earth can be estimated through rota-
tion curves of the Milky Way, hence over the gravitational impact. Using
this as input the cross section of Dark Matter particles interacting with
SM particles can be measured by experiments looking for momentum
exchange between Dark Matter particles and nuclei. The current upper
cross section limits are 1044 cm? and lower for scattering of Dark Matter
candidates with masses between 1 GeV — 1 TeV with a nucleon [7]. This
rules out by far Dark Matter candidates, that interact over the SM elec-
tromagnetic or strong force, which means that HCLLPs can not be Dark
Matter candidates themselves.

For very long lifetimes the HCLLPs would still be present today in signifi-
cant amounts. Hence they could also be present on earth. Searches were
carried out looking for bound states, such as heavy hydrogen, or if colour-
charged heavy isotopes. For the heavy isotopes searches deep-sea water
was analysed using mass spectroscopy as e.g. in Reference [34]. For the
strongly interacting massive particles as probes, different types of nuclei
e.g. Au or Fe were exposed e.g. on the earth surface or to heavy ion colli-
sions [35]. Nothing was observed and strong limits on the concentration
of HCLLPs on earth are set [7], which rules out most models with very
long lifetimes.

In Reference [36] the relic abundance for gluinos was calculated in Split-
SUSY models and compared to the constraints discussed before. The life-
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time in those models is roughly given by Equation 2.2 [37].

ms \4 /1TeV\”
109GeV) ( mg ) (2.2)

7'%45(

With ms being the supersymmetry breaking scale. The constraints for
these models are shown in Figure 2.13. As expected, the longer the life-
time, the later the epoch of the Universe the constraints come from. For
very long lifetimes models are excluded via the searches for heavy hy-
drogen, while for smaller lifetimes the decay products, in form of highly
energetic photons, are in conflict with the diffuse gamma-ray background
or the measured Cosmic Microwave Background. The lower edge of the
Big Bang nucleosynthesis exclusion curve is roughly at 100 s, which is still
sufficient for HCLLPs to be detector stable.

At least to first order HCLLPs are ruled out as Dark Matter candidates
itself, but e.g. composite Dark Matter could still be interesting, poten-
tially with additional forces between the new particles [38]. For models
where the HCLLPs are coexisting with Dark Matter the most stringent con-
straints come from highly energetic decay products. The constraints be-
come much weaker for compressed scenarios between the HCLLP and
the dark matter candidate. In those compressed scenarios only very soft
decay products and hence less troublesome particles are generated in
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Figure 2.13: Regions that are
ruled out by different direct
or cosmological constraints
are shown in the respec-
tive colours. Red: Searches
for heavy hydrogen. Blue:
Measurements of the diffuse
gamma ray background. Pur-
ple: Black body spectrum
of Cosmic Microwave Back-
ground. Green: light element
abundances due to Big Bang
nucleosynthesis.  Turquoise:
direct detector searches. Con-
servative as limits from mono-
jet searches are used for
cases where R-hadrons are
produced solely electrically
neutral. If some fraction is
produced charged limits are
significantly stronger. The fig-
ure is taken from [36]
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the decay. Those cases can also imply that co-existing HCLLPs lower the
relic density of Dark Matter through co-annihilation and also solve the
’Li overproduction in Big Bang nucleosynthesis simulations. So scenarios
with HCLLPs might be the last corners of phase space for theories with
simple Dark Matter such as SUSY and are hence a well motivated target
for detector searches.

2.3 Summary

The SM is a very successful theory that has passed decades of precision
testing. Nevertheless there are several hints that point towards a more
fundamental theory. An example would be the missing understanding
of the nature of Dark Matter or Dark Energy. There is a large variety of
theories extending the SM that try to solve one or the other issue, but so
far no one-fits-all solution was discovered. Many of those theories have
in common, that they allow for long-lived particles for reasons similar to
the ones leading to longevity in the SM. In this work the main focus lies
on HCLLPs which could, due to their significant lifetimes, have had an
impact on the formation of the universe. This on the one hand rules out
large regions of lifetimes and particle masses, but on the other hand they
could also solve some cosmological questions like for example the 7Li
abundance after the Big Bang nucleosynthesis. The interesting lifetimes
are in a range, where the particles are able to interact with the detector
and hence are a theoretical motivation for generic searches for HCLLPs at
colliders.



Chapter 3

Experiment

In this chapter the experimental setup will be discussed. First, a brief in-
troduction of the LHC will be given, including the relevant details about
bunch structure and luminosity. This is followed by a description of the
ATLAS detector. For the ATLAS detector the main focus is on the detec-
tor components which are in particular relevant for the identification of
HCLLPs.

3.1 Large Hadron Collider

The LHC [39] is currently the largest and also most powerful particle ac-
celerator in the world and situated near Geneva (Switzerland) at CERN. It
is installed in a 26.7 km tunnel with an average depth of roughly one hun-
dred meters below surface. The LHC is designed to accelerate hadrons,
like protons or heavy ions. For protons the design value for the maximum
beam energy is 7 TeV, which corresponds to a maximum centre-of-mass
energy of 14 TeV for the collisions. The beams are brought to collision at
the four interaction points, where the large LHC experiments are located.
Those are ATLAS, CMS [40], LHCb [41] and ALICE [42]. LHCb is primar-
ily designed for physics involving bottom-quarks, while ALICE is mainly
focused on heavy ion physics. In contrast to those specialised detector
designs, ATLAS and CMS are general purpose detectors.

To achieve such high energies the LHC is equipped with an injector chain
subsequently increasing the energy of the hadron beams. A schematic
drawing of the CERN acceleration complex is shown in Figure 3.1. For
proton-proton collisions the primary acceleration to 50 MeV is carried out
by LINAC2. The next acceleration stage is reached with the Proton Syn-
chrotron Booster, producing protons with 1.4 GeV. From there the pro-
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Figure 3.1: The CERN accelrator complex. The large blue circle illustrates the LHC, with the four large experiments ATLAS, CMS, LHCb
and ALICE indicated by yellow markers [43]

tons are injected into the Proton Synchrotron and accelerated to 26 GeV.
Finally the last acceleration stage before the LHC is the Super Proton Syn-
chrotron producing 450 GeV protons, which are then injected into the
LHC. A summary of the LHC pre-injector chain can be found in [44].

The LHC main accelerator ring is situated in the tunnel built for the previ-
ous Large Electron-Positron Collider (LEP) experiment [45]. It is equipped
with about 10,000 superconducting magnets to bend the particle path
and focus the beams of the two counter running beamlines. Among them
are 1,232 dipole magnets, which are used to bend the particles on the cir-
cular path. The dipole magnets are designed to produce a magnetic field
of up to 8.33 T. The other magnets are quadrupole or higher-multipole-
order magnets with the purpose to focus the beams. For the acceleration
of the beams the LHC is equipped with a 400 MHz radio frequency su-
perconducting cavity system. The LHC beams are hence not constant but
a series of proton bunches. In principle the 400 MHz system would al-
low for buckets every 2.5 ns, but only every tenth gets filled by the kicker
magnets [46], which are injecting the protons. It has therefore a bunch
spacing of 25 ns. Due to imperfections of the kicker magnet, also the
intermediate buckets get filled but with significantly lower numbers of
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protons. The bunches are organised in trains, with larger gaps of empty
buckets between the trains.

Each of the colliding bunches contains roughly 10" protons, which lead
to roughly 25 simultaneous inelastic proton-proton collisions per bunch
crossing in 2015 and 2016, where the data for the search described in
this thesis were recorded. A high number of simultaneous collisions
on the one hand increases the probability for interesting collisions with
high momentum transfer, but on the other hand also crowd the detec-
tor, which can be problematic for the reconstruction of the particles.
Those additional collisions in the same bunch-crossing are called in-time
pileup. Whereas particles from so called out-of-time pileup originate
from the previous or following bunch crossings. Also out-of-time pile-up
can be problematic for the reconstruction of the events, which can be
understood by following gedankenexperiment: Assuming a detector with
roughly 20 m distance to be traversed by the particles. For speed-of-light
particles this results in a time to reach the end of the detector of roughly
60 ns. Comparing this with the bunch spacing of 25 ns means that
particles from about two-three bunch crossings are simultaneously in
the detector. The measurements can hence be corrupted by particles
traversing the same detector components.

The measure for the rate of collisions in scattering physics is the luminos-
ity (-£), which is defined as the number of particles passing a unit area per
time unit. By knowing the cross-section (o) of the process the number of
events per unit time can be calculated as

dN

i oZ. (3.1)

The total amount of accumulated collisions is accordingly given by the in-
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Figure 3.2: The total inte-
grated luminosity over time
delivered by LHC or recorded
by ATLAS, respectively for
2015 (left) and 2016 (right).
The figures are taken from
[47]
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Figure 3.3: The PDF's for dif-
ferent partons at a momen-
tum transfer Q=200 GeV, with
x being the momentum frac-
tion of the the total proton
momentum. [48]
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tegrated luminosity .4 = [ .Z dt. The integrated luminosity delivered by
the LHC and recorded in ATLAS is shown in Figures 3.2 for the data-taking
periods considered in this thesis.

In a proton-proton collider the initial-state particles are composed from
so called partons. The longitudinal momentum of the parton involved in
the hard process is unknown. Instead only the probability for having a
given fraction of the total momentum (x) can be determined, represented
by the Parton Density Functions (PDF)'s as shown in Figure 3.3. Besides
the valence quarks (up-, up-, down-quark for a proton), also gluons as
exchange particles of the strong interaction are present in the proton.
Furthermore a sea of additional quarks is part of the proton, from pair-
production and immediate annihilation. From Figure 3.3 it can be seen
that low momentum fraction x is most likely carried by gluons, while for
high x the valence quarks take over. The probability for an up-quark is
larger than for the down-quark, as the proton is made from two up- and
only one down-quark. The colliding partons, and hence the initial state for
the production, can be both gluons or quarks, even the ones not present
as valence quarks. As the exact longitudinal momentum of the colliding
partons is unkown at hadron colliders several useful variables are defined
in the transverse plane as e.g. the transverse momentum (pt). Also the
missing tranverse energy £t is an important quantity, and is defined as
the inverted sum of the transverse momenta of the reconstructed parti-
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cles. The Fr is a way to find undetected particles, as the momenta of the
colliding partons are solely in the longitudinal direction and hence due to
momentum conservation, the transverse momenta should add to zero.

3.2 ATLAS detector

The ATLAS detector is one of the two multipurpose detectors at the LHC.
It is used to identify particles produced in the collisions of protons deliv-
ered from the LHC. It hence has to deal with the challenge of enormous
rates and identify relevant particles in a dense environment of soft QCD
background.

A schematic drawing of the ATLAS detector with the different sub-systems
is shown in Figure 3.4. The ATLAS detector has an onion-shaped structure,
comparable to other multipurpose detectors. In the barrel region this
is achieved by concentrical cylindrical detector layers, while both sides
are closed by layers of disks, called end-caps, to achieve close-to 4r cov-
erage. The total size of the ATLAS detector is roughly 44 m along the
beam axis and about 25 m in diameter. The innermost part of the AT-
LAS detector, called Inner Detector (ID), is a tracking system composed
of a pixel detector, a Semiconductor Tracker (SCT) and a Transition Ra-
diation Tracker (TRT) immersed in a solenoidal magnetic field of 2 T [50]
to allow for a precision momentum measurement of charged particles.
The ID is followed by the calorimeters. For the electromagnetic calorime-
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Figure 3.4: A schematic draw-
ing of the ATLAS detector with
its different sub-systems. The
figure is taken from [49].
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Figure 3.5: A schematic draw-
ing of the ATLAS coordinate
system.
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ters both in the barrel and in the end-caps Liquid Argon (LAr) detectors
are used. The hadronic calorimeter in the barrel region is a tile calorime-
ter, while the hadronic end-cap calorimeters use the LAr technology. Also
the three layers of forward calorimeters (one electromagnetic and two
hadronic calorimeters) are based on the LAr technology. The outermost
part of the ATLAS detector is the Muon Spectrometer (MS), which is em-
bedded in a 4 T toroidal magnetic field [51, 52] and used for the identifica-
tion and precision momentum measurement of muons, the only charged
SM particles able to pass the calorimeters. In the barrel it is equipped
with Monitored Drift Tubes (MDTs) and Resistive Plate Chambers (RPCs),
while in the end-caps MDTs and Thin Gap Chambers (TGCs) are used. In
the very forward region Cathode Strip Chambers (CSCs) are installed. The
different subsystems and their functionality will be explained in more de-
tail in the following sections. The ATLAS detector is equipped with a two
level trigger system to reduce the information to a level that is recordable,
which will be discussed in the last section. A detailed description of the
ATLAS detector can be found in Reference [53].

The coordinate system used in the ATLAS detector is illustrated in Fig-
ure 3.5. A right-handed coordinate system with the Interaction Point (IP)
as origin is chosen. The x-axis pointing towards the centre of the LHC, the
y-axis pointing to the surface and the z-axis oriented along the beamline.
The azimuthal angle ¢ is measured in the x-y-plane with respect to the
positive x-axis, while the polar angle 6 is measured with respect to the
positive z-axis in the r-z-plane, with r being the radial distance. In scatter-
ing experiments the pseudorapidity n is typically used instead of the polar
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angle. The pseudorapidity is the same as the rapidity in the limit of neg-
ligible particle rest masses compared to the momentum of the particles.
One advantage of the rapidity is, that differences in rapidity are Lorentz
invariant for boosts along the longitudinal-axis. While the rapidity is en-
ergy dependent the pseudorapidity is only dependent on the angle and
can be calculated from 6 as

n=—In [tan <§>} . (32)

Some random values of the pseudorapidity and the respective #-angles
are shown in Figure 3.6. It can be seen, that for a forward direction (along
z-axis) n goes to infinity, while for a central direction at 6 = 90° the pseu-
dorapidity declines to zero. A further advantage of the pseudorapidity is
that the particle production rate as a function 7 is roughly constant for a

hadron collider.

3.2.1 Inner Detector

The ATLAS ID has the main task to measure the momenta of charged par-
ticles. High-precision position hit information can be combined to recon-
struct particle trajectories (tracks), which can be used to determine the
momentum and the sign of the charge of particles via the curvature of
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Figure 3.7:  Schematic cut-
away drawing of the ATLAS ID
including the different subsys-
tems. Also the radii for the dif-
ferent layers (pixel detector,
SCT) or the size of the TRT are
given, respectively. The figure
is taken from Reference [54].
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Figure 3.6: The values of the
pseudorapidity for some 6-
angles.
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the track in the magnetic field. The ID covers the |n| range up to 2.5 and is
composed of three types of detectors, a pixel detector, a SCT and a TRT.
A schematic drawing of the ATLAS ID is shown in Figure 3.7. Besides mo-
mentum and charge determination a further main task of the ATLAS ID
is to identify primary and secondary vertices and associate the tracks to
them. The association of charged particles to the primary vertices is in
particular important to clean the events from particles originating from
pile-up collisions. The secondary vertex reconstruction can be used to
identify meta-stable particles with resolvable lifetimes. The ID is designed
to give a momentum resolution of

opy/p7 = 0.05%pr [GeV] 1% (3.3)

for particles with a minimum pr of 400 MeV. A detailed description of the
different subsystems will be given in the following.

Pixel Detector

The innermost part of the ATLAS inner tracking system is the silicon pixel
detector [55]. The pixel detector consists of four concentric detector lay-
ers in the barrel region at 33.25 mm, 50.5 mm, 88.5 mm and 122.5 mm
covering the |n| range up to 1.7. The innermost layer, called Insertable
B-Layer (IBL) [56], was not part of the original design but installed in May
2014. The IBL was installed as close to the beamline as possible and im-
proves the vertexing significantly, due to the location at a small radius.
The typical pixel size used in the IBL is 50 um x 250 um with a thick-
ness of 200 um, whereas for the other layers a typical pixel has a size
of 50 um x 400 um in the transverse and longitudinal direction respec-
tively with a thickness of 250 um. Furthermore the IBL gives an additional
high precision hit, which is improving the tracking. In the end-caps the
pixel detector is equipped with three disks perpendicular to the beam
pipe on each side, covering the region 1.7 < || < 2.5. The disks are
place at 495 mm, 580 mm and 650 mm in |z|. Overall the pixel detector
is equipped with 73.2 x 10° pixels in the four barrel layers and 13.2 x 10°
pixels in the end-caps, which gives in total 86.4 x 10° pixels. In the barrel
a position resolution accuracy of 10 umin ¢ and 115 um in z is achieved.
Besides the precision position information the pixel detector is also ca-
pable of measuring the charge collected via a time-over-threshold [57]
measurement. The time-over-threshold is the time for which a signal in a
pixel exceeds a certain value. It is measured in units of bunch crossings.
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The time-over-threshold is proportional to the energy deposit in the pixel
and hence can serve as a measure for it. The IBL signal is read out with
a 4-bit resolution, while the other pixel layers are read out with an 8-bit
accuracy. Problems for the energy deposit measurements can occur due
to saturation effects. For the outer pixel layers about 8.5 times the energy
released by a minimum ionising particle is causing a saturation in a pixel.
The IBL pixels however already saturate at 1.5 times the expected energy
deposit of a minimum ionising particle. The IBL is therefore equipped
with an additional bit indicating if a given pixel is in saturation.

Semiconductor Tracker

The second layer of the inner tracking system is the SCT, a silicon-based
detector similar to the pixel detector. In the barrel the SCT consists of
four double layers of silicon strip detectors, with a typical strip length of
126 mm and a pitch of 80 um. The strips on the outer of the double layers
are tilted under a small stereo angle of 40 mrad to get an information in
the non-precision direction along the strips (z-direction). A spatial resolu-
tion of 580 um along the z-axis is achieved, while in the precision direction
in the ¢-plane an accuracy of 16 um is accomplished. The SCT end-caps
consist of nine disks on each side covering the || range up to 2.5. In
contrast to the pixel detector, the SCT does not provide any information
about the energy deposit in the strips.

Transition Radiation Tracker

The outermost part of the ATLAS inner tracking system is the TRT [58].
The TRT consists of thin-walled proportional drift tubes called straw tubes
with a diameter of 4 mm. A gold-plated tungsten wire with a diameter of
30um is placed in the centre of the straw tubes and serves as anode. The
cathode is the straw itself and made of to wound films of capton coated
by a thin layer of aluminium on the inner side. The straws are mechan-
ically supported by four carbon-fibre strands. In the barrel region the
TRT is composed of 52,544 straw tubes with a length of 144 cm oriented
along the beamline. In each of the two end-caps 122,880 straw tubes are
installed with a length of 37 cm. There the straw tubes are oriented ra-
dially with respect to the beamline. The TRT in contrast to the other two
inner tracking systems covers only the |»| range up to 2.0. In the r-z plane
the TRT barrel covers the volume between -712 mm and 712 mm in z and
563 mm-1066 mm in r and the end-caps the region between 848 mm and
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Figure 3.8:  Schematic cut-
away drawing of the ATLAS
calorimeters including the dif-
ferent subsystems. The figure
is taken from Reference [59].
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2710 mm in z and 644 mm - 1004 mm in r. The volume between the
straw tubes is filled with polypropylene fibres to identify highly boosted
particles through transition radiation produced at the fibre surfaces. Due
to this technology, a separation between electrons and e.g. the heavier
pions is possible. The straw tubes are filled with 70% Xe, 27% CO, and
3% O,, where the large fraction of Xe is chosen due to its x-ray absorption
capability of the transition radiation photons. The individual straws in the
barrel are split into two channels read out on both sides, while the straws
tubes in the end-caps are read out on the outer side. Each channel pro-
vides a drift circle measurement with a spatial resolution of 170um and
low and high threshold bits to differentiate between normal tracking hits
and transition radiation hits.

3.2.2 Calorimeters

The main purpose of the ATLAS calorimeters is to measure the energy
of particles through their electromagnetic or hadronic particle showers,
respectively. The ATLAS detector is therefore equipped with EM calorime-
ters to stop electrons and photons and hadronic calorimeters to stop
hadrons. The only charged SM particles able to escape the calorimeters
are the muons. The ATLAS calorimeters are all sampling calorimeters with
independent active and absorber material. A schematic drawing of the
ATLAS calorimeters with the different subsystems is shown in Figure 3.8.
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Electromagnetic Calorimeters

Highly energetic photons undergo pair creation in the presence of nuclei,
while electrons and positrons emit photons via bremsstrahlung. These
two alternating effects lead to EM showers when highly energetic pho-
tons, electrons or positrons enter dense material. Those showers die out
when the energy of the produced particles falls below a critical energy
at which ionisation energy loss takes over for electrons/positrons. The
shower depth is characterised in multiples of the radiation length, which
corresponds to the distance where the energy has been reduced to 1/e.
The ATLAS EM calorimeter [60] is designed to measure the full showers
also for highly energetic electrons or photons and has therefore a mini-
mum thickness of 22 radiation lengths. The LAr calorimeter in the barrel
covers the |n| range up to 1.475 and extends radially from roughly 1.4 m
to 2.0 m, while the end-caps have an acceptance window of 1.375 < |n| <
3.2. The end-cap EM calorimeters consist of two co-axial wheels covering
1.375 < |n] < 2.5and 2.5 < |n|] < 3.2, respectively. In the very forward
region three concentrical layers of LAr calorimeters are placed to cover
the region 3.1 < |n| < 4.9, where the first layer is mostly aiming for EM
showers. The first module is therefore equipped with copper as absorber,
while the other two use the more dense tungsten to also absorb hadronic
showers. The barrel and end-cap EM calorimeters use lead as absorber
material and LAr as active medium. As electrodes copper coated kap-
ton is used. The different layers are arranged in an accordion shaped
geometry, as shown in Figure 3.9, to allow for a crackless design in the
¢-direction. The LAr calorimeter in the barrel is composed of three detec-
tor layers with an additional thin pre-sampler that allows for corrections
of the already traversed material. The LAr calorimeter is equipped with a
fine granularity of e.g. An x A¢ = 0.025 x 0.0245 in the second detector
layer as can be seen in Figure 3.10. With this fine granularity a precise
measurement of the shower shape and also of the pointing of electrons
or in particular the trackless photons is possible.

In the LAr calorimeters each read-out channel is digitised with a set of five
subsequent samplings separated by 25 ns. This is done for three different
gains (Low, Medium, High) to enable a large dynamic range. The charge
collected in each channel as well as the timing of the measurement can
be reconstructed from the different samplings using the Optimal Filter-
ing Algorithm (OFA) [61]. The design energy resolution for the EM barrel
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Image showing
a section of the ATLAS EM
LAr calorimeter with the char-
acteristic accordion structure.
The picture is provided by
CERN.

Figure 3.9:
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Testbeam studies have shown that with 245 GeV electrons a timing res-
olution of 163 ps can be achieved. The timing resolution during normal
LHC/ATLAS operation is limited to 256 ps (299 ps) for High (Medium) gain
[62], mainly due to the bunch-spread along the beam axis'. These num-
bers give the resolution in the limit of large energy deposit, while for small
energy deposits the resolution can be significantly worse.

Hadronic Calorimeters

Similar to highly energetic electrons and photons also hadrons pro-
duce particles showers traversing dense material. But the processes re-
sponsible for the hadronic showers are different. Important processes
are hadron production, nuclear de-excitations and pion/muon decays.
A hadronic shower has typically a longer penetration depth than EM
showers and hence an additional more dense hadronic calorimeter is
needed to absorb the particle showers of highly energetic hadrons or jets.
The hadronic shower depth is characterised by the hadronic interaction
length.

The ATLAS hadronic calorimeters have an average thickness of 11 inter-
action lengths. The barrel hadronic calorimeter is a Tile calorimeter [64],
while the end-cap and forward calorimeters are LAr calorimeters. The
hadronic end-cap calorimeters utilse lead as absorber and cover the range
1.5 < |n| < 3.2. The forward calorimeters span the range from 3.1 up to
4.9 in |n|, which leads to close-to 4 coverage.

Figure 3.11: Layout and
labelling of the ATLAS Tile
calorimeter cells. The design
is symmetric in z, the labelling
in the other half is with a
minus sign. The Figure is
adapted from Reference [63].

TAn intrinsic time uncer-
tainty originates from time
the bunches overlap as colli-
sions can occur at any time
they pass through each other.
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The Tile Calorimeter is segmented into a barrel and two extended bar-
rels on each side. It covers the |n| region up to 1.65 and has inner and
outer radii of 2280 mm and 3865 mm, respectively. Each barrel consist
of 64 wedges, each with a size of 0.1 rad in ¢, as shown in Figure 3.12. In
the r-z-plane the Tile Calorimeter is segmented into cells with an n cov-
erage of 0.1 for the two inner layers of the barrel, while cells in the third
layer of the barrel and in the two inner layers of the extended barrel are
covering a range of 0.2 in . The coverage for the cells in the outer layer
of the extended barrel is 0.25 in . The shape as well as the labelling of
the cells is shown in Figure 3.11. The different layers in the barrel and
extended barrel are labeled as samplings 12 — 20. The size of the Tile
Calorimeter cells various significantly. While the innermost cell A1 has a
size of roughly 25 cm x 25 cm, the outermost cell D6 has a size of roughly
1.5 m x 1 m. The different shape of the cells in sampling 13 is chosen to
enable a quasi-projective geometry.

The Tile calorimeter uses altering plates of steel as passive and scintillat-
ing tiles as active material. The plates are staggered in r-direction and
periodic in z-direction, as can be seen in Figure 3.12. The scintillating tiles
are read out on both sides in ¢ via wavelength shifting fibres. Those fi-
bres are routed to photo multipliers, with each cell being read out by one
photo multiplier for each side. The front-end electronics produce a low-
and a high- gain pulse. The low-gain signal is used if the high-gain sig-
nal is in saturation. With this splitting both a good signal-to-noise ratio
for small signals and a large dynamic range can be achieved. The signals
get digitised similar to the LAr calorimeter using samplings separated by
25 ns. In contrast to the LAr calorimeter, seven samplings are used for
the Tile Calorimeter. The samplings are synchronised with the system
clock in a way, that the fourth sampling corresponds to the point in time
where a particle travelling at the speed-of-light and produced at the IP
arrives at the center of the cell. Also for the Tile Calorimeter the OFA
[65] is used to reconstruct the energy deposit and the timing, whereby
the timing is measured with respect to the fourth sampling and hereafter
denoted as ty. The design energy resolution for the hadronic barrel and
end-cap calorimeters is

OF 50%

E - P77 430
5 FIGeV] & 3% [49], (3.5)

while for the forward calorimeters the design energy resolution is given
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The timing resolution measured with jets in the limit of high-energy de-
posits is 272 ns (316 ns) for high-(low-)gain [66].

3.2.3 Muon Spectrometer

The outermost component of the ATLAS detector is the MS [68], which
has two main tasks: Accurate momentum measurement and fast trig-
ger signals for muons, the only charged SM particles able to traverse the
calorimeters without getting absorbed. The MS is therefore immersed in
a toroidal magnetic field and equipped with four different detector types:
MDT’s, RPC's, TGC's and CSC's. The subdetectors are arranged in three
concentrical layers in the barrel region. In the end-cap region on each side
three wheels are installed, one small and two large wheels. A schematic
drawing of the ATLAS MS is shown in Figure 3.13. The design resolution
for the standalone tracking in the MS is

opy /7 = 10% [49] (3.7)
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Figure 3.13: Schematic
cut-away drawing of the
ATLAS  Muon  Spectrome-
ter including the different
subsystems. [67].



42

Figure 3.14: A cut-through of
the upper part of the MS
in the barrel. The RPC
chambers are highlighted in
colours. [49].
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for muons with a transverse momentum of 1 TeV. The different subsys-
tems will be introduced in the following.

Monitored Drift Tubes

MDT's are installed in the barrel as well as in the end-cap wheels covering
the |n| range up to 2.7. Similar to the TRT, the MDT uses proportional
drift tubes, but with a larger diameter of roughly 30 mm. Overall about
354 000 drift tubes are installed in the ATLAS detector. The drift tubes are
filled with 93% Argon and 7% CO, and a gold coated tungsten-rhenium
wire is placed in the centre, serving as anode. The length of the drift
tubes is up to 6 m. A muon traversing the drift tubes ionises the gas. The
produced ions and electrons get accelerated in the electric field between
the wire and the tube. From the signal a drift time and, by knowing the
drift velocity, a drift circle can be reconstructed and used to determine
the trajectories of the muon. For a single tube an average resolution of
80 um is achieved.

Resistive Plate Chambers

RPC's are used as trigger chambers in the barrel for || < 1.05. They also
complement the space point from the MDTs with a coarse position in-
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formation in ¢-direction. Two layers are located on the inner and outer
side of the middle layer and additional chambers are placed on the outer
side of the larger chambers and on the inner side of the small chambers
in the third layer as shown in Figure 3.14. Each RPC unit consists of two
independent detector layers with precision directions along n and ¢, re-
spectively. The detectors consist of two resistive plates separated by a
distance of 2 mm. The gap in between is filled with a gas mixture based
on CoH,F4. Metallic strips glued to the outer surface are used for the read
out of the signal. The typical size of the strips is 3 cm and they are sep-
arated by 2 mm. The electrons, produced via ionisation by the muons
traversing the gas, initiate an avalanche in the high electric field of about
4.5 kV/mm. The spacial resolution for the RPC's is roughly 1 cm while for
timing resolution approximately 1 ns is achieved [49].

Thin Gap Chambers

TGCs are placed on the inner and middle end-cap wheel and used for
triggering and for the measurement of the azimuthal coordinate along
the drift tubes of the MDT's. The TGC'’s cover the |n| range from 1.05 to
2.7, but only up to 2.4 for triggering. On the inner wheel two layers of
TGC's are installed while the middle wheel is complemented by seven TGC
layers. TGC's are multi-wire proportional chambers, where gold-coated
tungsten wires are used as anodes separated by 1.8 mm. The wires are
placed in the centre between two thin graphite cathode layers supported
by 1.6 mm G-10. Behind the G-10 layer copper strips with a width of
1.46—4.91 cm are located radially to the wires to give position information
in the radial direction. One characteristic of the TGC's is the small wire-to-
cathode distance of 1.4 mm, which ensures a fast signal. The signal is read
out on both wire-groups and strips to determine a 3D space point. The
wire-groups are formed by 4 to 20 wires and read out via one electronics
channel.

Cathode Strip Chambers

In the first layer of the forward region 2.0 < |n| < 2.7 CSC's are used in-
stead of MDT's for the precision coordinates to cope with the extreme par-
ticle rates in this region. The CSC’s are similar to the TGC's multi-wire pro-
portional chambers, but with the cathodes itself segmented into strips.
On one cathode layer the strips are aligned perpendicular to the wires,
while on the other side they are aligned along the wires. For the CSC's
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only the cathode strips are read-out. The strips along the wires are finer
segmented and hence a better resolution of 60 um in the bending direc-
tion can be achieved. The resolution in the non-bending direction is, due
to the wider strips only 5 mm.

3.2.4 Trigger system

With a separation of only 25 ns between two subsequent bunch crossings
the amount of data produced with the ATLAS detector is not recordable
on disk. The ATLAS detector is therefore equipped with a two-level trig-
ger system. A fast hardware-based Level-1 trigger [69] which has to make
a decision within 2 us, and an entirely software-based High-Level Trig-
ger (HLT) [70].

The Level-1 trigger uses information from the trigger chambers of the MS
(RPC's and TGC's) and from the calorimeters but not with the full granu-
larity. Both, calorimeters and MS, run fast algorithms to estimate num-
bers and passed thresholds for muons or calorimeter objects. The infor-
mation is sent to the Central Trigger Processor, which decides if a event
is accepted and further processed. The objects that can be selected by
the triggers are high-pr muons, high-energy EM calorimeter objects (elec-
trons and photons), or hadronic calorimeter objects (hadronic taus and
jets). Also some eventwise properties like £ can be determined. During
the beginning of Run-2 the Level-1 Topological Trigger was installed and
commissioned which now also allows to select on topological or kinematic
information like e.g. angular separation between the objects. The event
rate is reduced by the first trigger level to 75 kHz.

The objects selected by the Level-1 trigger are used to define so called
regions of interest, which are used in the first part of the HLT, the Level-2.
In Level-2 the objects get reconstructed in the regions of interest with full
detector information, including also the ID. With this refined reconstruc-
tion the trigger event rate is further reduced to about 3.5 kHz. The last
selection step on trigger level is the Event Filter. At this level the events
are fully reconstructed with the full event information and algorithms sim-
ilar to the ones used in the offline analysis. The Event Filter reduces the
event rate to about 200 Hz, which then can be written on disk and used
in the offline analysis.
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3.3 Data preparation

The data selected by the ATLAS trigger system are per se not yet in a for-
mat that can be used for the analysis. The information from the detector
has to be combined to identify objects and it has to be on a level that
is analysable in a reasonable time scale. Furthermore the known back-
ground processes as well as the expected signal have to be simulated to
understand the signatures and backgrounds and optimise the searches.
The ATLAS data preparation is conducted in a multi-step procedure, aim-
ing for an optimal usage of the available computing resources and will be
discussed in the following. The procedure is illustrated in Figure 3.15.

The first step in the simulation chain is the event generation. A large vari-
ety of Monte Carlo event generators [72], having one or the other benefit,
is available and can be used to simulate different processes. Different ap-
proaches are chosen in the different generators e.g. how initial and final
state radiation are treated, how many partons are included in the matrix
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Figure 3.15: lllustration of the
ATLAS offline data prepara-
tion chain. The event size
for the different reduction for-
mats are taken from Refer-
ence [71]
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elements, or how hadronisation and parton shower are treated. Compar-
ing different generators can be used to access the systematic uncertainty
related to the generation of those processes. The next step is the sim-
ulation of the detector interaction and the readout. A full ATLAS model
is incorporated in GEANT 4 [73], which allows for both the simulation of
interactions and detector responses. This is followed by an admixture
of minimum bias events to emulate the additional collisions from pile-up
[74]. All different sources of pile-up are simulated separately. The diffi-
culty in this approach is in particular in the simulation of soft QCD, which
is the dominant pile-up contribution. It can not be treated perturbatively,
but only with phenomenological models with large uncertainties. A vari-
ety of parameters have to be tuned in this phenomenological approaches
to match data.

At this stage real events (data) and simulated events (simulation) are ba-
sically identical as the information consists of the real/simulated raw de-
tector responses. The only difference is that for simulation the generated
particles are kept as truth information. The next step is the reconstruc-
tion of the physics objects, such as electrons or jets from the detector
data. The reconstruction is applied in the same way to data and simu-
lation to avoid any bias. The output format after the reconstruction is
called Event Summary Data (ESD) and is with an average event size of
2.5 MB per event too large to be easily analysed. Though the information
has to be reduced. The ESD is reduced to Analysis Object Data (xAOD)
[75], where only physics objects with a subset of observables are left. In
Run 2 the sample size is further reduced from xAOD to Derived Analysis
Object Data (DxAOD) [76], which has only information left relevant for a
given analysis (or group of analyses). This improves the processing time
for the analyses and saves local disk space.



Chapter 4

Heavy Charged Long-Lived
Particles at Colliders

In this section the specifics of HCLLPs at colliders, in particular at a proton-
proton collider like the Large Hadron Collider, will be discussed. First the
production and the velocities with which they are produced will be dis-
cussed. This is followed by a section about the expected energy loss of
HCLLPs. While colour-singlet states can be treated like "heavy muons”,
colour charged states can have several interesting phenomenological fea-
tures due to hadronic interactions discussed in the following section. Fi-
nally the relevant lifetime regime for the search described in this thesis
will be discussed.

4.1 Production

Typically BSM particles are assumed to be pair-produced as the new sec-
tors are protected by some type of quantum-number/parity. If the long-
lived particles are directly produced at tree-level, the production can be
via s- or t-channel as e.g. shown for a stau and chargino from supersym-
metric models in Figures 4.1 and 4.2. For a stau only the production via
s-channel is possible, while for charginos both s- and t-channel are pos-
sible. The composition of the contributions for the production channels
of the charginos largely rely on the masses of the internal particles. For
the t-channel the internal particles are squarks, while for the s-channel Z-
bosons or photons are the exchange particle. In the models considered in
this analysis the squarks are at very high masses and hence the t-channel
is suppressed. The main difference between staus and charginos in the
considered cases comes from spin-couplings between the produced par-
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Figure 4.1: Feynman-diagram
for the production of slep-
tons via quark-quark-fusion
(s-channel).
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Figure 4.2: Feynman-diagram
for production channels of
charginos via quark-quark-
fusion (s-channel, upper)

and quark-quark-scattering
(t-channel, lower).
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Figure 4.3: Left: n-distribution
for direct-stau production red
and direct-chargino (x*x™)
production blue. Right:
momentum-distribution  for
direct-stau production red
and direct-chargino (x*x™)
production blue. For both
signals the same mass is used
(m;z = mes = 500 GeV).
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ticles, as charginos are fermions, while staus are scalars. To balance the
spin of the virtual Z-boson the scalars have to be produced with an angu-
lar momentum /=1 in a p-wave. The produced particles can only have an
angular momentum if not produced in rest, the p-wave is hence largely
suppressed at the kinematic threshold [? ]. The stau production process
is therefore tending to larger energy transfer, which leads to more central
and harder particles in the final state, compared to fermions produced
via s-channel. This can be seen in Figure 4.3, which shows the kinematic
distributions for staus and charginos. The rather large differences in the
kinematics for HCLLPs with the same mass, encourage, to rely as less as
possible on geometric/kinematic observables to be model independent.
If the long-lived particles are produced as decay products of heavier
particles, or even in decay cascades, the kinematic spectra will be differ-
ent, in particular, as more energy is taken away by other particles, they
might be less energetic. The additional particles produced in the decays
can be visible in the detector, which could increase the trigger efficiency.
For the cases where both direct production and decay from a heavier pri-
mary particle to the HCLLPs are allowed, two things have to be kept in
mind: The heavier the primary particle, the lower the cross-section for
this channel, while the closer the mass of the primary particle to the mass
of the HCLLP, the less energetic the other decay products and hence the
lower the impact on the kinematics of the long-lived particle. Those two
effects result in decays of heavy primary particles having only little im-
pact on the effective signature of HCLLPs in the detector. The picture can
be quite different if the heavy decaying particles have significantly higher
cross section, as it is e.g. for production via strong-interaction, while the
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direct-production is via ew-interaction. The same as for the direct produc-
tion holds: To be as model independent as possible only loose geomet-
ric/kinematic requirements should be applied.

Another interesting scenario for collider searches is, if the HCLLP is pro-
duced together with uncharged stable/long-lived particles . This signa-
ture is typically featured in models where the HCLLP is (almost) mass
degenerated with the lightest particle with a new conserved quantum-
number, and both particles have similar couplings. The detector signa-
ture for such scenarios are that the HCLLP is produced in association with
an undetectable particle, giving rise to larger missing transverse energy in
the event.

In principle also the single production of HCLLPs is possible. But for those
cases the production cross-section is proportional to the decay width due
to crossing symmetry, where the constant of proportionality does not rely
on specific details of the model. Hence particles would be either short-
lived or have an negligible cross-section [23].

4.2 Hadronisation

Coloured HCLLPs have to obey the confinement and hence hadronise.
As additional BSM particles are too heavy to be produced during hadro-
nisation, they hadronise with SM particles forming so called R-hadrons.
The R is borrowed from supersymmetry and used for all BSM theories
in common. Similar to the hadrons in the SM, also for the R-hadrons,
R-mesons, R-baryons and R-glueballs are possible states, formed from
one BSM colour triplet (e.g. sbottom) or colour octet (e.g. gluino) and
SM particles. Examples would be Rz, for an R-meson and Rguud for an
R-baryon, where the lower indices are giving the (s)particle content and
the upper the electric charge.

One model used for the description of the hadronisation is the Lund
string fragmentation model [77]. In this model the coloured particles
are the endpoints of a colour string with constant tension of 1 GeV/fm.
Through the movement a part of the initial coloured particles, energy gets
transferred to the string. At some point the energy in the string reaches a
critical value, where it is energetically favourable to produce a quark-anti-
quark pair and hence the string breaks. This repeats until at some point
not enough energy is present anymore to produce additional quark-anti-
quark pairs. All those particles are produced in the colour field spanned

49

Tmostly the dark matter
candidate of the respective
BSM model
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Figure 4.4: Composition of
R-hadron types with a stop as
BSM particle estimated with
PYTHIAG [78].
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behind the initial coloured particles. This means that the velocity of end-
points of the colour field, hence the velocity of the HCLLPs, serves as an
upper bound for the velocity of the produced hadrons formed from the
quarks from the string break ups. As will be discussed in the next section
HCLLPs move significantly slower than the speed of light, due to their high
masses. This means that the typical energy of the light hadrons surround-
ing the massive R-hadrons is very low. In Reference [23] the typical energy
carried by the normal hadrons is given as

Enogs ~ 1 GeV -7, (4.1)

with ~¢, being the boost of a colour triplet (e.g. a squark). For a colour
octet like the gluino the fraction carried by the normal hadrons would be
roughly twice as big as for a colour triplet, and hence still almost negligi-
ble.

The flavour composition of the quarks produced during the string break-
ing is assumed to be universal and measured to be roughly (u:d:s =
1 : 1 :0.3)[79]. The heavy SM quarks can be neglected as they are
suppressed due to the relatively high masses. Producing di-quarks is
further suppressed. Hence, during hadronisation mostly R-mesons are
produced. Important for detector searches is the fraction of charged
R-hadrons as only those are detectable in the tracking system. Assum-
ing roughly 10 % baryons and using the light-quark composition as men-
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tioned above, for BSM quarks roughly 40% are Raa another 40% are Ry
and 10% are Rz, while the remaining states are baryonic. This matches
well the predictions from PYTHIA6 [78] shown in Figure 4.4. An impor-
tant difference is between up- and down-type BSM quarks, as for an up-
type quark the R-meson with the strange quark would be charged, while
neutral for a down-type. Hence a significantly higher fraction of charged
R-hadrons is expected for stops (~ 60%) than for sbottom quarks (~ 40%).
For gluinos (or any similar BSM colour octet) it has to be taken into ac-
count that two SM quarks have to be produced to form R-mesons. The
respective compostition of gluino R-hadrons is shown in Figure 4.5. For
gluino R-mesons only the mix states (ud or &id and us or 4s) are charged
and hence slightly less charged R-hadrons are expected (~ 45%). The
fraction of R-glueballs can not be predicted by the current hadronisation
models, as also SM glueballs have not been observed so far. It is there-
fore a free parameter for the hadronisation, and typically chosen to be
10% due to combinatorial arguments [80].

4.3 Velocity

To understand the velocities at which HCLLPs are expected to be pro-
duced at the LHC, first the available kinetic energy has to be understood.
The kinetic energy is what is left after the production of the particles with
the respective masses and hence is reflected in the probabilities of the
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Figure 4.5: Composition of
R-hadron types with a gluino
as BSM particle estimated
with PYTHIAG.
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Figure 4.8: The kinetic en-
ergy distribution for different
gluino masses simulated with
PYTHIA6 using the CTEQG6L1T
PDFs.
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Figure 4.6: Leading produc-
tion channels for gluinos over
gluonic initial state. The u-
channel would be also pos-
sible (particles crossed in t-
channel), but not shown here.
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Figure 4.7: Leading produc-
tion channels for gluinos over
quark initial state. The u-
channel would be also pos-
sible (particles crossed in t-
channel), but not shown here.
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colliding partons for having more than the minimum x needed to pro-
duce the respective particles. For gluinos both t- and s-channel produc-
tion is possible via quarks and gluons on tree-level [81]. The correspond-
ing Feynman-diagrams are shown in Figures 4.6 and 4.7. The kinetic en-
ergy for gluinos simulated with PYTHIA6 using the CTEQ6L1 PDF set [82]
are shown in Figure 4.8. It can be seen that for all masses the peak of
the kinetic energy distribution is between 100 GeV and 200 GeV. While
the distribution for gluino masses of 1400 GeV and 2200 GeV are almost
the same, a slightly softer spectrum is expected for 600 GeV gluinos. The
reason for this difference is the change in the leading production mecha-
nism, as above m > 0.2x6.5TeV = 1.3 TeV it is more likely that the valence
quarks carry the needed momentum fraction of the proton, which can be
seen in Figure 3.3. The difference in kinematics between production via
gluons or quarks comes from the difference in the contribution of s- and
t-channel. For the production via quarks in the t-channel the internal line
has to be a squark, which is in the underlying split-supersymmetry mod-
els at very high masses, and hence largely suppressed due to its virtuality.
In contrast for the production through gluons, the internal particle in the
t-channelis also a gluino and hence not suppressed. For purely s-channel
production harder objectes are expected as for the production via gluons
where both s- and t-channel have significant contributions. Knowing the
kinetic energy of the particles the momentum (p) can be estimated with

p=Egyy[1+2700 4.2)
Ekin
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Using the maxima of the kinetic energy distributions (100 GeV/150 GeV)
the expected momenta are ~ 400 GeV (mg = 600 GeV), ~ 650 GeV (m; =
1400 GeV), and ~ 850 GeV (mz = 2200 GeV), which nicely matches the
maxima of the momentum distributions shown in Figure 4.9 (left). The
HCLLPs have hence high momenta, mostly due to the high masses. Know-
ing the momentum as well as the mass one can also calculate the veloci-
ties of the particles using

p/m
V1 +(p/m)?

But as the translation from momentum into g changes the form of the
distribution quite a bit it makes sense to use the median instead of the
maximum. Using Equation 4.3 and the medians from the momentum dis-
tributions in Figure 4.9 (left) one obtains: 0.70 (600 GeV), 0.57 (1400 GeV)
and 0.47 (2200 GeV). This matches exactly the medians of simulated g
distribution drawn in Figure 4.9 (right). It can be seen that HCLLPs are
produced with velocities significantly lower than the speed-of-light. This
is in contrast to all SM particles, which, at the LHC, are produced with al-
most the speed-of-light or with energies too low to be detectable. Hence
measuring the velocity of the particles is one of the main observables to
identify HCLLPs.

, With 8 =

N <

) (4.3)

4.4 Energy Loss

As the lifetimes considered for HCLLPs are sufficient to allow for a di-
rect interaction with the detector, it is important to understand the dif-
ferent types of interactions with the detector material and hence the en-

53

Figure 4.9: The momentum
distribution (left) and the
B distribution (right) for
different  gluino  masses
simulated with PYTHIA using
the CTEQ6L1 PDFs.



54

Figure 4.10: The mean energy
loss of particles in several dif-
ferent materials. The min-
ima of the distributions are
roughly at a velocity B of 3-4
for the different material. The
figure is taken from [7].
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ergy loss. For heavy electrically charged particles the main source of en-
ergy loss is due to the ionisation of the atoms in the material. Heavy in
this context already refers to the heavier SM particles such as the muon
and hence the models describing the interaction are well established [7].
For moderate relativistic particles the mean ionisation energy loss is de-
scribed by the Bethe-Bloch formula

4,2 2222
<dE> _ 4re®z n <1 In <2mec By Tmax> —52—;) (7], (4.4)

dx/  me252 \2 12

with m. the mass and e the charge of the electron, z the charge of the
projectile in multiples of e, n the volume density of electrons in the mate-
rial, the 3 of the particle with the Lorentz factor ~ defined as 1/1/1 — 32,
le the mean ionisation potential, the § term, which accounts for density
effects and Tpox the maximum energy transfer to an electron in a single
collision, for heavy particles given by

Tmax = 2MeC? 372, (4.5)

It can be seen from Equations 4.4 and 4.5 that the ionisation energy loss
is solely dependent on the velocity of the particles, besides some material
quantities and the charge of the particle. Hence it can serve as a measure
for the velocity. The form of the mean energy loss as a function of the
particle velocity 8~ are shown in Figure 4.10. For low velocities the mean
energy loss is falling until it reaches a minimum at roughly 5y = 3 — 4.
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The particles at these velocities are accordingly called minimum ionising
particles. For higher boosts the mean energy loss starts increasing again
but with a lower gradient. The reason for the falling slope is that the
particle transverse the electric field of the electrons in the material for
a shorter time. This effect stops as the particle velocity approaches its
upper bound, the speed-of-light. The boost of the particles leads to an
increase of transversal component of the electric field, while the paral-
lel component is decreasing. For the interaction of the particles only the
transversal component is relevant as the parallel component gets inte-
grated out. Hence for boosts higher than roughly gy = 3 — 4 the mean
energy loss is increasing again. The mean energy loss of a muon with
a momentum of roughly 100 GeV would correspond to a HCLLP with a
typical velocity 5 = 0.65 ( 5y = 0.85), which can be seen from Figure 4.10.
Hence due to the ambiguity of the Sy-dE/dxmeqn-relation the mean energy
loss can not be used to identify HCLLPs. In the relativistic rise the increase
of the mean energy loss is mostly driven by single highly energetic inter-
actions. For thin absorbers like e.g. silicon detectors the probability for
measuring a certain energy loss follows a Landau distribution. Instead of
measuring the mean energy loss the Most Probable Value (MPV) is what
can and should be measured. The MPV as a function of kinetic energy of
a muon in contrast to the mean energy loss from Bethe-Bloch is shown
in Figure 4.11. It can be seen that the MPV is almost flat as a function of
the kinetic energy of the muon and hence by measuring the MPV instead
of the mean energy loss the ambiguity between relativistic rise and low
energetic tail can be minimised. Hence, measuring the MPV of the energy
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Figure 4.11: The mean energy
loss as given by the Bethe-
Bloch formula (Bethe), the re-
stricted energy loss and the
MPV of the energy loss (Lan-
dau/Vavilov/Bichsel) as a func-
tion of the kinetic energy of
a muon. For the restricted
energy loss a maximal energy
transfer Tee is introduced.
The figure is taken from [71].
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loss can be a powerful tool to identify HCLLPs.

4.5 Hadronic Interaction

For colour charged HCLLPs, also hadronic interaction with the detector
material are important to understand their signature in the detector. As
no comparable SM particles exist, only little is known about the hadronic
interactions of R-hadrons. For the simulation of the hadronic interactions
two different phenomenological approaches are considered here. The
triple Regge model [83, 84] and a more pragmatic approach, with the
Generic model [85].

To understand the interactions of R-hadrons in the detector, it is crucial
to estimate their expected mass spectra. If some states are significantly
lighter than others, those would be dominant in the detector, as after
hadronisation the heavier states would immediately decay to the light
ones. If the lightest state is either electrically neutral or charged (or even
doubly charged) a completely different signature would be expected. A
variety of approaches were used to calculate the mass spectra e.g. using
the bag model [86] or lattice QCD [87]. Common to all of them is that
the HCLLP is, due to the high mass, spin decoupled and forming an al-
most static colour field [88]. For colour triplet states (e.g. squarks) the SM
hadrons containing heavy quarks such as charm and bottom can serve
as a guideline for the mass spectra, while for colour octets (e.g. gluinos)
the mass spectra fully rely on the phenomenological calculations. The
details of the lowest lying states in the mass hierarchy used in the triple
Regge and Generic model differ, but some important general features do
not. For both mass spectra the light R-mesons are almost mass degener-
ated (in particular the mass splitting is smaller than the pion mass) and
hence they do not decay. Furthermore for both models the mass split-
ting between the mesonic and baryonic states is smaller than the proton
mass. This leads, together with the absence of mesons in the material, to
baryonic states not being able to convert into mesonic states by hadronic
interactions. This does not hold for the anti-baryonic-states as those can
have annihilation interactions with the nucleons. An important difference
between the assumed mass spectra is in the R-baryon sector. For the
R-hadrons formed from the colour triplet state (C3) the lightest state is
the (Gsud) with zero spin of the di-quark system (sqq = 0). While for the
Regge model only this state is taken into account, the generic model also
includes the heavier sqq = 1 states (Gzuu), (Gsud) and (Czdd). The main dif-
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ference between the Generic and Regge mass spectra is the mass splitting
for the Cg baryonic states. In the Regge model the lightest baryonic state
is the electrically neutral (Cguds) while all others are neglected as they are
expected to decay almost immediately to the lightest baryonic state. In
contrast, the Generic model assumes all baryonic states formed from the
light quark (u and d) to be mass degenerated. Overall the Generic model
includes more different R-hadron states in its modelling. More details on
the mass spectra can be found in References [84, 85].

One basic idea common to all hadronic interaction models of R-hadrons
is, that the heavy exotic particle has, due to its high mass, a very localised
wave-function and hence does not participate in the interaction. The
probability for the heavy exotic particle to interact with quarks in the nu-
cleiis suppressed by the inverse mass squared [85]. Hence the exotic par-
ticle will act as a spectator and energy reservoir, while the hadronic inter-
action is carried out by the light quarks forming the R-hadron. To under-
stand the energy regime at which those interactions take place one can
do the following gedankenexperiment: The Lorentz factor for a 600 GeV
gluino R-hadron at the peak in beta (0.8, see Figure 4.9 right) is roughly
1.7. Furthermore the mass of the light-quark system can be approxi-
mated by the mass of the R-hadron minus the mass of the exotic particle.
For the mesonic states this results in a typical mass of the di-quark sys-
tem of mys = (0.6 — 0.7) GeV with the light quarks being up and/or down.
Using those the kinetic energy of the quark system can be calculated with

Exin = (v — 1) x mgg ~ 0.5 GeV. (4.6)

The hadronic interactions of the R-hadrons are therefore expected to be
treatable like low-energy hadron-hadron scattering of the light SM quark
system, with the exotic particle serving as an energy reservoir.

The scattering processes of R-hadrons on protons are shown in Figure 4.12.

Process a) is expected to result only in a small energy loss as the heavy
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Figure 4.12:  Examples for
hadronic interactions of a
R-hadron with a proton: a)
elastic scattering b) baryon
exchange c) charge exchange
d) resonance formation. The
figure is taken from [23].
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Figure 4.13: The interaction
cross section with a nucleus
containing equal numbers of
protons and neutrons as a
function of the Lorentz boost
for stop R-hadrons (left) and
gluino R-hadrons (right). The
solid lines are showing the
cross section for different
types of R-hadrons estimated
with the triple Regge model
while the dashed lines are
indicating the constant cross
sections estimated with the
Generic model. The figure is
taken from [85].
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R-hadron is scattering with a low-mass target, comparable to the classic
picture of an elastic scattering. Also process d) is argued to play a minor
role, but is so far not implemented in any interaction model, and hence
could be an important limitation of the interaction models [23, 85]. The
most important processes in the modelling of the hadronic interactions
of R-hadrons are therefore inelastic scattering processes like shown in
b) and c) of Figure 4.12. An important feature of those inelastic scatter-
ing processes is that the R-hadrons can change their electric charge. A
summary of possible processes implemented in the triple Regge interac-
tion model can be found in Reference [80], which includes both 2 — 2
and 2 — 3 processes. The main difference between the two interaction
models is the estimation of cross sections for the different processes as
this is non-trivial. Even for SM hadron low-energy hadron scattering is
poorely understood, and hence can only be treated phenomenological.
The Generic model uses a pragmatic approach with a black disk approxi-
mation, which uses a constant cross section for each involved light quark
(up and down) of 12 mb, while for s-quarks 6 mb are used. These values
are inspired by the asymptotic values of pion and kaon scattering with
protons. In contrast to that the triple Regge model is using the Regge for-
malism [89] for low-energy hadron scattering. Therefore the light-quark
system is decoupled from the heavy quark before scattering and after the
interaction recombined. The relevant parameters for the Regge formal-
ism are estimated from low-energy hadron-hadron scattering data. The
triple Regge model is giving a more dynamic picture with the cross sec-
tion being dependent on the boost of the system, which can be seen in
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Figure 4.14: The radial- (r) vs. z positon (along the beamline) of hadronic interactions of R-hadrons with the ATLAS detector simulated
with GEANT4. The Figure is number of interaction is divided by the number of particles traversing the the respective bin.

Figure 4.13.

The higher cross section for R-hadrons with light anti-quarks is due to the
additional Reggeon interaction channel where the anti-quark annihilates
with the respective quark from the nuclei to a gluon which decays to a
quark-anti-quark pair.

In the following the results of the simulation of the hadronic interactions
of stop and gluino R-hadrons using the Generic or triple Regge model
with the ATLAS detector are discussed. Both interaction models are im-
plemented in GEANT4 [73], which is used in the following for the mod-
elling of the interactions of R-hadrons with the detector. The hadronic
interactions of R-hadrons are mainly in the dense regions of the detector
which can be seen from Figure 4.14 and Figure 4.15. It can be seen that
most of the interactions take place in the calorimeters, which matches
expectations as those are the most dense regions of the detector. The
high number of hadronic interactions closer to the origin of the coordi-
nate system in Figure 4.15 is not due to super dense detector parts but
due to the fact that all particles are produced roughly at the orgin (mod-
ulo beam spread) and hence the particle density transversing the region
spanned by each bin is significantly higher.

Particles are only detectable in the tracker systems if charged, hence
the composition of R-hadron flavours and in particular the ratio between
charged and uncharge states is essential to understand the efficiency to
reconstruct R-hadrons in the detector. Figures 4.16 and 4.17 are showing
the flavour composition of R-hadrons for stop R-hadrons (m; = 800 GeV).
One important difference is that in the Generic model strange quarks are
included while this is not the case for the triple Regge model. Throughout
the full inner tracking system no significant changes in the flavour com-
position is visible, which matches the lower rate of hadronic interactions
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Figure 4.15: The x- vs. y-positon of hadronic interactions of R-hadrons with the ATLAS detector simulated with GEANTA4.

visible in this region in Figures 4.14 and 4.15. The flavour fraction at small
r for the Generic model is matching the one estimated earlier in this chap-
ter for after hadronisation, as the light mesonic states are degenerated in
mass and hence do not decay. For the triple Regge model, due to the ab-
sence of strange quarks, this is not the case, but the additional charged
R-hadrons seem to be absorbed in the states with down quarks. Hence,
for both models the same fraction of charged R-hadrons is expected in
the inner detector.

For both models the flavour composition starts to change significantly
when traversing the dense calorimeters. For R-hadrons formed from stop
quarks with both models the baryonic states get dominant afterr travers-
ing the calorimeters. The reason for this is the lack of allowed reactions
transforming baryonic to mesonic states. On the one hand the mass dif-
ference between the mesonic and baryonic states is smaller than the
proton mass, hence decays are kinematically forbidden. On the other
hand, due to the lack of SM mesons or anti-matter in the detector ma-
terial, no hadronic interactions from baryonic to mesonic states are al-
lowed (baryon number conservation). For the Generic model only bary-
onic states are present after the calorimeters, while the triple Regge model
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Figure 4.16: The flavour com-
position of stop (top) and anti-
stop (bottom) R-hadrons sim-
ulated with the Generic model
as a function of r in the AT-
LAS detector. The R-hadrons
are restricted to a region
where they transverse the AT-
LAS Tile Calorimeter (n <
1.65). The different detec-
tors are indicated by dashed
lines for the different layers
of silicon detectors and solid
regions for the other detec-
tors. A detailed description
of the different components
can be found in Section 3.2.
In blue the neutral R-hadron
states are drawn, while the
charged states are shown as
red bands. The width of
the bands gives the statis-
tic uncertainty due to the
limited number of simulated
R-hadrons. [5]
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is predicting a slower transition rate to baryonic states. A major differ-
ence is that the triple Regge model includes only the lightest baryonic
state, while the generic model has a broader spectrum of baryonic states
included. For stop quarks the difference is not as significant as for sbot-
tom quarks as there the lightest baryonic state is uncharged. Sbottom
R-hadrons have a behaviour similar to stop R-hadrons regarding the inter-
action, though they are charged differently, lowered by one with respect
to the corresponding stop states. For the generic model a large fraction of
the sbottom R-hadrons is charged after the calorimeters, while the frac-
tion of charged rhads is suppressed with the triple Regge model. This
predicts only for stop R-hadrons a large fraction of charged states after
the calorimeters, while for sbottom R-hadrons the majority is uncharged.
The triple Regge model is therefore sometimes referred to as charge sup-
pressed interaction model.

In contrast to stop R-hadrons, the flavour composition in different parts
of the detector is rather similar for anti-stop R-hadrons in the Generic and
the triple Regge model. The reason is that the baryonic states, which are a
major difference between the two models, play a minor role as for those
annihilation processes with the protons and neutrons in the detector ma-
terial are allowed, they are hence fading away in the dense calorimeters.
One potential model-dependent feature that could change the above de-
scribed predictions on the flavour composition of R-hadrons is if oscil-
lations between squark-anti-quark and anti-squark-quark states are al-
lowed.

The composition of charges of stop R-hadrons in the inner detector and
the muon system, and hence visibility in the two different tracking sys-
tems is shown in Figure 4.18. While the fraction of charged states in the
inner detector (red to blue) is almost the same for both models, large
differences can be seen in the composition of charge states in the muon
system. The generic model is e.g. predicting 8% R-hadrons having a dif-
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Figure 4.18: The composition
R-hadron charge states. The
first value in the legend is re-
ferring to the charge of the
R-hadron in the inner de-
tector and the second one
to the charge of the par-
ticle in the muon system.
The composition is shown for
stop R-hadrons with m; =
800 GeV. [5]
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ferent charge in the inner detector than in the muon system, whereas the
triple Regge model is not predicting such charge changes. The reason are
the fuu states, which are no present in the triple Regge model.

An interesting signature for R-hadrons arises, when they get stopped in
the detector (mostly in the dense calorimeters) due to hadronic interac-
tions and ionisation energy losses. If not stable those particles will decay
later and hence can be searched for with out-of-time signals, depending
on the SM decay products. This signature will not be targeted in this the-
sis, but searches were performed e.g. in References [90, 91].

The important features of the different interaction models for R-hadrons
can be summarised as follows: Both interaction models predict similar
fractions of charged R-hadrons in the inner detector while the fraction
of charged states in the MS are quite different for the two interaction
models. Both interaction models show some limitations for different
cases. While the triple Regge model incorporates a simplified spectrum
of R-hadron states, this is slightly extended for the Generic model. For
the case of the cross sections of the different R-hadron states the Generic
model is rather pragmatic, while the more dynamic modelling of cross
sections from the triple Regge model, maybe more realistic.

4.6 Lifetime

As discussed in Section 2.1.3, lifetimes in quantum field theory have an
intrinsic random element and hence the lifetime of particles has to be de-
scribed with the exponential decay law and correspondingly with a mean
lifetime. The fraction of particles surviving to a certain distance can be
calculated, including the time dilation due to the boost of the particles,

with
X
).

Bryer
This can be used to estimate the fraction of particles that decay in a cer-
tain detector volume. Figure 4.19 shows a sketch of the number of re-
maining particles as a function of the radial distance in the detector as
well as the decay probabilities in the different subdetectors. It can be
seen that the fraction of particles that are expected to decay in a cer-
tain subdetector is not shifted but rather smoothed out the longer the
mean lifetime. This means that even for a large mean lifetime of 50 ns,
which corresponds to a ¢r of 150 m, a significant fraction (13%) of parti-
cles has decayed before the tile calorimeter, which is the minimum life-

N(x)/Ng = exp(— 4.7)
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time requirement for particles targeted with the search described in this
thesis. Particles which are decaying earlier in the detector are targeted
with dedicated search, which are not using or even vetoing correspond-
ing signals in the outer parts of the detector [92, 93, 94]. For short mean
lifetimes of 10 ns a significant fraction of particles would still be able to
reach the tile calorimeter (50%) and some efficiency for this models is ex-
pected. Allin all, for a search which targets particles that at least reach the
Tile Calorimeter the efficiency significantly drops for mean lifetimes lower
than 10 ns, while lifetimes larger than 50 ns are almost fully efficient.

4.7 Summary

Heavy charged long-lived particles are an interesting target for detector
searches as they can have lifetimes sufficient to directly interact with the
detector. Due to their mass, HCLLPs are expected to be produced with
velocities significantly lower than the speed-of-light. This can be used
to identify them, as all SM particles are expected to be produced at the
LHC with almost speed-of-light. Furthermore, the low velocity leads to
a high ionisation energy loss, which is another important observable to
identify HCLLPs. The production mechanisms of such particles are rather
model dependent and can have significant impact on the kinematics. For
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Figure 4.19: The number of
particles illustrated as func-
tion of the distance traveled
in the detector (top). The de-
cay probability in the differ-
ent subsystems for mean life-
times of 10 ns, 30 ns and 50 ns
assuming B~ = 1 (bottom).
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a model independent approach, the searches have to rely as little as
possible on the kinematic features of the different models. For colour-
charged HCLLPs the hadronic interactions are hard to predict, as no com-
parable SM particles exist. An important feature of the hadronic interac-
tions is that the R-hadrons can change their charge due to the exchange of
SM particles. While the predictions of the fraction of charged R-hadronsin
the inner detector agrees between the different interaction models, sig-
nificant differences can be seen for the charge composition in the outer
components of the detector. The mean particle lifetimes relevant for the
search described in this thesis start at about 10 ns, while for mean life-
times larger than 50 ns no significant fraction of particles is expected to
decay before the Tile Calorimeter, the particles can hence be assumed
stable.



Chapter 5

Search for Heavy Charged
Long-lived Particles

In this chapter the main work of this thesis will be described, the search
for HCLLPs with the ATLAS detector. First the analysis strategy will be ex-
plained. This is followed by a discussion of previous results in collider
physics with the ATLAS experiment as well as with other experiments. In
the next parts the detector objects which are used as HCLLP candidates
are introduced as well as the main observables that are used to iden-
tify them. Also the custom calibration steps needed to achieve optimal
separation power to SM particles with those variables will be given. The
following parts discuss the event and candidate selection criteria applied.
A purely data-driven background estimate is used that will be presented
in the subsequent section, followed by a discussion of the systematic un-
certainties. Last but not least the results of this search will be discussed.

5.1 Analysis Strategy

The basic idea of this analysis is to use both the high ionisation energy
loss as well as the Time-of-Flight (ToF) to identify HCLLPs. There are no
SM particles having a similar signature in the detector and therefore the
main backgrounds are particles with mis-measured observables. The en-
ergy loss (pixel detector) and the ToF (Tile Calorimeter, MS) are measured
with different sub-detectors. The measurements are hence independent
and reduce, as fluctuations in both would be needed for SM particles to
be identified as HCLLP, the background significantly. An illustration of the
analysis strategy is given in Figure 5.1 and will be discussed in the follow-

ing.
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Figure 5.1: Illustration of the
analysis strategy. The abbrevi-
ations SR and CR stand for sig-
nal region and control region,
respectively.
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The benchmark models that are targeted span the full range of charged
supersymmetric particles. Stable charginos as well as staus are con-
sidered as electrically charged particles and for both the direct pair-
production is chosen. As discussed in Section 4.1, those particles mainly
differ in the kinematics and hence can be used to design the search as in-
dependent of the kinematics as possible. Selectrons and smuons would
not differ from staus in the detector as well as in the production mecha-
nisms at a hadron collider and are therefore without any loss of general-
ity not considered. For colour charged supersymmetric particles models
with stable stops, sbottoms and gluinos are used as benchmarks. In prin-
ciple also sup and sdown would be interesting as they offer additional
production channels like uu — Qd, but as those are highly model de-
pendent, they are not considered here. With sbottom, stop and gluinos
the different aspects due to hadronic interactions of up- and down-type
colour triplets and colour octets, as discussed in Section 4.5, can be ex-
plored. To explore the sensitivity of this analysis strategy for shorter life-
times, gluino R-hadrons with lifetimes of 10 ns, 30 ns and 50 ns are used
as benchmark models.Two different triggers are used to select the rele-
vant events, £t and muon triggers. The muon triggers are of particular
relevance for charginos and sleptons which are charged throughout the
detector. A problem of the muon triggers can be the acceptance window
as HCLLPs can be sufficiently slow to be associated to the wrong bunch
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crossing. For R-hadrons in contrast £y triggers are more important as
significant fractions are uncharged in the MS as discussed before. Intrin-
sically the R-hadrons are not expected to produce large amount of £7. The
strategy therefore relies on QCD radiation recoiling against the gluino sys-
tem. For R-hadrons predominantly radiation from the incoming partons,
Initial State Radiation (ISR), is important as hard collinear radiations from
the outgoing particles, Final State Radiation (FSR), are suppressed by the
mass of the colour charged particle [95].

As HCLLPs directly interact with the detector, candidate objects based on
their expected signatures have to be designed. This analysis is based on
three different types of candidates, an Inner Detector track with associ-
ated Tile Calorimeter cells, from now on referred to as 1p+caLo, as well
as loose and tight full-detector candidates (Loose and T1cHT), which have
both an ID track and a MS track. The ionisation energy loss is measured
in the pixel detector and ToF measurements are performed with the Tile
Calorimeter, the MDT's and the RPC's.

With those candidates different event signature selections are designed
targeting the different bench mark models. For charginos and staus
which are pair-produced and charged through the hole detector, a signal
region requiring two loose full-detector candidates (SR-2Cand-FullDet) in
the event is complemented by an orthogonal fall-back region requiring
exactly one, but ticHuT, full-detector candidate (SR-1Cand-FullDet). The
one-candidate region restores efficiency if one of the candidates is not
reconstructed or out of the acceptance window. Furthermore it also
helps to have sensitivity for models where only one HCLLP is produced
e.g. for chargino-neutralino production. For colour charged HCLLPs it has
to be taken into account that the particles can be produced neutral or un-
dergo a charge-flip via hadronic interactions. Two different approaches
are used: A signal region requiring at least one Loose candidate with an
orthogonal fall-back signal region requiring at least one 1p+caLo candi-
date (SR-Rhad-FullDet). And a signal region which is only requiring at
least one 1p+caLo candidate. This signal region is designed to be blind
to any information from the MS and is accordingly called MS-agnostic
(SR-Rhad-MSagno). The benefit of the MS-agnostic signal region is that it is
less dependent on the R-hadron interaction model, due to the low num-
ber of hadronic interactions in the ID (Section 4.5) and the similar results
from the different models for the charge composition of R-hadrons after
hadronisation (Section 4.2). In contrast the SR-Rhad-FullDet region also
uses the MS for triggering, reconstruction and ToF measurements and
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therefore allows for a better background rejection with a slightly better
acceptance, but with a strong dependence on the interaction model.

The final selection is conducted on the momentum, Sror estimate from
the ToF measurements and vyg/qx determined from the d£/dx measured
with the pixel detector. For the MS-agnostic analysis only the ToF mea-
sured in the Tile Calorimeter is used, whereas for the other signal regions
the combined beta from Tile Calorimeter, MDT's and RPC's is used. The
stau and chargino signal regions do not apply selection requirements on
BYdejax: @s they are produced over weak interactions accordingly their
mass limits are significantly weaker. At such low masses almost no sepa-
ration power to SM particles is expected from Bvy4g/qx, hence itis not used
there.

The event counting for the statistical interpretation of the results is done
in @ one-bin mass window. The mass is estimated from momentum, Sror

or ﬁ/YdE/dX with

_p
m="_ 5.1
By &0

labeled as mor Or Mye /gy, respectively. For the R-hadron signal regions
the final counting mass window is defined in the two-dimensional mqg-
Myeax-plane, while for the stau and chargino signal regions the window
is only defined in the myye-plane.

The background is estimated in a purely data-driven manner by estimat-
ing the shape of the key variables from data and randomly sampling a
mass distribution from combinations of momentum and 3 (8+). The back-
ground is normalised to the events seen in data in low mass control re-
gions where signals have been excluded by previous searches.

5.2 Previous Searches

Heavy charged long-lived particles have been an active target of collider
searches for the last decades. It was searched for with ATLAS but also
with other experiments at the LHC and other colliders. Searches were
performed that can be categorised into three types [23]: Generic searches
where only mass, charge and spin of the HCLLP are assumed, an interme-
diate category with some assumptions on the type and on the quantum
numbers of the HCLLPs and last but not least searches which use full-
blown models as benchmarks. For the first category model independent
upper limits on the production cross section can be placed, while for the
latter two also lower mass limits can be obtained. Table 5.1 summarises
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Particle Collisions | /s [GeV] Experiment | Lower mass Ref.
limit [GeV]
slepton
T, [ ete” 130 — 208 | DELPHI 98 [96]
T pp 13000 CMS 240 [93]
T pp 8000 ATLAS 286 [97]
chargino
xt ete” 130 — 209 | OPAL 102 [98]
t pp 1960 DO 278 [99]
N pp 800 ATLAS 620 [97]
squark
b ete” 183 — 209 | ALEPH 92 [100]
b pp 8000 ATLAS 845 [97]
t ete” 183 — 209 | ALEPH 95 [100]
t pp 1960 DO 285 [991]
t pp 13000 CMS 1000 [93]
gluino
g ete” 183 — 209 | ALEPH 27 [100]
g pp 13000 ATLAS 1570 [92]
g pp 13000 ATLAS 1580 [101]*
g pp 13000 CMS 1580 [93]

previous results of searches for HCLLPs. The mass limits given are the
strongest obtained by the respective experiment and to be comparable
between the experiments, the direct production limits are given, where
available.

As these searches are rather unconventional and in particular the sig-
natures are different to SM particles, the detectors are primarily not de-
signed for those searches. The searches hence have to be conducted
in a way to perfectly exploit the capabilities of the detectors available.
For example the search at the DELPHI experiment [96] uses an energy
loss measurement in a Time Projection Chamber as well as Ring Imag-
ing Cherenkov detectors, where HCLLPs are expected to produce no
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Table 5.1:  Summary of se-
lected searches for detector
stable HCLLPs. The table gives
the lower mass limits from the
best results of the respective
experiments. Were possible
the limits are given for the
direct pair-production to be
comparable between the dif-
ferent limits. A detailed sum-
mary of the results of HCLLP
searches can be found in Ref-
erence [7].

*| also contribute to this anal-
ysis during my Phd.
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Cherenkov light due to their low velocities. The ALEPH experiment in
contrast was looking for R-hadrons by requiring either missing energy,
for neutral R-hadrons or a particle track with large ionisation energy loss
measured in a Time Projection Chamber [100]. The searches performed
at the LHC experiments ATLAS and CMS are basically similar and require
either only tracks with high ionisation energy loss measured in the inner
silicon detectors or with both high ionisation energy loss and low veloci-
ties estimated from ToF measurements in the calorimeters and the muon
systems.

Important results for the analysis described in this thesis are also the AT-
LAS results from Reference [102]. There instead of a data-driven method,
the background was estimated from simulations. This together with the
successive improvement of the cross section limits in References [103, 97,
101] ensures that no large low-mass signals are overseen. This is a key as-
sumption for the validity of the background estimate, as large low-mass
signals would contaminate the control regions, described in Section 5.1.
These low-mass signals could hence be hidden in the corrupted back-
ground.

5.3 Data and Simulation

The data analysed in the searches described in this thesis are proton-
proton collisions taken in 2015 and 2016 at a center-of-mass energy of
13 TeV and with a bunch spacing of 25 ns. The dataset collected in 2015
corresponds to an integrated luminosity of 3.2 fb~' and is used in the
analysis published in Reference [101]. The search presented in Refer-
ence [5], which will be the main focus of this thesis, analyses both the
data collected in 2015 and 2016, which sum up to an integrated luminos-
ity of 36.1 fb~".

Besides data sampels also simulated samples are needed for testing and
calibration as well as for the estimation of the signal behaviour. For the
testing and calibration a Z — pu sample is used. The hard process is sim-
ulated with Powheg [104] in next-to-leading order (NLO), while for parton
shower and hadronisation PYTHIA8 [105] (version 8.186) and EvtGen [106]
(version 1.2.0) are used. For the parton shower and multiple parton inter-
action parameters of PYTHIA8 the AZNLO [107] tune is used and as PDF's
the CTEQ6L1 [48] set.

For the simulation of the R-hadron signal samples PYTHIA6 [108] with the
AUET2B [109] tune and the CTEQ6L1 PDF set is used for both matrix el-
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ement and showering. Dedicated hadronisation routines based on the
Generic or the triple Regge model are incorporated in PYTHIA6 and used
for the hadronisation of squarks and gluinos. For both cases a R-glueball
fraction of 10% is assumed[80]. The Generic and triple Regge interaction
models are implemented in GEANT4 to simulate the hadronic interactions
of R-hadrons. For gluino R-hadrons the generic interaction model is ap-
plied, while for squarks the triple Regge model is used. A description of
the different interaction models can be found in Section 4.5. The mass
spectra used for the simulation of gluino and stop samples are shown in
Figure 5.2 and Figure 5.3, respectively. For gluino as well as for squark
samples a direct pair-production is assumed. Effects from other relevant
SUSY particles (gauginos, higgsinos and squarks/gluinos) are negligible as
they are set to high masses. For gluinos, signals with masses between
400 GeV and 3000 GeV are simulated in steps of 200 GeV, whereas for
sbottom and stop only masses between 600 GeV and 2000 GeV are pro-
duced, due to the significantly lower expected cross sections. The squarks
and gluinos are forced to be stable for those samples. Besides the stable
samples also meta-stable signals are simulated for gluinos with mean life-
times of 10 ns, 30 ns and 50 ns to explore the breakdown of the analysis
strategy described in Section 5.1. Similar mass spectra as for the stable
gluinos are used with the one main difference, the photino mass is set to
100 GeV, as shown in Figure 5.4. The lightest neutralino is purely photino
and hence the decay of the gluino to two quarks an the lightest neu-
tralino is possible. As discussed in Section 5.1 the selection of R-hadron
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Figure 5.2: The mass spec-
trum of the SUSY particles
used for the production of the
gluino signal samples. The
dark blue bar is indicating
the range of simulated gluino
masses.

Figure 5.3: The mass spec-
trum of the SUSY particles
used for the production of
the stop signal samples. The
dark blue bar is indicating
the range of simulated stop
masses.
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Figure 5.4: The mass spec-
trum of the SUSY particles
used for the production of
the meta-stable gluino signal
samples. The dark blue bar is
indicating the range of simu-
lated gluino masses.

Figure 5.5: The pr spectrum
of the di-gluino system, which
serves as a measure for the
ISR for 1400 GeV gluinos.
The spectrum is simulated
with PYTHIA6, which relies
solely on the parton shower
for the simulation of QCD
radiations, and MadGraph
(MG5_AMC@NLO), which
includes an additional QCD
radiation in  the matrix
element calculation.
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events with the £t trigger largely relies on ISR jets recoiling against the
gluino system. While PYTHIA6 models QCD radiations only phenomeno-
logical with the parton shower, MG5_AMC@NLO [110] (version 2.2.3) in-
cludes an additional QCD radiation in the calculation of the matrix ele-
ment. The modelling of ISR in MG5_AMC@NLO is hence more reliable and
a re-weighting of the events from PYTHIA6 to MG5_AMC@NLO along the
pr-spectrum of the gluino-system, as measure for the ISR, is introduced.
The pr-spectra of the gluino system from PYTHIA6 and MG5_AMC@NLO
for one example are shown in Figure 5.5. With MG5_AMC@NLO a higher
boost of the gluino-system is expected, which results in higher £r and
according to that a higher trigger efficiency. The cross sections are calcu-
lated taking into account NLO order QCD corrections. Further corrections
due to soft gluon emission are also included as resummation of threshold
corrections at next-to-leading logarithmic (NLL) accuracy, which leads to
matched NLO+NLL predictions [81, 111, 112, 113, 114].

Pair produced staus are simulated with MG5_AMC@NLO (version 2.3.3)
for the matrix element in combination with PYTHIA8 (version 8.212) and
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EvtGen [106] (version 1.2.0) for parton-shower and hadronisation. For
the hadonisation and underlying event parameters the A14 [115] set is
used and as PDF set NNPDF23LO [116] is chosen. The underlying model
is inspired by the GMSB, but only the direct pair-production of 7,77 is con-
sidered, where the 7 is a mixture of the right-handed and left-handed 7,
but in this model to 99% the right-handed 7. The mass spectrum for one
particular mass point (m; = 692 GeV) is shown in Figure 5.6. The model
parameters are set to tan s = 220 GeV, my = 500 TeV, Cgey = 100000
and Ns = 3, only the SUSY breaking scale (Asysy) is varied between 90 TeV
and 290 TeV to change the mass of the 7;. But, as only direct pair pro-
duction of 7,7 is considered, no other SUSY particles are involved in the
production. It is therefore independent from the underlying model and
only depends on the mass of the 7;. The production cross section in-
volving also other prodcution mechanisms for the long-lived 7, are calcu-
lated with PROSPINO2 [117] to NLO in the strong coupling constant and
are shown in Figure 5.7. The cross section would be significantly enlarged
if besides the direct pair production also productions via other sleptons
or Electroweak (EW) particles would be allowed. For the low mass region
also production over sparticles interacting via the strong interaction sig-
nificantly contribute. Using only the direct production is therefore a con-
servative approach and, as the search is designed to be robust against
the kinematics of the HCLLPs, no significant loss in sensitivity is expected
for other production mechanisms. The results can therefore be rather
easily reinterpreted for the full-blown GMSB scenario as well as for other
models.
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Figure 5.6: The  mass
spectrum for the produc-
tion of long-lived staus
(mz, = 692 GeV) in a GMSB
model. The lightest super-
symmetric particle is the
Gravitino, with a soft coupling
to all other particles. The stau
1 as next-to-lightest particle is
therefore long-lived.

Figure 5.7: The cross section
as function of the 7 mass for
different production mecha-
nisms of 7; in the GMSB pa-
rameter space. As model pa-
rameters tang = 220 GeV,
my = 500 TeV, Cgrav = 100000,
Ns = 3 are chosen, while the
slepton mass is changed by a
scan along the susy breaking
scale (Asysy) between 90 TeV
and 290 TeV.
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Figure 5.8: The mass spec- 10000 MAMSB (my. = 279.6 TeV, mo = 5 TeV, tan B = 5 TeV) Chargino
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long-lived.
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Charginos are also assumed to be only directly pair-produced. They are
simulated with the same setup as used for the direct production of staus,
MG5_AMC@NLO (version 2.3.3) in combination with PYTHIA8 (version 8.212)
and EvtGen (version 1.2.0), with the A14 tune and the NNPDF23LO PDF
set. The samples are produced using the mAMSB parameter space, fixing
tan3 = 5TeV, my = 5 TeV and sign(x) = 1 and scanning along m3, be-
tween 68 TeV and 534 TeV. A typical mass spectrum for ms,, = 279.6 TeV,
which corresponds to a chargino mass of roughly 800 GeV, is shown in
Figure 5.8. In those models the chargino 1 is typically almost mass degen-
erated with the neutralino 1. The lifetimes of the charginos given from
the models are typically too short for this search to be sensitive. The
charginos are therefore artificially enforced to be stable. In contrast to
the stau samples the charginos are not fully decoupled from the other
SUSY particles as t-channel contributions with virtual squarks are possi-
ble at leading order, but are largely suppressed due to the high masses of
the squarks. The cross sections calculated for the direct pair-production
of charginos as well as for other production mechanisms are calculated
in NLO with PROSPINO2 and are shown in Figure 5.9. A significant produc-
tion channel can also be the associated production with a neutralino. The
cross section for x;ix9 is higher than for X{X? as the proton consists of
two positively charged up-quarks and only one negatively charged down
quark. The X1ix? channels can be targeted with dedicated signal regions
that besides a HCLLP candidate also require large F1. For technical rea-
sons this was not included in this analysis round but nevertheless with
SR-1Cand-FullDet as described in Section 5.1 some sensitivity should be
achieved for such production channels.

All generated processes are overlaid by simulated minimum-bias colli-
sions to model the in-time and out-of-time pile-up collisions. Those col-
lisions are simulated with PYTHIA8 (version 8.186) and EvtGen (version
1.2.0) using the A2 [118] tune and the MSTW2008LO [119] PDF set. As the
distribution of the number of collisions per bunch crossing is unknown
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prior to the data taking a re-weighting is introduced in the offline analysis
to match the distribution observed in data.

5.4 Object reconstruction

The lifetime range of HCLLPs targeted with this analysis is sufficient for
the particles to directly interact with the detector. Instead of looking for
the decay products, this search can reconstruct the HCLLPs themselves.
Two different objects are used: An ID track with associated Tile Calorime-
ter hits and a muon like object, called SlowMuon, reconstructed with a
dedicate algorithm for slow particles in the MS, referred to as MuGirIStau
algorithm[120]. In the following the reconstruction methods as well as
their performance for HCLLPs will be discussed.

5.4.1 Inner Detector Track with Calorimeter Hits

The ID track reconstruction [121] is optimised to reconstruct charged par-
ticle trajectories in the dense environment of proton-proton collisions
provided by the LHC. First clusters are formed from the individual sil-
icon hits as charged particles are likely to deposit energy not only in a
single pixel. Using these clusters three-dimensional space points are es-
timated. For the pixel detector a space point can be estimated for each
sensor while in the SCT the information from both sides of a layer have to
be combined to get a position information in the non-precision direction.
These space points are used as input for the iterative combinatorial track
finding, which forms track seeds from three space-points. A crude mo-
mentum as well as a rough estimate of the impact parameters, defined
as the closest approaches in transversal plane or z direction to the IP, is
already possible for those track seeds and can be used to reduce random
combinations of space points. Using the seed tracks a full track is then
build by adding additional space points using a Kalman filter [122]. As a
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Figure 5.9: The cross section
as function of the )2?[ mass for
different production mecha-
nisms of>21i in the mAMSB pa-
rameter space. As model pa-
rameterstan g = 5 TeV, my =
5 TeV and sign(u) = 1 are cho-
sen, while the chargino mass
is adjusted by a scan along
(m3 ) between 68 TeV and
534 TeV.



78

Figure 5.10: The reconstruc-
tion efficiency as function
of Btrue (left) and nerye (right)
measured with a combined
sample from all available
gluino R-hadron samples. The
simulated truth particles are
matched to the reconstructed
particles using AR < 0.1, with

AR = /DG + 512
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next step a track score is assigned to the tracks taking into account the
number of assigned clusters, detector holes and also the track momen-
tum to promote highly energetic ones. The tracks are then fed into the
ambiguity resolver, which is applying several requirements on the track
quality to accept tracks that are worth for further consideration. Those
quality criteria involve a requirement on the transverse momentum to be
larger than 400 MeV as well as requirements on the numbers of associ-
ated clusters in the different subdetectors. After a track being accepted
by the ambiguity solver its second task is to resolve clusters associated
to multiple tracks. The last step is a high-resolution fit using all available
information. If the estimated tracks still pass the ambiguity resolver they
are added to the final track collection. If not they are either modified and
refitted or rejected. The hits from the TRT are either used as a extension
of the silicon tracks or as standalone TRT track segments, which is not
used for this analysis.

The reconstruction efficiency measured with signal R-hadrons as a func-
tion of SByye and nyye is shown in Figures 5.10. True refers to the observ-
ables of the generated particles. The reconstruction efficiency for charged
R-hadrons after hadronisation is larger than 95% for 5 > 0.2. Along n only
in the forward regions a slight degradation is visible. The ID reconstruc-
tion efficiency breaks down for g < 0.1. The reason is that the SCT hits
start to be associated to the wrong bunch crossing. Assuming 4 = 0.1 and
as distance the outermost SCT layer (r ~ 0.5 m) the delay with respect to
a particle traveling with the speed-of-light can be calculated as

(5.2)
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Figure 5.11: The SCT timing
window for out of time sig-
nal. The particles are associ-
ated to the previous or follow-
ing bunch crossing for timing
differences larger than about
13 ns. [123]

Figure 5.12: Correlation be-
tween Buye and nyye Mea-
sured with a combined sam-
ple from all available gluino
R-hadron samples.
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Figure 5.13: Drift circles for
an exemplary TRT geometry
roughly at 1 m distance to the
IPfor 3=0.1and 8 =0.3. Also
the resolution [124] is drawn
for the g = 1 drift circles as a
grey band.
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Comparing this to the timing window of the SCT shown in Figure 5.11
it can be seen that those hits would be associated to the wrong bunch
crossing. The SCT hits start being wrongly associated from outside-in due
to the larger distances and also first for forward tracks due to the addi-
tional path length. The tracks can at some point no longer be correctly
reconstructed as the minimum requirement of SCT hits is no longer ful-
filled.

A further feature that can be observed in Figure 5.10 is that the efficiency
is slightly decreasing the higher the g of the particle. This can be under-
stood as for R-hadrons j is correlated with n, due to the additional boost
from asymmetries in the momenta of the colliding partons, as can be
seen in Figure 5.12. R-hadrons with high 3 are therefore rather in the for-
ward direction were the tracking resolution is slightly worse. This results
in the observed degradation of the efficiency for high 3.

Also the TRT has problems with out-of-time signal. The reason is illus-
trated in Figure 5.13. The estimation of the TRT drift circle needs a start
point. As all relevant SM particles are produced at the speed-of-light the
zero pointis set to a particle produced at the IP travelling at the speed-of-
light and traversing the anode-wire. The estimated drift circle is hence too
large for a particle travelling significantly slower than the speed-of-light.
The drift tubes are arranged in a way that the particles traverse tubes on
different sides to get an unambiguous solution. In Figure 5.13 the particle
is traversing tubes altering in the upper and lower half. The drift circles
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from the lower tubes correspond to a track shifted upwards while it is op-
posite for the upper tubes. This results in an ambiguity of the fit solution
and at some point the circles can no longer be matched to a single track.
The difference of the drift circle as function of the particle g and the dis-
tance to the IP is shown in Figure 5.14. For a large 3 range and for most of
the distances the effect is below one o of the positioning accuracy of the
TRT and hence negligible. But for g smaller than about 0.3 the drift circles
are off by 56 and hence a significant impact is expected. For even lower
velocities the drift circles are expected to be totally off (35¢ for g = 0.1 at
a distance to the IP of 3000 mm). The fraction of tracks without TRT hits
as a function of the particle 5 is shown in Figure 5.15. It can be seen that
roughly at 8 = 0.3 the fraction of tracks without TRT hits starts increasing,
which matches nicely with the previously discussed expectations. While
for high velocities (5 > 0.4) the fraction of tracks without TRT hits is about
5%, for g = 0.2 almost half of the tracks are expected to have no TRT hits.
For low-mass HCLLPs this will probably have no significant impact but if
super heavy HCLLPs get accessible, problems with the TRT might get rel-
evant. Also HCLLPs produced in a decay chain can be produced with very
low velocities and therefore could be affected by those problems. These
studies are so far solely based on simulation. Using e.g. satellite-satellite
collisions as introduced in Section 3.1 one could potentially expand these
studies to some discrete out-of-time windows to validate the effects seen
in simulation.
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Figure 5.14: The difference in
radius of the drift circles in
multiples of the position ac-
curacy of the TRT (op, =~
130 pm [125]) as function of
B and the distance to the
IP. The 10 and 50 con-
tours are superimposed. The
differences in the timing are
calculated using Equation 5.2
and translated to a differ-
ence in the drift circles us-
ing as drift velocity vy, =
50000 km/s [125].
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Figure 5.15:  Fraction of ID
tracks without TRT hits as
function of the particle veloc-
ity 8. The fraction is mea-
sured with a mix of all gluino
R-hadron samples.

Figure 5.16: The momentum
resolution and bias as func-
tion of the truth momentum
for ID tracks. The resolution
is measured with a mix of all
gluino R-hadron samples.
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5.4. OBJECT RECONSTRUCTION

The momentum resolution as well as the mean value as function of the
truth momentum is shown in Figure 5.16. It can be seen that for a mo-
mentum of roughly 2 TeV the reconstructed momentum saturates. The
reason for this is that for these momenta the curvature of the track is to
small to be resolved. Also the resolution is getting very poor for momenta
above 1 — 1.5 TeV for the same reasons. All those problems of the ID for
reconstructing HCLLPs have to be kept in mind to avoid over-constraining
the ID tracking requirements in this analysis.

5.4.2 SlowMuon

The reconstruction of HCLLPs with a combined ID and MS track is more
problematic than the ID-only-tracks due to the additional distance to the
MS. Therefore a dedicated reconstruction algorithm is used which does,
in contrast to standard muon algorithms used in ATLAS [126], not assume
the particles to travel with the speed-of-light but treats the velocity as a
free parameter of the track fit.

The standard muon algorithms start by forming track segments in each of
the three MS stations. For a slow particle a behaviour similar to that in the
TRT is expected for the MDT, as illustrated in Figure 5.17. This means that
the track segments are wrongly reconstructed and hence might be incom-
patible. Also hits can be associated to the next bunch crossing and hence
no proper track segements are reconstructed. The track segements are
in the next step combined to a muon-only tracks and in the last step ex-
trapolated and matched to an ID track. The reconstruction efficiency as
a function of g for the standard muon algorithm is shown in Figure 5.18.
While the standard algorithms are almost fully efficient for 8 > 0.9, the
efficiency drops at about 5 = 0.75 and is only about 20% for g = 0.5. From
Figure 4.9 one can see that for higher masses the bulk of the particles is
produced with velocities of about g = 0.5, therefore a dedicated recon-
struction algorithm is needed.

The reconstruction algorithm for slow particles is called MuGirlStau algo-
rithm [120] and starts, in contrast to the standard algorithms, from a high
pr inner detector track. The pr-threshold for running this algorithm was
changed in the data-taking period used in this analysis from 70 GeV to
25 GeV. This inside-out approach allows to associate hits even if the point-
ing of the MS segments is imperfect. The MuGirlStau algorithm also uses
the trigger hits from the following bunch crossing and estimates a rough
particle velocity from the RPCs. This allows to subtract the time-of-flight
from the drift times to estimate the correct drift circle. For the standard
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Figure 5.17: Left: Correctly re-
constructed track for in-time
particle. Right: Incorrectly re-
constructed track (solid) for a
slow particle traveling along
the dashed line.[120]

Figure 5.18: The reconstruc-
tion efficiency as function of
the truth B with standard
muon algorithms and with the
MuGirlStau algorithm. The ef-
ficiency is measured with pair
produced charginos in a com-
bined sample with chargino
masses between 200 GeV and
1500 GeV.
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algorithms g = 1 is assumed for the calculation of the time-of-flight. For
each group of MDT hits associated to an ID track a fit is applied using g as
a free parameter to get also from the MDT's an estimate on the particle
velocity. The g from MDT's and RPC's are combined to improve the reso-
lution and used to refit the MDT hits with the given 5 hypothesis. Objects
reconstructed with the MuGirIStau algorithm are from now on referred to
as SlowMuons.

The reconstruction efficiency of pair-produced charginos as function of g8
is also shown in Figure 5.18. It can be seen that the MuGirlStau algorithm
is still more than 50% efficient for 5 = 0.5 and breaks down for lower
than the standard algorithm. In contrast to the standard algorithms the
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MuGirlStau algorithm is not fully efficient for high 3, the reason is that
the algorithm is imperfectly implemented. For the new ATLAS software
release 21.0 this algorithm was rewritten from scratch and now achieves
efficiencies comparable to the ones from the standard algorithms. The
reconstruction efficiency as function of n is shown in Figure 5.19. The
drop in efficiency at n = 0 is due to the service cables which are placed
in this region in the ATLAS detector and hence the missing MS cham-
bers/hits. A further drop in efficiency can be observed between 1 and 1.5
in |n|. This region corresponds to the transition region between the MS
barrel and the MS endcaps. The momentum resolution and bias of parti-
cles reconstructed with the MuGirlStau algorithm is shown in Figure 5.20.
In contrast to HCLLPs reconstructed solely as ID tracks no bias for high
momenta is visible due to the significantly longer flight distance in the
toroidal magnetic field. Also the relative momentum resolution for Slow-
Muons is significantly better than the one observed for ID tracks.

Allin all the MuGirlStau algorithm is able to recover efficiency for particles
with g between 0.3 and 0.7. It achieves a very good momentum resolution
up to momenta of 2.5 TeV without introducing any bias. The SlowMuon
objects are in particular important for the search for colour singlets which
are charged throughout the whole detector.
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Figure 5.19: The reconstruc-
tion efficiency as function of
the truth n with the MuGirl-
Stau algorithm. The efficiency
is measured with pair pro-
duced charginos in a com-
bined sample with chargino
masses between 200 GeV and
1500 GeV.
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Figure 5.20: The momentum
resolution and bias as func-
tion of the truth momentum
for charginos reconstructed
with the MuGirlStau algo-
rithm. A combined sample
with chargino masses be-
tween 200 GeV and 1500 GeV
is used.
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5.5 Identifying heavy charged long-lived particles

The main observables used to identify HCLLPs in this analysis are de-
scribed in this section. To achieve an optimal performance those observ-
ables have to be calibrated and as those are no standard observables
this has to be done on analysis level. First, a brief introduction of the
measurement of dE/dx with the pixel detector will be given, where also
the neccassary calibrations steps will be explained. The calibration and
mass estimation from the pixel dE/dx can be taken from another analy-
sis which is only using ID tracks and dE/dx to identify HCLLPs [127]. In
the second part, the time-of-flight measurement in the Tile Calorimeter
with all the applied calibrations will be described in some detail as this
was one of my major contributions to this analysis. In the last part the
calibration of the time-of-flight measurement in the MDT’s and RPC's will
be discussed. A detailed description of the calibration of the MS time-of-
flight measurements can be found in Reference [128].

5.5.1 Pixel dE/dx

As discussed in Section 4.4, a thin detector, such as a silicon detector has
the benefit of measuring rather the Most Probable Value (MPV) than the
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mean value and suffers less from the ambiguity between the relativis-
tic rise and the low-momentum rise. The best choice for an ionisation-
energy loss measurement for singly charged particles in the ATLAS exper-
iment is therefore the pixel detector. Also other subsystems are capable
of measuring the energy loss: the Calorimeters, the TRT and the MDT, but
have a worse identification power than the pixel detector. Nevertheless
the TRT and MDT dE/dx measurements are used, e.g. for the search for
multi-charged particles [129]. For these particles the pixel detector is ex-
pected to be in saturation due to the huge energy losses.

In Section 5.4.1 it was discussed that the particles mostly release energy
not only in one but rather in a group of pixels, which are then combined
into pixel clusters. Also for the estimation of the pixel d£/dx the total clus-
ter energy is used. Together with the extrapolated particle track in the
pixel material a dE/dx per cluster is calculated. The combined pixel dE/dx
is then estimated from the individual clusters using a truncated mean to
get rid of Landau tail effects. The truncation removes the highest d£/dx
value from the mean for two to four clusters and the highest two for the
rare case of five clusters per track. Some high-dE/dx hits from the Landau
tail can shift the estimated value away from the MPV and as discussed be-
fore lower the separation power between slow and fast moving particles.
To achieve an optimal performance of the pixel dE/dx to identify HCLLPs,
a series of calibrations has to be performed. One crucial calibration is to
ensure the stability over time or delivered luminosity to ensure that the
data does not have to be split in time periods for the analysis. Two main
influences can change the MPV of the dE/dx measurement over time:
Changes of the operational parameters of the pixel detector and radia-
tion damage caused by the enormous amount of integrated luminosity
delivered by the LHC. Both influences can be treated with a run-wise cal-
ibration of the MPV. The MPV of the track d£/dx as function of the deliv-
ered integrated luminosity is shown on Figure 5.21. From those per-run
MPV values scale factors are derived and applied to data to ensure the
stability of the track dE/dx MPV over time. Furthermore it was found that
the dE/dx depends on the incident angle and hence on the thickness of
the material traversed. To account for this an n dependent calibration of
the dE/dx MPV is applied performed in a similar way as the run-wise cal-
ibration. It was found that this effect depends on the momentum of the
particles (only relevant for low momenta, stable for p > 1 GeV) as well as
on the number of used pixel clusters and the sign of the charge of the
particles. Different calibrations are therefore applied depending on the
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Figure 5.21: The MPV of the
track d£/dx measured with all
tracks with pt > 400 MeV as
function of the delivered in-
tegrated luminosity to the AT-
LAS experiment. Each point
correspond to a data-taking
run. [127]
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category the particle belongs to. Furthermore as the radiation damage
and detector conditions are not simulated, the MPV from Monte Carlo
Simulation (MC) has to be aligned to the one seen in data. This is done
using the difference between MPV of dE/dx from minimum ionising par-
ticles in data and simulation as scale factors.
After all those calibrations the MPV is solely dependent on the velocity of
the particle. Using low-momentum kaons, protons and pions a functional
parametrisation can be estimated relating the MPV to the Bvyye/qx. For
the parametrisation a three parameter function as given in Equation 5.3
is used, which is inspired by the Bethe-Bloch distribution in the low-g re-
gion.

MPVe ax(37) = A/(B7)° + B (5.3)

Six different sets of fit parameters A, Band C are estimated depending on
wether one, two or three clusters are used to calculate the MPV and sep-
arate sets for positively or negatively charged particles. The parameter
sets are derived from minimum-bias data taken in 2016 by estimating the
mean MPV as function of 3+, which is calculated from the known mass of
pions, kaons and protons and the measured momentum, as shown in Fig-
ure 5.22. The particle type can be clearly identified in the low-momentum
regime using the df/dx momentum times charge plane as shown in Fig-
ure 5.23. This Figure is taken from the previous analysis [92], where sepa-
rate fits where applied to the different particle types as drawn. In the cur-
rent approach the momenta are translated to a 8y and then fitted with a



5.5.

IDENTIFYING HEAVY CHARGED LONG-LIVED PARTICLES

0
-2500

-2000

-1500

-1000

"
-500

500

1000 1500 2000 2500

qp[MeV]

—_ BT T
“g - ATLAS ]
i 7 E °p Minimum Bias Data 2016
> - . K {s=13TeV, 0.4 nb™ ]
S 6:— . 3 Pixel Hits Used for dE/dx
=3 C ] Positive Charge .

g 5:_ — Fit (1.6 x 10° tracks) =
> ab E
s =

3 MPV g5 (ﬁY)=LC+B —

= (By) ]

2 E

1= E

0:\ L1 | I L1 1 ‘ L1 1 ‘ L1 1 ‘ L1 1 ‘ I ‘ L1 1 1 ‘ 11 \:
0.5 1 1.5 2 2.5 3 3.5

By

— 10
5 F ATLAS

o 9 Data 2015, Vs = 13 TeV
2 F 10*
> F
e
F R
5 10°

10°

89

Figure 5.22: The MPVy¢ /gy as
a function of By for pro-
tons, kaons and pions from a
sample of minimum-bias data
taken in 2016. For this case By
is estimated from the particle
momentum and the known
particle mass. Fitting those
data points the parameters of
Equation 5.3 can be extracted.
The data points shown cor-
respond to positively charged
tracks with three pixel hits
used for the dE/dx estima-
tion. [127]

Figure 5.23:  The MPVyg gy
for tracks from minimum-
bias data taken in 2015 as
function of momentum times
charge. The tracks from pro-
tons, kaons, pions and their
anti-particles can be clearly
identified for low momenta.
[92]
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Figure 5.24: B~ distribu-
tion for HCLLPs (gluinos,
charginos and staus). As
particle masses the ones
roughly at the expected mass
limit are used.
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single function as shown in Figure 5.22. Inverting Equation 5.3 Bvyg/qx for
a particle can be calculated for the estimated MPV.

As discussed in Section 5.1 Bvgg/q4x is only used for the R-hadron searches
while for SR-1Cand-FullDet only a high dE/dx is required. For the
SR-2Cand-FullDet no requirements on dE/dx or Bygg/qx are used. The
reason for this is that for a 8y > 1 almost no difference in the expected
MPV is visible and hence no separation power is expected, as can be seen
in Figure 5.22. The true gy distributions for the different signal models
for the mass points roughly at the expected lower mass exclusion limit
are shown in Figure 5.24. For R-hadrons with 2200 GeV the vast major-
ity of the particles is expected with a 5y below one, while for charginos
(1200 GeV) and staus (442 GeV) a significant fraction of HCLLPs are likely
to have a v value larger than one. The SR-1Cand-FullDet suffers from
relatively large backgrounds and hence did not contribute to the sensi-
tivity in the previous analyses. An additional cut on dE/dx was therefore
placed to suppress the backgrounds even if a significant fraction of signal
candidates is lost. This helped to gain sensitivity from SR-1Cand-FullDet,
which has now a significant contribution for charginos at the expected
mass limit.
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5.5.2 Time-of-flight Tile Calorimeter

One subsystem capable of a ToF measurement to estimate the particle
velocity is the Tile Calorimeter. The Tile Calorimeter has a timing resolu-
tion of roughly 300 ps in the limit of large energy deposits, which is one of
the best timing resolutions of all subsystems in the ATLAS detector. Only
the LAr calorimeter has a slightly better timing resolution of about 250 ps
in the limit of high-energy deposits. The benefit of the Tile Calorimeter
over the LAr calorimeter is that it is further out in the detector and hence
the distance travelled is longer resulting in a larger time difference at the
point of the measurement. The uncertainty of the velocity measurement
B is given by

o5 = %ﬁ, (5.4)
with ¢ being the speed-of-light, o; the timing uncertainty, d the distance
of space-point of the measurement to the IP, and  the particle velocity.
The g uncertainty is reciprocally proportional to the distance of the timing
measurement. The additional flight-distance to the Tile Calorimeter with
an average distance to the IP of roughly 4 — 6 m compared to the LAr with
an average distance to the IP of about 2 — 3 m results in a better 3 reso-
lution in the Tile Calorimeter, even taking into account the slightly better
timing resolution in the LAr calorimeter. All subsystems closer to the IP,
even if potentially capable of time-of-flight measurements, are hence not
suitable to be used for the identification of HCLLPs. This is under the as-
sumption of a similar timing resolution, but might be different if some
precision timing layers are installed as considered for future upgrades of
the ATLAS detector [130], which claim a timing resolution of 30 ps. For this
analysis only the time-of-flight from the Tile Calorimeter is used. It was
also considered to use the LAr, to have another independent 5 measure-
ment. But in Reference [131] it was found that the LAr calorimeter does
not give the expected timing for out-of-time signals. This was estimated
using electrons from satellite-satellite collisions (Section 3.1) at +5 ns.
Similar studies were conducted with muons, as shown in Appendix A.1,
to check whether or not the same features are visible for minimum ionis-
ing particles. So far the achieved resolution for muons is not sufficient to
resolve the muons from satellite-satellite collisions and hence no state-
ment about the performance of the LAr for out-of-time signals can be
made. As this cross-check is not possible and only a small gain in resolu-
tion is expected from the LAr calorimeter it was not used for this analysis.
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Figure 5.25:  The number
of wused Tile Calorimeter
hits for the Brie estimation
for R-hadrons, charginos
and muons from data.
For R-hadrons the 1p+caLo
selection is applied while for
charginos the Loosk selection
is used. In data a selection
demanding muons  with
a minimum pr of 25 GeV
and statisfying basic quality
requirements.
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The B estimation starts with Tile Calorimeter cells associated to an ID
track. Cells are associated if passed by an extrapolation of the ID track to
the Tile Calorimeter. To reduce effects of detector noise, only cells with
a minimum energy deposit of £, = 500 MeV associated to a track are
taken into account. The number of Tile Calorimeter hits used for simu-
lated signals (R-hadrons and charginos) and muons from data is shown
in Figure 5.25. For muons the mean number of Tile Calorimeter hits is
two but also with a high fraction of tracks with one or three hits. As the
Tile Calorimeter consist of three radial layers an average number of three
hits would be expected but as muons are minimal ionising a significant
fraction of hits is lost due to the minimum requirement on the Ep;. For
charginos even fewer hits per track are expected. The reason is that the
Tile Calorimeter is not a thin detector and hence the energy measured
follows the mean energy loss of the Bethe-Bloch formula. Muons with a
momentum larger than 25 GeV are already in the relativistic rise as can be
seen from Figure 4.10. They are hence expected to have larger energy de-
posits than charginos, which are closer to the minimum of the ionisation
energy loss. Muons therefore lose less hits due to Ep; requirement than
charginos. For R-hadrons slightly more hits than for muons are expected,
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which can be explained on the one hand by the larger ionisation energy
loss due to the higher mass and hence lower g of the R-hadrons and on
the other hand by the additional energy loss due to hadronic interactions.
The observable for the timing measurement with the Tile Calorimeter is
to, which is defined as the relative time difference to a particle produced
at the ATLAS origin travelling with the speed-of-light and arriving at the
centre of the cell. To reduce the background from particles originating
from the following bunch crossing |ty| is limited to be less than 25 ns.
From ty the velocity of the particle can be calculated using

-9
t0C+d.

5 (5.5)

Muons can be used for calibration and to estimate the timing resolution,
as they are expected to be produced with almost the speed-of-light at the
LHC and hence there (t;) = 0 ns. The measurements in the individual Tile
Calorimeter cells are combined to a weighted average using

B i By o (5.6)
e —N 5 .
S 1/
Also an uncertainty on the combined S, can be calulated using
o2, =— ' and o5 = fPog-r. (5.7)
- Zﬁ1 1/02—1 g

The benefit of combing the measurements as 5~ is the direct propor-
tionality to tq which ensures that 3~ is also Gaussian distributed, an as-
sumption on the uncertainty for combination.

Calibration

The calibrations are estimated and validated with a data sample corre-
sponding to 36.1 fb~"! and a sample of simulated Z — puu events. Two
different pre-selections are applied, a muon and a Z — uu selection. Both
use all events that are triggered by either a muon or a £t trigger. Further-
more the events are required to be recorded in data-taking periods when
the detector was fully operational and ready for physics data taking. For
both selections all muons are used that satisfy the medium quality re-
quirements as defined in Reference [126]. The muon pt has to be larger
than 25 GeV for both selection. But as for the first 14 fo~' the cell as-
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sociation was only applied for ID tracks with pr > 50 GeV this harder pr
requirement has to be used for this period. For the Z — uu selection ad-
ditionally exactly two muons with opposite charge have to be in the event
and their invariant mass has to be in agreement with the Z-boson mass
within 10 GeV. From the muons passing these selections the ID track with
the associated Tile Calorimeter hits is used for the calibration and valida-
tion studies. The reason why both selections are needed is that the muon
selection significantly increases the available statistic which is necessary
for some calibrations. But if comparing data and simulation in particular
integrated over a certain n range it is essential to use the Z — uu selec-
tion, because not all muons in data originate from a Z-boson decay and
hence a different n composition is expected. If distributions integrated
over a certain n range are considered this different composition can also
change the overall resolution as some good or bad regions are overrepre-
sented. Using the Z — uu selection ensures that the events seen in data
also originate from a Z-boson decay and hence the same 7 distribution
are expected for data and simulation. This guarantees that the overall
distributions of ty or 8y in data and simulation are comperable.

To gain optimal performance of the timing measurement with the Tile
Calorimeter a sequence of calibration steps has to be applied. The differ-
ent calibration steps are summarised in Figure 5.26. After masking Tile
Calorimeter cells with unexpected ty distributions the first actual correc-
tion is to remove a bias introduced by the readout algorithm of the Tile
Calorimeter, the OFA algorithm. This bias correction is implemented in
the common ATLAS reconstruction software since mid 2016. On analysis
level this correction has to be applied therefore only to the first 14 fo—'.
Also the signal samples have this correction implemented on reconstruc-
tion level. The OFA correction is chosen as the first calibration step as ty
is closest to the ty on reconstruction level. This is followed by a distance-
and n-correction ensuring a flat response over the full n-range. The last
common step is the energy correction which ensures stability of the re-
sponse for different energy deposits. This first set of calibration steps
correct for potential asymmetries in the ¢t distributions, which could lead
to a bias in the following cell- and run-wise corrections. Those calibration
steps ensure the stability of the measurement over time (run-wise) and
the fiducial volume (cell-wise) and are applied only on data. Simulation is
smeared to match the resolution observed in data. The final calibration
step is a pull correction, separate for data and simulation, that ensures a
well described uncertainty of the 8 measurement. The different calibra-



5.5. IDENTIFYING HEAVY CHARGED LONG-LIVED PARTICLES

Data Simulation

Bad cell masking
OFA bias correction
Distance + n correction
Energy correction
Cell-wise correction
Run-wise correction Smearing

Pull correction

tion steps will be discussed in the following.

Bad-cell masking It was found that some of the 4672 Tile Calorimeter
cells show strange t; distributions, which are not expected and also not
present in simulation. Three different types of features have been ob-
served in a few specific cells, while the vast majority of the cells have a
to distribution in agreement with a Gaussian like shape, as shown in Fig-
ure 5.27 (left). One unexpected feature found in exactly one Tile Calorime-
ter cell (-D6, ¢ = —2.6) is shown in Figure 5.27 (right). This Tile Calorimeter
cell shows a strong dependence of the measured ty value on the Epj;. As
this was only found for one specific cell this cell is masked and excluded
from the timing measurements in data a simulation. Furthermore it was
observed that 20 Tile Calorimeter cells have very low hit occupancy, as
shown in Figure 5.28 (left), which is due to parts of the Tile Calorimeter not
operating for some periods [20]. As this is not included in simulation also
those cells are excluded from the 3 estimation. The third feature that was
observed in the ty distributions of the Tile Calorimeter cells are cells with
a largely assymmetric ty distribution, as shown in Figure 5.28 (right). The
reason for this asymmetric distributions can be changes in the settings or
Tile Calorimeter cells loosing their synchronisation with the ATLAS clock.
This issue might be solvable via a correction over time for the specific cell
but as only 22 Tile Calorimeter cells are affected and due to the limited
statistics those are simply excluded from the 3 estimation as well. Overall
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Figure 5.26: The ordering of
the timing calibration steps
for the Tile Calorimeter. The
arrows indicated if separate
or combined parameter sets
are used fo the calibration.
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Figure 5.27: Left: The ¢ty
distribution for a good Tile
Calorimeter cell. Right: strong
dependence of t; on Ep;
found in one specific Tile
Calorimeter cell (-D6, ¢ =
—2.6).

Figure 5.28: Left: Tile
Calorimeter cell with only
view hits. Right:Tile Calorime-
ter cell with an asymmetric ty
distribution.
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about 1% of the Tile Calorimeter cells are masked and not used for the
time-of-flight measurement, which corresponds to a loss of 0.5% of the
hits. Only 0.5% of the hits are lost as a significant fraction of the masked
cells are low occupancy cells.

OFA corretion The OFA algorithm, introduced in Section 3.2.2, used for
the readout of the Tile Calorimeter is a fast and robust way to calculate
amplitude, pedestal and phase (tp) as a linear combination of the seven
samplings described by following Equation

n n n
A=>"aS;, Atg=> bS; and p=> ¢S, (5.8)
i=1 i=1 i=1

with A being the amplitude, 7 the phase and p the pedestal. The coeffi-
cients a;, b; and ¢; are called optimal filtering coefficients and are obtained
as the set with the minimum variance of the parameters against pile-up
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and electronic noise under the assumption of the known pulse shape,
which was measured in test-beam data. The procedure to estimate the
optimal filtering coefficients is based on the assumption that ty = 0, which
is not the case for out-of-time signal e.g. from HCLLPs. Two different ap-
proaches are possible to correct the expected bias. One is to use an itera-
tive OFA[132], using the output of the phase as input for the next iteration
with phase corrected OF coefficients. This procedure is rather computing
intense due to the additional iterations. Another approach is to estimate
the bias using ideal pulses. Injecting ideal pulses with a known phase into
the OFA gives the response and hence the bias as function of the true
phase. This bias can be parametrised and inverted to get a correction for
the bias of the measured ty. The correction function was provided by the
ATLAS Tile Calorimeter group as two fourth-order polynomial as

+ — + pgty) to) to) to for tp < O
Fto) = p1+(p2 — (p3 + patp) to) to) to for ty < (5.9)

(g1 + (g2 + (g3 + gatp) tp) to) to for ty > 0
with

p1 = —0.00695743, p, = 0.0020673, p3 = 0.0002976, p4 = 3.61305 x 10°°
(5.10)
and

g; = 0.0130013, g, = 0.00128769, g3 = —0.000550218, g4 = 7.55344x10~C.

(5.11)
This correction function is now implemented in the ATLAS reconstruction
software and hence the non-iterative OFA can be used. As mentioned
above the correction was only applied for parts of the data on recon-
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Figure 5.29: The difference
between the true ty ¢y and
the reconstructed tgeco as
function of the reconstructed
time for a sample without
online OFA correction. The
true time is estimated from
the velocity of the particles
and the distance to the mea-
surement. A combined sam-
ple of R-hadrons is used with
masses between 400 GeV and
3000 GeV. Left: No OFA cor-
rection applied. Right: OFA
correction applied offline.
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Figure 5.30: The difference
between the true tg¢yue and
the reconstructed tgreco as
function of the reconstructed
time for a sample with on-
line OFA correction. The
true time is estimated from
the velocity of the particles
and the distance to the mea-
surement. A combined sam-
ple of R-hadrons is used with
masses between 400 GeV and
3000 GeV.
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struction level (online) and therefore has to be applied for the rest of
the data on analysis level (offline).  The validity of the approach was
tested by applying this correction offline on R-hadron signal samples with-
out the online correction. The difference between the true ty 4. and the
reconstructed ty e, as function of the reconstructed time is shown in Fig-
ure 5.29 with and without offline correction. It can be seen that the bias
visible for t, reco > 10 ns is gone after applying the offline correction. Com-
paring this with the results from a R-hadron signal sample with the online
correction applied, as shown in Figure 5.30 it can be seen that both the
online and offline correction give the same results. The overall ¢y distri-
bution with the OFA correction applied to the relevant data-runs together
with the uncorrected distribution is shown in Figure 5.31. The effect on
the ty distribution measured with muons in data is almost negligible, as
for small ty, as expected for muons, the OFA correction is tiney and fur-
thermore the correction is only applied to parts of the data. A larger ef-
fect is visible for the ty resolution of HCLLPs as shown in Figure 5.32 for
R-hadrons. The resolution is estimated as the difference between the ex-
pected ty e and the reconstructed ty .. After correction the mean is
significantly closer to 0 ns and the resolution is improved by roughly 20%.

Distance and n correction Without any correction it would be assumed
that the spatial position of the t; measurement in the Tile Calorimeter is
always at the centre of the respective cell. This assumption breaks in par-
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Figure 5.31: The ty distribu-
tion without any correction
and with the OFA correction
applied offline for the data
taking period where not al-
ready included online.

Figure 5.32: The t; resolution
without any correction and
with the OFA correction ap-
plied for a combined sample
of R-hadrons with masses be-
tween 400 GeV and 3000 GeV.
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Figure 5.33: A schematic
drawing of the idea of the
distance correction. Shown
are the distance to the centre
of the cell (dg) the corrected
distance (dcor) and the length
of the track in the cell (/ygck)-
The blue line indicates the
actual track and the red
dashed line a track through
the centre of the cell.
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ticular for the large Tile Calorimeter cells in the extended barrel and a
clear bias as function of n in the cell is visible, as shown in the first row
of Figure 5.34. Those figures show a projection of all ¢-wedges, as the
effect is only dependent on the r-z-shape of the cell. This combination
of all wedges of one cell type is from now on referred to as ¢-projected
cells. A two step procedure was developed to correct for this n depen-
dence. First the actual spatial position of the measurement is estimated
from an extrapolation of the track to the Tile Calorimeter cell and used
for a correction of the additional path length. Second a residual bias is
corrected with an n-dependent correction. This residual bias in data is
rather small and originates from the differences in the light path to the
readout between the centre of the cell and the actual spatial position of
the measurement. A larger bias was found in simulation, most likely due
to mis-modelling of the light path as can be seen in the second row of
Figure 5.34. The reason why this two-step procedure and not only an
n-dependent correction is applied is that the particle is traveling the addi-
tional distance to the spatial position of the measurement with its specific
velocity. As this analysis is looking for particles with velocities significantly
lower than the speed-of-light an increasing bias in n the lower the particle
B would be introduced [133].

The basic idea of the distance correction is illustrated in Figure 5.33. As
the particle trajectory does not necessarily traverse the centre of the cell a
corrected spatial position of the measurement has to be estimated. This
is done by extrapolating the ID track to the respective Tile Calorimeter
cell to obtain the entrance and exit points of the particle. The spatial
position of the measurement is then estimated as the centre of the tra-
jectory within the cell and accordingly the new distance of flight is given
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Figure 5.34: The t; distribu-
tion as function of n for one
¢-projected Tile Calorimeter
cell. Left: Muons in data.
Right: Muons from a sample
of simulated Z — uu events.
The first row shows the un-
corrected distribution. The
second row the ¢y distribution
after the distance correction
and the third row after both
the distance and the n correc-
tion
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Figure 5.35: Left: ty against n
for cell D6 with the superim-
posed profile used for the 7
correction. Right: One 7 slice
with a superimposed Gaus-
sian. The mean of the Gaus-
sian is used for the profile.
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as deor = din * ltrack /2. The correction is up to 30 cm for the outer regions
of the largest cells D5 and D6. Furthermore also the position of the pro-
duction vertex is taken into account as origin of the track. Detailed stud-
ies and also the treatment of the segmented cells in sampling 13 can be
found in Reference [133]. For the ty calibration the new distance is used
to subtract the additional time-of-flight from the measurement under the
assumption of particles travelling with the speed-of-light. The corrected
time is accordingly given by

dO - dcor

c (5.12)

tocor =00t
This corrected ty o is used for the calibrations but not for the 3¢ esti-
mation as it assumes 3 = 1. For By instead the corrected distance is
directly used in the calculation, as

dCOI’

foc+dy’ (5.13)

Beor =

This ensures that the additional path length is also assumed to be trav-
elled with the correct 8. The effect of the correction can be seen in the
second row of Figure 5.34. While in data almost no residual bias is left, a
strong n dependence is still visible in simulation due to mis-modeling of
n-dependence of the timing.

To account for the residual bias an additional n dependent correction is
applied on top, separate for data and simulation. The t, distribution is
therefore split into bins of  as shown in Figure 5.35 (right). Each slice is
fit first with a Gaussian in the range mean minus RMS to mean plus RMS
and afterwards refit with a Gaussian using the mean of the first Gaussian
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Figure 5.38: The t; distribu-
tion as function of the energy
deposit Ep; per cell with the
profile superimposed for data
(left) and simulation (right).
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plus/minus the sigma of the first Gaussian as range. The mean of the
final Gaussian is directly used as calibration constant and superimposed
as profile in Figure 5.35. The results after applying both the distance and
the n correction on data and simulation are shown in the last row of Fig-
ure 5.34. As expected for both data and simulation no residual ty bias as
function of 5 is visible.

The overall ty distribution with and without the n corrections applied for
muons in data is shown in Figure 5.36. With the 7 corrections the resolu-
tion of the timing measurement can be improved by roughly 5% and also
the mean of the t; distribution is closer to 0 ns after the correction. Also
for the t; resolution measured with charginos similar effects are visible
as shown in Figure 5.37. As expected the effect on the resolution is larger
(14%) as the n bin-wise correction is larger due to the mis-modelling of the
n dependence. Also in simulation the mean of the ty resolution is closer
to the expected 0 ns.

Energy correction It was found that the timing distribution depends on
the energy deposited in each cell. To correct for this dependence a similar
approach as in the n-correction is made. The ¢y is drawn against Ej; as
shown in Figure 5.38. The binning is chosen to have reasonable statistics
in each 7 slice for data as well as for simulation. Each slice is fitted as
described for the n correction and the mean of the Gaussian is used as
correction. This correction is done separate for each ¢-projected cell and
separate for data and simulation. The effect on the final ty distribution is
shown in Figure 5.39. While the mean of the distribution stays the same
a slightly better resolution can be observed.
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Cell-wise correction (data) To account for desynchronisation of single
Tile Calorimeter cells calibration constants are estimated for each indi-
vidual cell. This correction is only applied in data as such effects are
not included in simulation. The calibration constants are obtained as the
mean of a Gaussian fit to the ¢y distribution in the region mean of the his-
togram plus/minus the RMS as shown in Figure 5.27 (left). The observed
mean is then subtracted from the measurements in the respective cell
to correct for these possible desynchronisations. The observed means
of the ty distributions are shown in Figures 5.40. Overall most of the Tile
Calorimeter cells are within 200 ps around 0 ns as can be seen also from
Figure 5.41. Nevertheless some regions show a constant shift, e.g. the
wedge ¢ = —0.15 which has a constant bias of about 0.5 ns for all three
layers in the extended barrel. Also some larger bias for individual cells of
up to 2 ns can be observed. The impact of this calibration on the ¢, distri-
bution can be seen in Figure 5.42. The impact on the overall distribution is
rather small but this is nevertheless an important calibration as it ensures
that no desynchronised cells corrupt the time-of-flight measurements in
the Tile Calorimeter and fake out-of-time particles.

Run-wise correction (data) Ithasbeen observed that the ty-distributions
of all Tile Calorimeter hits feature a run-dependent mean deviation from
zero, which is attributed to a desynchronisation between the LHC clock,

105

Figure 5.39: The ¢, distribu-
tion with and without the ad-
ditional energy correction for
muons in data.
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Figure 5.41: The distribution
of the mean < ty > values
observed in the individual Tile
Calorimeter cells.

Figure 5.42: The ty distribu-
tion with and without the
additional cell-wise correction
for muons in data.
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Figure 5.43: The mean of the
to distributions per ATLAS run.
The dashed line separates the
runs from 2015 and 2016.

Figure 5.44: The t; distribu-
tion with and without the
additional run-wise correction
for muons in data.
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derived from the RF cavities at LHC Point 4, and the actual time of the col-
lision within ATLAS, caused by the influence of weather on the fibre that
transmits the signal to ATLAS. For the Tile Calorimeter a per run correc-
tion is applied based on the mean of all calorimeter time measurements.
The mean is obtained similar as for the cell-wise correction from a Gaus-
sian fit of the ty distribution of all measurements in a given run. These
calibration constants, as a function of the ATLAS run, are shown in Fig-
ure 5.43. In 2015 the fluctuations are slightly larger with about 400 ps,
while in 2016 except for the first runs a very stable timing was observed
with fluctuations of less than 200 ps due to an improved online moni-
toring of the timing. The effect of this correction on the overall timing
measurement is shown in Figure 5.44. Also for the run-wise correction
almost no difference in the overall distribution is observed, which is ex-
pected as the majority of the data are taken in 2016 where the timing was
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very stable. Still this correction is necessary as it ensures a stable timing
over the whole data taking period.

Smearing (simulation) It was observed that the resolutions of ty in sim-
ulation (Z — uu) and data have a discrepancy in their behaviour as a func-
tion of the energy deposit as well in the resolution per cell, which can be
seen from Figure 5.45. Those figures are produced similar to Figure 5.36
for the energy correction, but instead of the mean the width of the Gaus-
sian fit per E; bin is drawn. The resolution is estimated separate for the
high- and low-gain signals (high-gain <20 GeV < low-gain), but for the low-
gain signals only a single energy bin (20 GeV — 40 GeV) is used due to the
limited statistics. The differences between the cells are mostly due to the
geometric shape. It is hence possible to increase the statistics for those
figures by, besides using the ¢-projected cells, also combining both sides
of the detector, so e.g. cell -A8 and A8, as they have the identical shapes.
For most of the cells a similar shape of the resolution as function of £
for both data and simulation was observed but with the resolution be-
ing underestimated in simulation (Figure 5.45 upper). But in some cases
an unphysical rise, as e.g. shown in Figures 5.45 (lower), was observed.
This behaviour was investigated and checked for any dependencies that
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Figure 5.45: The timing reso-
lution as function of the en-
ergy deposit Epe for high-
gain signals from two differ-
ent ¢-projected Tile Calorime-
ter cells. The two sides of the
detector are also combined to
increase the statistics, so e.g.
cell -A8 is combined with A8.
The a parametrisation (blues)
is superimposed on the mea-
sured values and also the fit
parameters are given. The
figures on the left show the
resolution for muons in data,
while the ones on the right the
resolution for muons from
simulated Z — pu events.
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Figure 5.46: The final t, distri-
bution for muons in data and
simulated Z — pu events af-
ter the smearing.
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could cause unexpected correlations for the analysis (e.g. 1, ¢, p). As no
correlations were observed, and in particular no correlations with the ob-
servables used in the candidate selection (e.g. p and ty), this rise is simply
washed out by applying the correct smearing as function of E,;. The un-
certainty is parametrised for high-gain hits in data using Equation 5.14
[134], while for simulation an additional tan~" term is added to account
for the unphysical rise for higher £, (see Equation 5.16).

7o = /P8 + (93 VER + (032 514

ot = \/P} + (0 /VER + (p3/E)2 + tan (€ + p3)pa — ps (5.15)

Equation 5.14 consists of a constant term, a statistical term vE and a
noise term E. For low-gain signals only one bin is used and the resolution
is hence only estimated from the value of this single bin. The smeared
to smear iN Simulation is then estimated with

to smear = to + Random.Gaus <O, \/Ucziata(Ehit) — Uszim(Ehit)> . (5.16)

It was observed that for some very rare cases the resolution in simulation
is slightly worse than in data. As this is rare and also the differences are
small no correction is applied for those cases. The final t, distribution
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after the smearing for simulation and data after the Z — uu pre-selection
is shown in Figure 5.48. A good agreement in the core of the distribution
is observed while in the tails simulation underestimates the fraction of
outliers by about 20%. As in this analysis simulation is only used for the
signal samples and not for the background only a good agreement in the
core of the distribution is relevant. The reason is that final signal distribu-
tion is the timing resolution folded with the truth spectrum. So to have
any effect on the signal efficiency the HCLLP candidate has to be close to
the 3 requirement for the signal region and in the tails of the resolution.
The effect on the signal efficiency was studied by folding the data and the
simulation resolution with the truth spectrum and evaluating the differ-
ence in the fraction of candidates surviving the § requirements used in
the analysis. In any case the effect was found to be less than 1%. Com-
pared to previous analyses [101, 103] the agreement between simulation
and data is significantly improved as for the first time both energy- and
cell-wise effects are simultaneously taken into account for the smearing.
The final ty resolution for charginos is shown in Figure 5.47. The resolu-
tion for charginos after the smearing is slightly worse than the resolution
for muons. This is expected as the bulk of the charginos samples has
rather low masses and as argued for the dE/dx measurement they are
close to the minimum of the ionisation energy loss. As muons are already
in the relativistic rise of the Bethe-Bloch formula they are expected to
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Figure 5.47: The final t, distri-
bution in simulated events of
direct chargino production af-
ter the smearing. A combined
sample of charginos with
masses between 200 GeV and
1500 GeV is used.



112

CHAPTER 5. SEARCH FOR HEAVY CHARGED LONG-LIVED PARTICLES

have a slightly higher energy loss in the Tile Calorimeter and accordingly
a better timing resolution.

Uncertainty and pull correction The uncertainty of the t, measure-
ment in data that was used to estimate the smearing is also used to cal-
culate the uncertainty of the g measurement. For each Tile Calorimeter
hit an uncertainty depending on the cell and the energy deposit can be
evaluated. As the uncertainty on the distance of the measurement is al-
most negligible, the uncertainty on the inverse 5 measurement can be
calculated with

041 = CUtO(CZ”' Ehi) (5.17)
To validate and correct the estimated uncertainty of the single hits the
pull distributions are considered separate for data and simulation. The
pull is defined as

1 /ﬁreco -1 /Btrue

0'6—1

pull = (5.18)

with Byye = 1 for muons traveling basically with the speed-of-light, if tak-
ing into account the timing resolution achieved with the Tile Calorimeter.
For a perfect g and o3 measurement the pull distribution would match
a Gaussian with a width of one and be centered around zero. The pull
distributions for data and simulation are shown in Figure 5.48. For data
the distribution is in almost perfect agreement with a unit Gaussian, the
width is only off by 1.6%. As the 1.6% are statistical significant they are
taken into account as constant scaling of the uncertainty. For simulation
a slightly larger effect of about 5% is observed and also used as scaling
on the uncertainty. Both pull corrections are significantly smaller than for
previous analyses (11% [101]) and hence support that the estimation of
the uncertainties is improved.

Final distributions The single hit t; and /3 resolution for the Tile Calorime-
ter are shown in Figures 5.49. The resolution per cell is obtained as the
width of a Gaussian fitted to the ty or  distributions, respectively. The
Figures also illustrate the shape and relative size of the cells. For the t
the dominant factor is the size or more precise the path length of the
tracks in the cell. The length of the track in the cell is roughly propor-
tional to the energy deposit for minimum ionising particle. And as the ¢,
resolution is dependent on the energy deposit it is expected that the res-
olution is worse for smaller cells. The worst timing resolution is found for
cells £A13, which are not the smallest cells. The reason for the resolution
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being worse there is, that due to the angle to the IP, many particles are
traversing the cell only with a small path length in the cell. The best tim-
ing resolution is indeed for the cells with the largest path lengths, which
are the stacked cells in sampling 13 that are oriented along the expected
particle paths and for the largest cells +D6. For the g resolution the de-
pendence of the resolution on the distance of flight (Equation 5.7) can
clearly be seen, as the resolution follows the distance circles. The best
3 resolution is hence achieved with the outermost cells in the extended
barrel, cells +D6.
The final ty distribution after all previously discussed corrections applied
compared to the uncorrected distribution is shown in Figure 5.50. The
main contribution to the improved resolution comes from the n depen-
dent correction but nevertheless also the other corrections are needed
and important to achieve a trustable timing measurement in the Tile
Calorimeter.
The combined Gy is estimated using Equation 5.6 from the single 5 mea-
surements as a weighted average, using the inverse of the uncertainties
as weights. Two further important variables that can be estimated for the
combined fr ¢ are the combined uncertainty (Equation 5.7) and the con-
sistency between the individual measurements. The consistency of Npjs
measurements is defined as the probability of a x? for NdoF = N — 1
degrees of freedom, with

=35 o =P 5.19)
i=1 B!

Both the uncertainty of the combined jr, ¢ and the consistency between
the measurements are important quantities to ensure a good quality of
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Figure 5.48: Pull distributions
for the individual timing
measurements  with  the
Tile Calorimeter. The dis-
tributions are fitted with a
Gaussian in the range mean
plus minus one RMS. The left
distribution shows data while
the right simulateed Z — up
events.
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Figure 5.49: The timing (upper) and S (lower) resolution for each Tile Calorimeter cell. The form of the boxes illustrates the shape of the respective Tile Calorimeter cells and the
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Figure 5.50: The final ty distri-
bution after all correction ap-
plied compared to the uncor-
rected tg for muon in data.

Figure 5.51: The combined
Bre distribution measured
with muons ina Z — uu se-
lection in data and simulated
Z — upp events. As the res-
olution has some n depen-
dance due to the different tra-
versed detector systems an 7
re-weighting is applied to this
plot to ensure the same 7
composition in data and sim-
ulation. [5]



116

CHAPTER 5. SEARCH FOR HEAVY CHARGED LONG-LIVED PARTICLES

the measurement and can are used for the pre-selection of HCLLP candi-
dates.

The final Sy ¢ distribution for data and simulation is shown in Figure 5.51.
A good agreement between data and simulation is observed, which is due
to the improved estimation of the uncertainties. The resolution achieved
for the combined Sr¢ is 0.068. This is a 14% improvement to the reso-
lution achieved in the Run-1 analysis (o3 = 0.079[97]) and 6% better than
the resolution achieved for the first Run-2 analysis (o3 = 0.072), which
was also part of my work. This analyogsis hence achieved the best ¢
resolution for muons in ATLAS so far.

Timing validation with muons from satellite-satellite collisions

The LHC uses a 400 MHz RF system which means that buckets exist sep-
arated by 2.5 ns. In 2015 and 2016 the main bunches are separated by
25 ns but due to imperfections in the injection process also side buck-
ets get filled, from now on referred to as satellite bunches. As the SPS is
driven by a 200 MHz RF system [135] only satellites seperated by multi-
ples of 5 ns get filled with significant populations, where the £5 ns satel-
lites are the most dominant ones. For the latter the population is sup-
pressed by roughly O(10-3), which means that the collision rate of (+5
ns) satellite-satellite bunches is suppressed by O(10~°). The suppression
of the population of the satellites can be seen in Figure 5.52. This figures
shows measurements of the bunch populations in early LHC runs (2011)
using a longitudinal density monitoring. Those measurements were per-
formed with the LHC running at a 50 ns bunch spacing. But as migrations
of the following bunch crossing to the 5 ns satellites are rather unlikely
they can nevertheless be used to give at least a rough estimate of the ex-
pected suppression of satellite-satellite collisions with respect to central
collisions.

The particles produced in those satellite-satellite collisions can be used,
if identified, to validate the performance of the detectors for real out-of-
time signals. It was shown that the LAr calorimeter is capable of iden-
tifying electrons from satellite-satellite collisions [136]. For the valida-
tion of the timing measurements for minimum ionising particles with the
Tile Calorimeter muons have to be identified to originate from satellite-
satellite collisions, which has two major difficulties. Muons, as they are
minimum ionising, release significantly less energy in the Tile Calorime-
ter cells than electrons in the LAr calorimeter. As the timing resolution is
strongly energy dependent, as can be seen from Figures 5.45, a worse
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timing resolution is expected. The particles originating from satellite-
satellite collisions are, similar as the particles from the central collisions,
expected to be produced with almost the speed-of-light. This means that
there is no gain in resolution by being further away from the production
vertex as for the velocity measurements of slow moving particles. So the
slightly worse timing resolution in the Tile Calorimeter compared to the
LAr calorimeter is a further complication. The overall timing resolution
for the single hits is shown in Figure 5.53. The tails at +5 ns are only
suppressed by O(102) which completely hides all potential signals from
muons produced in satellite-satellite collisions which are expected to be
suppressed compared to the central collisions by O(1078). This means
that the intrinsic timing resolution of single ATLAS Tile Calorimeter mea-
surements is not sufficient to resolve satellite-satellite collisions even af-
ter all previously mentioned calibrations.

To identify muons from satellite-satellite collisions a new method, com-
bining the individual timing measurements to a combined timing per muon
and afterwards rejecting candidates with bad resolution or timing mea-
surements that are not consistent with each other, was developed. The
combined tj is calculated as

N
i toi/og,

to, comb = (5.20)
Y1/,

from the single measurements and the estimated resolution per hit. For
this combination it is assumes that the muons are produced late and
travel almost with the speed-of-light, which is the case for muons with
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Figure 5.52: Measurements of
the bunch populations for
some LHC pp fills using a lon-
gitudinal density monitoring.
This scans were performed on
beam 1 in 2011. Fills 2219
and 2222 used the normal
bunch scheme and had only
spontaneously occuring satel-
lites, while fills 2261, 2266
and 2267 used a modified
scheme with enhanced satel-
lites at 25 ns. [137]
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resolution for muons in data
measured with the ATLAS
Tile Calorimeter. The tails at
+5 ns are only suppressed
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a minimum pr of 25 GeV. The combined uncertainty and the x? between
the measurements is obtained using

N 2
1 (t —to3)
2 — 2 _ 2 : 0,comb 0,i
Ut ,comb - Ni and X - f, (5.21)
0 S /02, P o

respectively.The 2D-plane of oy, ... and the probability P(x?% Npjts — 1) is
scanned to find the optimal combination of requirements to suppress
the tails of the resolution sufficiently to resolve the signals from satellite-
satellite collisions. As optimal combination oy, .., < 0.55ns and P(x?, Npjs—
1) > 0.70 was found. The corresponding ¢y distribution is shown in Fig-
ure 5.54. Besides the central peak to side peaks at t; = —4.91 + 0.09 ns
and tg = 5.13 + 0.07 ns are visible. To validate if those side peaks really
originate from muons produced in satellite-satellite collisions potential
correlations in particular with specific detector regions were checked. As
no unexpected correlations were found those side peaks are assigned
to satellite-satellite collisions. The mean position of the side peaks is in
good agreement with the expectation (£+5 ns) taken into account the un-
certainties on the mean. This measurement represents the first validation
of the behaviour of the ATLAS Tile Calorimeter for out-of-time signals in
real collision data. This cross-check is in particular important, as for the
LAr calorimeter some disagreements between the timing at the satellite-
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satellite peaks and the expectation were observed [136]. Besides the
mean value also other observables of the side peaks can be compared
to the expectations. So far no dependence of the timing resolution on
the timing it self was considered or observed. To validate this the width
for the side peaks can be compared to the width of the central peak. Also
the resolution agrees within the uncertainties, between the side-peaks
and the central peak, and hence is in support of an equal timing resolu-
tion for out-of-time signals. Furthermore the size of the side peaks can be
compared to the central peak to get a rough estimate on the population
of the satellite bunches. For the observed side peaks a suppression of
(1.2 £0.1) x 10> for both the left and the right peak are observed which
is slightly above what was expected from the longitudinal density mon-
itoring measurement from 2011 [137]. But as in particular those scans
where done with a bunch spacing of 50 ns, while the data in this analysis
were taken with a bunch spacing of 25 ns a slightly higher bunch pop-
ulation for the satellite is expected, as the subsequent central bunches
are closer. The suppression is in good agreement with the suppression
O(10~2) obtained for electrons from satellite-satellite collisions with the
LAr calorimeter [136].

Overall this study represents the first observation of particles from satellite-

satellite collisions with the ATLAS Tile Calorimeter. This is in particular
important to validate the trustability of the timing measurements with
the Tile Calorimeter for out-of-time signals. With more data it might be
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Figure 5.54: The ¢ty distri-
bution for muons requiring
Otpcomp < 0.55 ns and

P(x2,NdoF)>0.70. Be-
sides the central peak
(tomean=0.0740.01 ns,
01,=0.49+0.01 ns)
to side peaks with
(to,mean=-4.91£0.09 ns,
0t,=0.574+0.08 ns) and
(tomean=5.1320.07 ns,

01,=0.474£0.12 ns)  were
observed.
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possible to also resolve the satellite peaks at +10 ns to validate the tim-
ing even for longer delays. Furthermore it should be possible to tag the
muons identified as originating from satellite-satellite collisions to test
the out-of-time behaviour in other sub-detectors. This might be in partic-
ular interesting to test the out-of-time behaviour of muons with the LAr
calorimeter to check whether it is possible to include it in the g measure-
ments for HCLLPs.

5.5.3 Time-of-flight Muon Spectrometer

Besides the Tile Calorimeter also the MDT's and RPC's are used for time-
of-flight measurements to identify HCLLPs. This section gives a short
summary of the calibration of those systems but with a focus on an addi-
tional correction that has to be applied on the RPC timing in simulation on
top of the corrections described in Reference [128]. Similar as for the Tile
Calorimeter the measured observable of the timing measurements is t.
The timing resolution for muons with the RPC's (1.8 ns) and MDT’s (3.0 ns)
are worse than the resolution achieved with the Tile Calorimeter (1.56 ns),
whereas the j resolution is significantly better with the MS systems due to
the additional path length and the larger number of measurements. For
the RPC's twelve hits and for the MDT's about 22 hits in the barrel and 15
hits in the endcaps per muon are expected. Similar pre-selections as for
the Tile Calorimeter calibration are applied on the data used for calibra-
tion, though starting with SlowMuon objects that are matched to muons
reconstructed with a standard algorithm. For the calibrations the muon
selection is used while for the final comparison between data and simula-
tionthe Z — uu selection is used. Separate calibrations are performed for
the MDT's and the RPC's, while for the RPC's also different corrections are
estimated for n- and ¢-strips as they are read out by individual electronics
and optical links.

The first calibration step for the MDT's is a drift-tube calibration. The
mean of the ty distribution for each of the 323 799 drift tubes is estimated
and used as calibration constant. This ensures a stable timing measure-
ment for the MDT's over the full detector range. The second calibration
step, similar as for the Tile Calorimeter, is run-wise correction which en-
sures the stability of the timing measurement over time. The mean of the
to for all MDT hits in a given ATLAS run is obtained from Gaussian fits and
used as calibration constant. The mean of the ¢t; distribution as function
of the ATLAS-run is shown in Figure 5.55. Compared to the run-wise cor-
rection in the Tile Calorimeter (Figure 5.43) a larger variation over time
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is observed and in particular a the step between 2015 and 2016 is sig-
nificantly larger. The uncertainties of the timing measurements with the
MDT's are obtained as the width of the t, distribution per tube. The final
calibration step on data is a pull correction on the resolution of the single
f measurements. For the MDT's a pull width of 0.92 is obtained and used
as scaling on the uncertainty of the single measurements. To adjust the
timing resolution in simulation to the resolution observed in data the res-
olution per chamber is estimated and used for the smearing due to the
limited statistics in simulation. Unfortunately for a large fraction of cham-
bers the resolution in simulation is larger than in data. For those cases no
smearing is applicable to adjust the resolution. To treat this first a sharp-
ening with a constant scaling of the resolution is applied and in a second
step a random smearing on the sharpened distribution is used to match
the distribution observed in data. The final distribution of the combined
S measured in the MDT's for muons passing a Z — ppu selction in data and
simulation is shown in Figure 5.56. A good agreement between data and
simulation is achieved.

For RPC's first a coarse calibration over time is applied that estimates
mean timing offset for periods with a constant global timing setting for
the RPC's. The mean offset is hence estimated for six data taking peri-
ods and used as calibration constant. The next calibration is a detector-
element-wise calibration, which is ensuring a stable timing measurement
over the full » range. For the RPC's spearate calibration constants are
estimated for each of the 113 478 n-strips and 248 784 ¢-strips. This is
followed by a fine time-dependent calibration, which is obtaining calibra-
tion constants per ATLAS run similar to MDT's and Tile Calorimeter but
separate for n- and ¢-strips. The run-wise offset of the timing for the
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Figure 5.55:  The mean of
the ty distributions measured
with the MDT's per ATLAS run.
The dashed line separates the
runs from 2015 and 2076.
[128]
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Figure 5.56: The combined g
distribution for MDT's in data
and simulation for muons
passing a Z — uu slection.

Figure 5.57: The mean of
the ty distributions measured
with the RPC's per ATLAS
run. The calibration constants
are estimated separate for
n (black) and ¢-strips (blue).
The dashed line separates the
runs from 2015 and 2016.
[128]
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RPC's is shown in Figure 5.57. The distribution of the mean offsets of the
timing resolution is similar to what is observed for the Tile Calorimeter
(Figure 5.43) and hence shows the overall timing miss-alignment between
the ATLAS and LHC clocks, while for the MDT's (Figure 5.55) the desyn-
chronisation of the MDT's itself exceed the overall timing mis-alignment.
For the RPC's the timing uncertainty is estimated from the width of the
timing distribution obtained for the individual strips. As last calibration
step in data also for the RPC's a pull correction on the individual hit o3 is
applied to adjust the timing resolution. For n-strips 0.988 and for ¢-strips
0.978 as width of the pull distribution are obtained and used as scaling
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on the estimated uncertainties. In simulation unexpected features for
the RPC timing are found as separate peaks of the estimated timing reso-
lution per strip, which are not observed in data. The following procedure
is applied: For strips with a resolution smaller than 1.9 ns no correction is
applied, for strips with a resolution 1.9 ns < o, < 2.7 ns the timing reso-
lution is sharpened, and strips with an even worse resolution are masked
and not used for the 8 measurement.

Finally it was observed that the combined RPC resolution as function of n
does not match between data and simulation. To account for this an ad-
ditional correction is applied on top of the previously mentioned adjust-
ments for simulation. Also for this case both resolutions that are larger
in data than in simulation and vice versa are observed. A new method
based on a smearing/unfolding approach was developed as part of this
work, to be able to treat both cases similarly. First the response matrix
is estimated using the sharper of the distributions of data or simulation
and smearing it to the broader. As smearing of the underlying histograms
would be on the one hand time consuming due to the high number of
samplings and on the other hand largely dominated by statistical fluc-
tuations, instead ideal Gaussian functions are used to calculate the re-
sponses with the resolutions estimated from the histograms. Each bin is
filled accordig to

p(Bs, B)) = Gaus(Bs, means, os) x Gaus(B, Bs, \/oF — o), (5.22)

where the sub indices label the values of the smaller (s) or larger (l) Gaus-
sian. The response matrix, shown in Figure 5.58 (left), gives the migra-
tion probabilities between bins due the smearing from the small to the
larger Gaussian. The projection to the y-axis gives an ideal Gaussian with
the larger width and the projection to the x-axis the ideal Gaussian with
the smaller width. Using the ideal Gaussian and the response matrix the
ROOUNfold package [138] can be used to estimate the unfolding matrix.
The method applied is based on the Bayesian unfolding [139], which is
a matrix inversion based on the repeated application of Bayes' theorem.
The inverted matrix is shown in Figure 5.58 (right) using the response ma-
trix (left) and the larger ideal Gaussian as input. Those matrices can be
used to smear or unfold a distribution and are applicable on single mea-
surements. For a given § value, e.g. of a candidate in simulation, the
x-slice corresponding to the given /3 value is projected on the y-axis. From
this projection the corrected  is sampled. The procedure is the same for
smearing or unfolding which is one major benefit of this method, only
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Figure 5.58: The response
matrix for a smearing from
a small to a larger Gaussian
(left). The inverted matrix that
can be used for an unfolding
(right). For the smaller Gaus-
sian a width of 0.015 is used
while for the larger 0.0204.

Figure 5.59: The results of the
smearing/unfolding using the
matrix method described in
the text on a realistic 3 distri-
bution. Also the closure with
first unfolding and afterwards
smearing applied is shown.
The used smearing and un-
folding matrices are shown in
Figure 5.58.
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the correct matrix has to be stored and used. The effect of a smearing
and unfolding and also the closure for applying both after each other on

a realistic 3 distribution are shown in

Figure 5.59. It can be seen that the

smeared and unfolded distributions have a width that is in agreement
with the input we chose (0.015 for the smaller Gaussian). And also the
closure seems to be in reasonable agreement with the input distribution,

but with some deficits in the tails. This is mainly due to the choice of ideal
Gaussians as input for this method. But as mentioned before, the agree-

ment between data and simulation is mostly important in the core region
of the distributions, so no significant problems due to a disagreement in

the tails are expected.
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The disagreement of the g-resolution along n between data and simu-
lation observed for the RPC's is shown in Figure 5.60. For each 7 slice
the resolutions observed in data and simulation are used as input for the
above described method to obtain a correction matrix. Those correction
matrices are then stored and depending on the n of the candidate applied
to correct its .

The combined g distribution measured for the RPC's measured with
muons passing a Z — uu selection in data and simulation is shown in
Figure 5.61. A reasonable agreement between data and simulation is ob-
served and all residual effects are covered by systematic uncertainties.

5.5.4 Combination of time-of-flight measurements

The 8 measurements in the different subsystems are then combined to
the Sror similar to the combinations in the subsystems. Also for the com-
bined fror an uncertainty as well as the consistency between the mea-
surements in the different subsystems, are estimated.

The uncertainties which are used as inverse weights for the combination
are shown in Figure 5.62. The combined uncertainty is to a large extend
driven by the resolution of the RPC's. Furthermore is can be seen that
both the MDT and Tile Calorimeter uncertainty distributions have sepa-
rate peaks in the distributions. For the MDT's this can be explained by a
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Figure 5.60: The relative dif-
ference between the 3 resolu-
tion observed in data and sim-
ulation along 7.
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Figure 5.61: The combined g
distribution for RPC's in data
and simulation for muons
passing a Z — uu slection.
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significant fraction of tubes with a worse timing resolution that are pre-
dominantly located in the end-caps. Furthermore the lower number of
expected hits in the end-caps (15 end-caps, 22 barrel) contribute to the
separation into separate peaks. For the Tile Calorimeter, due to the low
number of expected hits, the separate peaks originate from the number
of hits that are used for the combination. The combined Broe in data
as well as the distributions for the different subsystems measured with
muons passing a Z — pu selection is shown in Figure 5.63. The Sro distri-
bution is mostly dominated by the RPC's which is expected as they have
the best resolution. But the combined resolution is marginally better than
the pure RPC resolution. The reason is that the RPC's extend only up to
In| = 1.15 . For the forward region between 1.15 < |5| < 1.65 MDT's and
Tile Calorimeter can be used for time-of-flight measurements, while for
In| > 1.65 only the MDT's are left.

The final combined Sy distribution for muons in a Z — uu selection in
data and simulation is shown in Figure 5.64. A good agreement between
data and simulation is observed. All residual differences that are visible
are covered by systematic uncertainties. Before the final RPC simulation
correction was applied a significant difference between data and simula-
tion was observed. This was used to study the impact of a bad modelling
on the signal efficiency. The truth distribution was therefore smeared
with either the resolution from data or the resolution from simulation.
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Figure 5.62: The timing un-
certainties for the 3 measure-
ments in the different subsys-
tems as well as for the com-
bined Broe. For the MDT's as
well as for the Tile Calorime-
ter separate bulks of the dis-
tributions are visible.  For
the MDT's those are originat-
ing from tubes with worse
resolution that are mainly in
the end-caps [128] also the
fewer expected hits there con-
tribute. For the Tile Calorime-
ter this structure is mostly
dominated by the number of
hits that are used for the com-
bination.

Figure 5.63: The combined
Bror distribution together with
the distributions for the dif-
ferent subsystems. The com-
bined Bror is mostly domi-
nated by the Brec and is in par-
ticular not significantly bet-
ter than the pure Brpc. The
reason is that the RPC's only
cover the |n| range up to 1.15
and hence for the remaining
fiducial volume only the Brie
and Bupr are available.
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On the obtained distributions the final selection cuts on 3 are applied
and the differences in the fraction of rejected candidates are compared.
It was found that the impact was below 1.5% in any case. The impact is
so low because the reconstructed g distribution is completely dominated
by the truth spectrum. This means that as long as simulation is only used
for the signals and not for the background the analysis is stable against
mis-modelling as far as no strong correlations to important variables like
momentum are involved.

5.6 Event Selection

In this section the event selection applied in the search for HCLLPs will be
introduced. First the two types of triggers used, £t and muon triggers will
be discussed together with the expected efficiency to select events con-
taining HCLLPs. The final part describes the event cleaning that has to be
applied to ensure that the detector was fully operational while recording
the event. This is of particular importantce as malfunctions of the detec-
tor could potentially fake some HCLLPs in particular if they are related
to some desynchronisation between the detector systems and the LHC
clock.

5.6.1 Missing-transverse-energy trigger

One trigger type used for the searches for HCLLPs are Fr triggers. The £t
triggers are used for all different signal region in contrast to the single-
muon triggers, which are not applied in the MS-agnostic selection. In
principle events with HCLLPs feature no direct source of £t except for
associated productions with neutral LLP’s, as e.g. X?EX?. And also those
cases give no rise to large £t on Level-1 as there the F7 is solely estimated
from the calorimeters, where HCLLPs are expected to release only mod-
erate energy deposits. The reason why events with HCLLPs still can be
selected by F7 triggers are QCD radiations from the initial or final states.
Those jets can be seen in the calorimeters and, as the rest of hard inter-
action is invisible, lead to a significant imbalance in the event and hence
give rise to 1. For charginos and staus no QCD FSR is expected as they
are colour-singlets, but also for R-hadrons hard FSR jets are suppressed
as discussed in Section 4.2. Hence, mainly ISR jets contribute to the £t
seen on Level-1, and allow to trigger the events.

To deal with the increasing instantaneous luminosity the thresholds on
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Figure 5.65: The trigger
efficiencies for the different
thresholds of the lowest
unprescaled ,E/T triggers for
R-hadrons (sbottom, stop,
gluino), staus and charginos
with different mass hypothe-

ses. For charginos besides
the direct pair production
xixE channel, also the

associated production X1 X1
is shown. [128]

Table 5.2: The HLT fr
thresholds for the lowest
unprescaled triggers in the
corresponding data taking
periods. Also the integrated
luminosity recorded by the
ATLAS detector in the given
periods is stated.
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the HLT for the lowest unprescaled triggers had to be adjusted several
times during the data-taking periods that are considered in this analysis.
The different thresholds together with the ATLAS runs for the respective
periods are summarised in Table 5.2. On Level-1 the same threshold of
50 GeV was used for the whole data-taking period considered in this anal-

ysis.

Run numbers

Luminosity [fb~]

HLT F7 threshold [GeV]

276262 - 284484
297730 - 302827
302919 - 303892
303943 - 311481

3.2

6.1

6.5
20.3

70
90
100
110

The trigger efficiencies for the different thresholds of the lowest un-
prescaled Fr triggers for R-hadrons (sbottom, stop, gluino), staus and
charginos with different mass hypotheses are shown in Figure 5.65. For
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the R-hadron signals in the lower mass range the efficiency is increasing
with mass reaching a plateau at a sparton mass of roughly 1 TeV. For
gluino masses higher than about 1.5 TeV the trigger efficiency is degrad-
ing. The increase in efficiency is due to the increased momentum of the
colliding partons that is needed to produce the heavier sparticles. The
increased momentum results in an increase of the phase space for gluon
radiation with larger momenta. Hence harder ISR jets and larger £ are
expected for higher momentum transfers in the hard collision. For a par-
ticle mass of about 1300 GeV it is more likely that the valence quarks
carry the required momentum fraction of the protons to produce the
spartons. This is obtained from a back-of-the-envelop calculation taking
the crossing of the PDFs for gluons and quarks (x =~ 0.2) from Figure 3.3
and multiplying it with the momentum of the proton (6.5 TeV). This gives,
as two spartons have to be produced, a rough estimate for which mass
the quark-quark initial states will take over. This assumption breaks if the
production channels via gg or gq initial states are largely suppressed. The
initial state is important for the expected ISR as gluons are doubly colour
charged and hence have an increased probability for ISR radiations due
to the larger colour factors. This is in agreement with what can be seen
for the trigger efficiencies as for masses of about 1.3 TeV the plateau is
reached. This argument can be further validated by estimating the frac-
tion of events that are produced from a gg initial state which is shown in
Figure 5.66.
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Figure 5.66: The fraction
of events produced from a
gg-initial state for different
mass hypotheses of directly
pair-produced  stop-quarks
and gluinos. The fraction of
events produced from qq
initial state is one minus the
fraction of gg-initial states.



132

Table 5.3:  The HLT single-
muon thresholds and muon
isolation requirements for the
lowest unprescaled triggers in
the corresponding data taking
periods. Also the integrated
luminosity recorded by the AT-
LAS detector in the given pe-
riods is stated. The isolation
requirements used are loose
(), medium (m) or varmedium
(vm).
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Run numbers Luminosity [fb~'] | Muon threshold [GeV] | Isolation
276262 - 284484 3.2 20 I
297730 - 300279 0.5 24 I
300345 - 302872 11.0 24 m/vm
302919 - 304494 3.4 26 m/vm
305380 - 311481 18.0 26 vm

It can be seen that roughly at 1.3 TeV about 50% of the events are pro-
duced from a qq intial state, while for the low masses about 90% of the
events have a gg inital state. It can further be seen that the fraction of
events produced from a gg inital state is smaller for stop quarks than for
gluinos. This is the reason why the trigger efficiency is generally lower for
squarks than for gluinos.

For staus and charginos the same increase in trigger efficiency with the
mass of the sparticle is observed. Which can also be explained by the
enhanced phase space for ISR radiations. But in general the £t trigger ef-
ficiency is lower than for colour-charged sparticles. This can be explained
as direct stau and chargino productions are at tree-level only possible
from qq initial states. This is, as discussed before, lowering the probabil-
ity of an ISR radiation.

For meta-stable particles the F; efficiency can be significantly increased
when the decay occurs before or within the calorimeters and the decay
products contribute to an imbalance in the event. This is model specific
as it depends on the type of the decay products as well as on the available
phase space for the decay products. For the meta-stable gluinos consid-
ered in this analysis, the decay to a neutralino (mx? = 100 GeV) and two
quarks is assumed. The large mass difference between gluino and neu-
tralino gives rise to hard jets and hence significantly increases the trigger
efficiency if the particle decays before or in the calorimeters.

5.6.2 Single-muon trigger

Single-muon triggers are in contrast to the F7 triggers not used for the MS-
agnostic selection as the efficiency depends on the fraction of R-hadrons
charged in the MS and hence on the modelling of the hadronic interac-
tions from which this signal channel is aiming to be independent. For all
other signal channels both the lowest unprescaled £ and muon triggers
are used. The muon triggers directly detect HCLLPs if they reach the MS
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in time. For the muon triggers it is in particular problematic if the HCLLPs
are too slow as they might be associated to the wrong bunch crossing. A
new trigger that is now implemented in the ATLAS trigger menu, but was
not at the time of the data taking for this analysis, is designed to achieve
a better trigger efficiency for slow HCLLPs. This late-muon trigger [120]
combines an £7 trigger accept in the central bunch crossing with a muon
accept in the following bunch crossing by the topological trigger proces-
sor. This allows to lower the F7 threshold on Level 1, which is crucial for
HCLLPs as discussed in the previous section, and hence increases the ef-
ficiency for slow HCLLPs.

Also for the single-muon triggers the threshold and isolation requirements
on the muons on HLT have been adjusted to account for the increased in-
stantaneous luminosities and the associated increased occupancy of the
detector, as can be seen from Table 5.3. The Level-1 threshold is 15 GeV
for all periods used in this analysis.

The trigger efficiencies for the different lowest unprescaled single-muon
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Figure 5.67: The trigger
efficiencies for the different
lowest unprescaled singel-
muon triggers for R-hadrons
(sbottom, stop, gluino),
staus and charginos with
different mass hypotheses.
For charginos besides the
direct pair production X?EX?:
channel, also the associated
production xix is shown.
[128]
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triggers for R-hadrons (sbottom, stop, gluino), staus and charginos as
function of the truth sparticle mass are shown in Figures 5.67. All dif-
ferent signal models show a decrease in efficiency for higher sparticle
masses. As HCLLPs are slower the higher their mass, it becomes more
and more likely that the muon trigger accept is associated to the wrong
bunch crossing. On HLT no corresponding ID extension can be found as
those hits are associated to the central bunch crossing, the event gets re-
jected. In general a significantly lower muon trigger efficiency is observed
for R-hadrons as they can be produced neutral or undergo charge-flips.
As discussed in Section 4.5 stops are more likely to be charged in the MS
than sbottoms, if the simulation of hadronic interactions is based on the
Triple Regge approach. This effect is clearly visible in the increased single-
muon trigger efficiency for stop quarks. The trigger efficiency for pair-
produced charginos (ﬁ;ﬁ) is higher compared to the associated pro-
duction (x5°x9), as two HCLLPs are present and able to trigger the event.
The higher trigger efficiency for pair-produced staus compared to pair-
produced charginos can be explained from their kinematic distributions
shown in Figure 4.3. Charginos are produced more in the forward direc-
tion and softer compared to staus. The distance to the MS trigger cham-
bers is longer in the forward direction and as charginos are also softer
they are more likely to be associated to the wrong bunch crossing. Also
effects that they are out of the trigger fiducial volume can have a small
impact.

5.6.3 Event cleaning

All events that are selected by one of the triggers described in the pre-
vious sections has to pass quality requirements that ensure a fully op-
erational detector and no corruptions from possible non-collision back-
grounds. Some of the detector subsystems can have defects that could
effect the recorded data. The ATLAS Data Quality team is therefore pro-
ducing Good Runs Lists (GRL) which flag O(1min) time intervals, so called
lumi-blocks, as trustworthy data if no defects are reported. Furthermore
it is required that none of the Tile Calorimeter, Liquid Argon calorimeter
and SCT have flagged the event as bad. This is done on the single event
basis and ensures no corruption of the data from the respective detectors
in this event. Events can be incomplete after a restart of the ATLAS Timing
and Trigger System (TTC), also those events are rejected. Jets originating
from non-collision backgrounds can be present in the events and corrupt
the £t estimation. Those jets are selected as described in Reference [140],
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ID track

+Tile Calorimeter hits SlowMuon

Common track-selection:
- pt-thresholds
- ID hit requirements
- isolation (track, hadron, electron)
- cosmics and Z veto

Loose candidate:
- combined-B quality
- B-By consistency

ID+Calo candidate:
- By quality Pixel
- B quality TileCal

Tight candidate:
- combined-B quality
- B-By consistency

- n<1.65 - n<2.0 (< 1.65 for R- - B from >1 subsystem
had full) - dE/dx cut
- n<1.65

and if present in an event the whole event is rejected. Selections aiming
to reject particles from the beam halo’ are excluded from the jet clean-
ing as they are likely to select jets from the decay of meta-stable HCLLPs.
Those selections require that almost all the energy of the jet is released
in the hadronic calorimeters. In particular events with neutrally produced
R-hadrons which decay in the hadronic calorimeter could be rejected. Fi-
nally the events are required to have a Primary Vertex (PV)? with at least
two associated tracks.

5.7 Candidate Selection

Three different types of candidates are considered in this analysis. Events
are rejected if no candidate passing one of those selections is in the event.
The three different candidate types are 1p+caLo candidates as well as
roost and ticHT full-detector candidates, which are reconstructed with
the MuGirlStau algorithm. The candidate pre-selection strategy is illus-
trated in Figure 5.68. First a common pre-selection is applied on the ID
tracks for both 1p+caro and full-detector candidates. This common track
pre-selection is harmonised also with the analysis using only the ionisa-
tion energy loss in the pixel detector to identify HCLLPs [127], to allow
a better comparison between the results. Requirements applied in this
selection are track quality requirements, requirements on the isolation
from other detector objects and cuts aiming to suppress dedicated back-
grounds like cosmic-ray muons and muons from Z-boson decays. The
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Figure 5.68: lllustration of the
strategy for the HCLLP candi-
date pre-selction. To differ-
ent types of objects are con-
sider, an ID track with as-
sociated Tile Calorimeter hits
and a SlowMuon object as
described in Section 5.4. A
comon selection is applied on
the ID tracks for both ob-
jects. This selection is also
harmonised with the analysis
using only the ionisation en-
ergy loss in the pixel detector
to identify HCLLPs [127], to al-
low for a better comparison
of the results. The selections
applied separately on the dif-
ferent candidate types are
mainly quality requirements
on the main observables used
to identify the HCLLPs.

TParticles from the beam
halo are particle that are fly-
ing along the beam line, but
with some distance the beam
pipe. They originate from
main beams but are deflected
due to imperfections of the
magnets.

2The primary vertex is de-
fined as the vertex with the
highest sum of squared trans-
verse momenta of associated
tracks.
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Table 5.4: The requirements
on the ID tracks used in com-
mon for all different candi-
date types.
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dedicated pre-selection parts for the different candidate types are mainly
quality requirements on the observables used for the identification of
HCLLPs. Stronger requirements are placed for the TiguT compared to
Loosk. The different selections will be discussed in detail in the following
sections.

5.7.1 Common track selection

The different selection criteria on ID tracks applied in common to all dif-
ferent candidate types are summarised in Table 5.4 and will be discussed
in detail in the following.

Description Value

Minimum transverse momentum plreck > 50.0 GeV

Sensible momentum

Track matched to PV

At least seven silicon hits

No shared or split pixel clusters

At least three possibile SCT clusters

0.0 TeV < prack < 6,5 TeV
|Zgsinf] < 3mm, |dp| <2 mm

hits
NSilicon >6

shared split _
N pix + Npix 0

hits+dead
NSC T >2

Isolation from tracks P < 5GeV

Hadron&electron veto if Eepcalo/Ecato > 0.95 O Ecgio/Perk > 1

Hit in innermost pixel layer Ngjf;f,nne,most >0

Cosmic veto if Q(cand) - Q(trk) < 0 &
‘ARcosmics| <0.04

Z veto if I[mjn (cand, u) — mz| < 10 GeV

Minimum transverse momentum A minimum transverse momentum
of 50 GeV is required. This is in particular important for the 1p+caLo selec-
tion as during the data-taking periods used in this analysis the pt thresh-
old for the association of Tile Calorimeter cells to ID tracks was lowered.
To ensure a uniform data set the higher pr threshold is applied to all data.

Sensible momentum The absolut momentum for pair-produced parti-
cles is limited to 6.5 TeV for proton-proton collisions at a centre-of-mass
energy of 13 TeV. This is used as upper physical boarder for the momen-
tum of the candidates.
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Track matched to primary vertex The track is required to be matched
to the PV using the longditudinal (|zo sin ] < 3 mm) and transverse (|dp| <
2 mm ) impact parameter. As HCLLPs are expected to have large mo-
menta they should originate from the PV. Requiring the match to the PV
is mainly used to suppress particles from pile-up collisions. Furthermore
particles produced in displaced decays could be problematic as they are
delayed due to the additional path length.

ID hit requirements To ensure a well reconstructed ID track certain re-
quirements on the number of hits in the different ID subsystems are used.
Tracks are rejected if the sum of the hits in the pixel detector and in the
SCT is less than seven. Furthermore the track is not allowed to have clus-
ters shared with other tracks and the number of possible SCT clusters
should be larger than two. The number of possible SCT hits is the sum of
SCT hits and dead sensors on the track.

Isolation from tracks The sum of the pr of tracks within a cone of AR =
0.2 around the candidate track is required to be less than 5 GeV. This
is mainly important to ensure that no other particles corrupt the timing
measurements in the Tile Calorimeter cells as they could potentially hit
the same cell.

Hadron and electron veto This veto rejects candidate tracks that could
be matched to an electron or hadron. The candidate is rejected, if the
nearest calorimeter object within a cone of AR = 0.05 and with a pr
> 20 GeV is identified as electron or hadron. The object is identified as
electron if 95% of its energy deposit is in the EM calorimeters, whereas
the object is classified as hadron, if the energy in the calorimeters (Ey0)
is larger than the momentum of the candidate. Hadrons are produced in
jets, for which a significant energy fraction is carried by neutral hadrons
that contribute to the energy deposit in the calorimeters but are not visi-
ble in the tracker.

Hit in innermost pixel layer A hit in the innermost pixel layer is re-
quired to ensure a good tracking quality. If no cluster is expected in the
IBL the second pixel layer is required to have a cluster.

Cosmic veto One potential source of background for this analysis are
cosmic-ray muons. They are not originating from the collisions and hence
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can be present at any time and may be recorded as out-of-time signals.
In particular in the lower half of the detector they could be registered as
out-of-time particles. They are not slow but out-of-time so the consis-
tency between the g measurements should be very bad. Furthermore
they are expected to be minimal ionising and hence should not have a
large dE/dx in the pixel detector. To further guarantee that the candi-
date tracks do not originate from cosmic-ray muons, candidates are re-
jected if an ID track of a muon with opposite charge is found on the other
side of the detector (back-to-back). The tracks are labeled back-to-back
if ARcosmic < 0.04, which is defined as ARpsmic = V(An)2 + (A¢ — 7)2, with
An the difference in n and A¢ the difference in ¢ between the candidate
and the track.

Zveto One of the main sources for isolated high-pr muons are decays
of Z-bosons. As the main background for this search are muons with mis-
measured § and dE/dx, a dedicated requirement is placed to suppress
muons originating from Z-decays. The candidates are rejected if the in-
variant mass obtained with the highest-pr muon in the event agrees with
the Z-boson mass within a window of 10 GeV. It was also tested to use all
muons in the event, but a significant fraction of signal candidates was lost
due to random combinations with soft muons giving the right mass.

5.7.2 ID+Calo candidates

ID track candidates that have passed the common track pre-selection and
have at least one timing measurement in the Tile Calorimeter are further
required to fulfill the selections described in Table 5.5 to be labeled as
1p+cALO candidate.

Description Value
Tile Calorimeter coverage In| < 1.65
At least two clusters used for dE/dx NgggddE/dx >1
Sensible dE/dx 0 < dE/dx < 20 [MeVg~'cm?]
Sensible By 0.2 < Bygesax < 10
Sensible ﬁTILE 0.2< ﬂT\LE <2

Table 5.5: The requirements

on ID tracks passing the com- Quality Brie 08 < 0.06

mon track pre-selection to be

labeled as 1p+caLo candidate. Consistency Brie p (x?, NdoF) > 0.01
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Tile Calorimeter coverage Candidates are restricted to n smaller 1.65.
The Tile Calorimeter would in principle last until n ~ 1.7. But, as only one
cell would be passed with a short path length, the range is restricted to
1.65.

At least two clusters used for dE/dx To reduce the effects of single
high dE/dx hits from the Landau tail at least two clusters are required
for the dE/dx measurement in the pixel detector. This requirement also
ensures that no single pixel with defects could fake high dE/dx tracks.

Sensible dE/dx The measured dE/dx is restricted to be less than
20 MeVg~'cm? as for higher energy losses the pixel detector is expected
to be in saturation and hence no trustable dE/dx measurement is possi-
ble.

Sensible 3+ For particles with a 8y = 0.2 which correspondstoa g ~ 0.2
particles are expected to exceed the timing window of the ToF measure-
ment with the Tile Calorimeter. Furthermore for lower velocities the effi-
ciency of the ID tracking is expected to drop, as can be seen in Figure 5.10.
To get rid of potential mis-modelling effects in the turn on of the recon-
struction efficiency a minimum requirement of 0.2 on S+ is used.

Sensible 3;,¢ The S;: has to be restricted to be less than 0.2, for the
same arguments as used for the sensible 5~y requirement.

Quality 3¢ Candidates with a combined uncertainty larger than 0.06
are refused to reject candidates with untrustworthy s, ¢ measurements.
The cut value was optimised by applying all requirements but this and
scanning along o3 to data and the signal samples. To be conservative a
cut value is chosen that rejects no significant fractions of the signal events
but as much background as possible. This is in particular important as
op relies on the modelling of correlations with the timing in simulation,
which, as was discussed in the previous section, is not very trustworthy.
The corresponding optimisation study is given in the Appendix A.2.

Consistency (¢ Finally a consistency between the individual Tile
Calorimeter 3 measurements p (x2, NdoF) > 0.01 is required. Besides the
quality aspect rejecting miss-measured muons, this criterion is also able
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Vs=13.0 TeV, 36.1 fb* Vs=13.0 TeV, 36.1 fb*

Data R-hadron m;=2200 GeV
eff.  rel eff. 10° 10" 10° 10° efft. relef. 0 1 2 3 4 5 6 7 8 9 10 11 12
all events 100.00% 100.0% all events 100.00% 100.0%
trigger 31.39% 31.4% 4.48E+08 trigger 39.74% 39.7%
jet cleaning 31.22% 99.5% 4.46E+08 jet cleaning 39.70% 99.9%
GRL 30.34% 97.2% 4.33E+08 GRL 39.70% 100.0%
LAr flag 30.29% 99.8% 4.33E+08 LA flag 39.70% 100.0%
Tile flag 30.29% 100.0% 4.33E+08 Tile flag 39.70% 100.0%
TTC flag 30.29% 100.0% 4.33E+08 TTC flag 39.70% 100.0%
SCT state 30.29% 100.0% 4.33E+08 SCT state 39.70% 100.0%
N‘P(;/sz 30.28% 100.0% 4.33E+08 N:j;’?:z 39.70% 100.0%
candidate ID+Calo 3.66% 12.1% 5.23E+07 candidate ID+Calo 29.10% 73.3%
p"ack >50.0 GeV 2.46% 67.1% 3.51E+07 p"ack >50.0 GeV 23.84% 81.9%
T T
0.0 GeV< p‘"‘Ck <6.5TeV 2.45% 99.9% 3.51E+07 0.0 GeV< p“aCk <6.5TeV 23.31% 97.8%
PV match 230% 93.8% 3.29E+07 PV match 23.25% 99.7%
NrS‘i\lI\Sccn >=7 230%  100.0% 3.29E+07 N*S""ﬁm >=7 23.23% 100.0%
Nehered s \SPIES g 1.97%  85.5% 2.81E+07 Nehered s  \PPIES —g 21.69% 93.3%
Niisedead g 1.97%  100.0% 2.81E+07 Nfisrdead 53 21.69% 100.0%
iso p_<5.0 0.38% 19.1% 5.37E+06 is0 p_<5.0 16.94% 78.1%
T T
hadron, electron veto 0.33% 88.3% 4.74E+06 hadron, electron veto 16.94% 100.0%
hits hits
0.33% 98.1% 4.64E+06 16.57% 97.8%
Npix, innerm(}sl>0 ° ° Np\x‘ lnnermos(>0 ° °
cosmics veto 0.32% 99.7% 4.63E+06 cosmics veto 16.54% 99.9%
Z veto 0.28%  86.6% 4.01E+06 Z veto 16.03% 96.9%
Inl<1.65 0.28%  99.6% 3.99E+06 Inl<1.65 15.99% 99.7%
hits - 9 9 hits _ o, o
Niood deax >=2 0.26% 92.7% 3.70E+06 N e >=2 14.34% 89.7%
sensible dE/dx 0.26%  100.0% 3.70E+06 sensible dE/dx 14.34% 100.0%
0.2< B‘/ <10.0 0.19% 73.8% 2.73E+06 02< ﬁV <10.0 14.28% 99.6%
02<B. <20 0.19%  99.6% 2.72E+06 02<B. <20 14.28% 100.0%
ae % 1.0% + ae 14.11% %
UB <0.06 0.06 31.0 8.44E+05 UB <0.06 98.8
B,,, consistency 0.05% 91.6% 7.73E+05 8., consistency 1357% 96.2%

Figure 5.69: The MS-agnostic selection applied in data (left) and on a signal sample of R-hadrons with a gluino mass of 2200 GeV (right).
A gluino mass hypothesis close to the expected mass limit is chosen. The 1p+caLo is also used in as a fall-back in the full-detector
R-hadron approach as introduced in Section 5.1. The only difference to the MS-agnostic selection is the usage of the single-muon
triggers. The selection requirements are grouped into blocks. The first block are the event selection requirements, the second the
common track pre-selection and the third the 1p+caLo requirements. Beside the (expected) event yields also the efficiency and the
relative efficiency are stated.

to reject out-of-time particles such as cosmic-ray muons. A slow moving
particle is expected to have a larger delay, compared to a particle moving
at the speed-of-light, the longer the distance of travel, while out-of-time
particles moving with the speed-of-light would have the same delay at
each distance. This would lead to an inconsistency between the g mea-
surements at different distanced and hence to a rejection of out-of-time
particles. This cut was optimised in a similar way as the S quality re-
quirement. The optimisation is summarised in Appendix A.2.

The event yields for the MS-agnostic selection applied to data and a sig-
nal sample of R-hadrons with a gluino mass of 2200 GeV are shown in
Figures 5.69. The requirements with the largest drop in efficiency are the
requirement of one 1p+caLo object in the event, the isolation from tracks
and the requirement on the uncertainty of the 5, measurement. The
1D+CALO Object requirement has a significant impact for both data and sig-
nal as it has an implicit requirement on the pr of the object through the
Tile Calorimeter cell association requirements. The reason why the fol-
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lowing pr > 50 GeV requirement still rejects events is that the association
cut was lowered to 25 GeV during the data taking. The MS-agnostic search
uses only £ triggers and hence a lot calorimeter activity has to be present
in the event, which is predominantly caused by jets, as the LHC is an p-p
collider. The isolation from tracks with significant py is effective to reject
candidate tracks that belong to a jet and hence suppresses the according
background significantly. R-hadrons are expected to have larger energy
deposits in the calorimeters than minimum ionising particles due to the
additional hadronic interactions. As this results in a better timing resolu-
tion a relatively hard cut on o3 can be applied which is actively reducing
the background from muons, which are the main source of background
that is left at that point of the cutflow.

For R-hadrons the selection requirements resulting in a significant drop
of the signal efficiency are the 1p+caro candidate requirement and the
isolation-from-track requirement. The 1p+caLo candidate criterion is im-

plicitly reducing the fiducial volume to the area covered by the Tile Calorime-

ter and hence rejecting a significant fraction of R-hadrons. The isolation
requirement for R-hadrons can be problematic as the additional hadronic
activity around the particle is low but not negligible, as discussed in Sec-
tion 4.2.

5.7.3 Full-detector candidates

SlowMuon objects, for which their ID track has passed the common track
selection are considered further for the full-detector candidate selections.
Two different selections are used, the Looske and the TicuT selection. The
TIGHT Selection has the same requirements as the Looskg, but with some
cuts being tightened and an additional cut on the dE/dx from the pixel
detector. The roosk selection will be discussed first and is summarised in
Table 5.6. Afterwards the additional requirements for the TicuT selection
will be described, which are summarised in Table 5.7.

Minimum transverse momentum The threshold for the MuGirlStau
algorithm to be used for the reconstruction of a HCLLP candidate was
lowered from p‘T’””"’e > 60.0 GeV to 30 GeV, at the same time as the cell
association cut was changed for the ID tracks. To ensure that no turn-on
effects have to be considered and to have a uniform dataset without time
dependencies a pr > 70 GeV of the SlowMuon is required.

141



142

Table 5.6: The requirements
on SlowMuon objects for
which their ID track has
passed the common track
selection to be labeled as
Loose candidate.

CHAPTER 5. SEARCH FOR HEAVY CHARGED LONG-LIVED PARTICLES

Description Value

Minimum transverse momentum p?”"b > 70.0 GeV

7 requirement In| < 2.0

At least two two MS stations NMS o > 1

BroF consistency p (x2, NdoF) > 0.0023 (40)
BroF-BYde /dx CONsistency p (x? NdoF) > 0.0023 (40)
Quality fror e < 0.0025

/8 from at least one subsystem Nsrggsystem >0
Sensible Bror 0.2 < BroF < 2

n requirement The yrange for Loose candidates is restricted ton < 2.0,
as the region up to n = 2.5, for witch an ToF measurement from the MDT's
is available, suffers from large backgrounds and is also problematic for
the background estimate.

At least two MS stations To ensure a good quality of the MS track, hits
in at least two stations are required.

B1or consistency The  measurements in the different ToF subsystems
have to be consistent on the 40 level. This is an effective way to suppress
backgrounds due to mis-measurements or outliers in the s distributions
in different subsystems as they are likely to be inconsistent when originat-
ing from independent measurements. Furthermore as discussed for the
consistency between the individual Tile Calorimeter g measurements this
states an effective requirement to reject out-of-time signals. The rejec-
tion of potential out-of-time signals is larger for the Sror consistency due
to the increased distance between the measurements compared to the
Tile Calorimeter only consistency. This cut is optimised in a similar way as
the 3 quality and consistency requirements in the 1p+caLo selection. The
optimisation is summarised in Appendix A.2.

BroF — B7de/dx consistency If a Byqe/qx Measurement exists for a given
candidate it is required to be consistent with the 5 measured by the ToF
measurements on the 4o level. An uncertainty of 14% is used for 8vqe/ax
motivated by simulation and by low-pr proton-mass measurements in
minimume-bias data. This is nevertheless not a very accurate estimation
of the uncertainty and should be investigated in more detail for future
analyses. As the same approach is used for data and simulation this
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is not problematic for the analysis. A similar conservative optimisation
approach as used for the quality cuts discussed before is used and also
shown in Appendix A.2.

Quality Bror An uncertainty on the combined Sror smaller than 0.0025
is required, which ensures a trustworthy measurement. Also this quality
cut is optimised with the approach discussed before and summarised in
Appendix A.2.

B from at least one subsystem At least one subsytem has to yield a
reliable 8 measurement. This is rejecting candidates where timing mea-
surements exist but do not full-fill the requirements mentioned in Sec-
tion 5.5 to give a proper § measurement.

Sensible Bror A 3 value in a sensible range between 0.2 and 2.0 is re-
quired. In principle the MuGirlStau algorithm is not efficient anymore for
B < 0.25. Hence a 8 smaller than 0.2 is not trustable and the candidates
are rejected.

The event yields for the Loosk selection applied to data and a signal sam-
ple of charginos with a mass of 1200 GeV are shown in Figures 5.70. The
main reduction in data is achieved by the SlowMuon object requirement,
which has an implicit pt requirement, and an explicit pr cut. The objects
that are reconstructed as SlowMuons are almost entirely muons as they
are required to have an MS track. The main sources of high-pr muons at
the LHC are Z or W decays and top-quark decays. In particular the de-
cays of Z and W bosons are expected to give muons with a pt lower than
70 GeV as their restmass is basically at the same scale. The muons from
those decays are hence significantly suppressed.

The most interesting drop in signal efficiency for charginos is for the Sror
consistency requirement. The reason why this is rather large for signal is,
that a bug in the estimation of the RPC measurements was found, that
was rejecting significant fractions of the measurements there. This was
found after unblinding of the analysis and hence no re-optimisation of
this cut was possible. Comparing the efficiency of the fror consistency be-
tween data and simulation suggests that it is rejecting more signal than
background. But this is not entirely true as no cuts on a low S are ap-
plied so far and for muons no mis-measurements or outliers in the 3
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Loose full-detector

CHAPTER 5. SEARCH FOR HEAVY CHARGED LONG-LIVED PARTICLES

Vs=13.0 TeV, 36.1 fb*
Data

Vs=13.0 TeV, 36.1 fb*

Loose full-detector

100.00% 100.0%

eff.  rel.eff. 10 10 10 10 eff.
all events 100.00% 100.0% all events
trigger 64.85% 64.8% trigger 45.46%
passed jet cleaning 64.67% 99.7% passed jet cleaning 45.46%
GRL 62.94% 97.3% GRL 45.46%
LAr flag 62.84% 99.8% LAr flag 45.46%
Tile flag 62.84% 100.0% Tile flag 45.46%
TTC flag 62.84% 100.0% TTC flag 45.46%
SCT state 62.84% 100.0% SCT state 45.46%
PV 9 o + PV __ "
NE>=2 62.84% 100.0% 8.98E+08 NEY.>=2 45.46%
SlowMuon candidate 9.95%  15.8% 1.42E+08 SlowMuon candidate 38.35%
p?"d >70.0 GeV 1.08%  10.9% 1.55E+07 p?“d >70.0 GeV 38.32%
pleck >50.0 GeV 1.08% 99.9% 1.55E+07 piack 550.0 GeV 38.320
T T
0.0 GeV< p‘”‘”k <6.5TeV 1.08%  99.9% 1.55E+07 0.0 Gev< plvack <6.5Tev 37.70%
PV match 1.07% 98.8% 1.53E+07 PV match 37.63%
Ngiilliscon = 1.07% 99.9% 1.53E+07 Nfs‘i“hsm - 37.62%
shared hits_ \ splithits _ o - shared hits  splithits _ .,
NG N = 1.00% 93.9% 1.43E+07 [ N = 37.53%
N'S“(‘:s;”ea" >=3 1.00%  100.0% 1.43E+07 Nfs"s;dead >=3 37.53%
iso p_<5.0 0.81% 81.0% 1.16E+07 iso p.<5.0 37.46%
T T
hadron, electron veto 0.81%  99.6% 1.16E+07 hadron, electron veto 37.46%
hits )0/ 0/ 4 hits 0
Noix, innermost™0 0.80%  98.5% 1.14E+07 Not nnermost™0 37.37%
cosmics veto 0.80%  100.0% 1.14E+07 cosmics veto 37.19%
Z veto 0.65% 82.1% 9.34E+06 Z veto 37.07%
Inl<2.00 0.55%  84.1% 7.86E+06 In<2.00 33.73%
two muon stations 0.52%  94.4% 7.42E+06 two muon stations 32.97%
BTBF consistency 0.49%  93.8% 6.96E+06 BToF consistency 29.11%
B,.-By consistency 0.49%  100.0% 6.96E+06 B,.-By consistency 29.11%
gB <0.0025 0.48%  98.2% 6.83E+06 O-B <0.0025 29.11%
TOF 0 0 N ToF
Ngipsysten™0 0.48%  100.0% 6.83E+06 N o0 29.11%
0<2<[3<2_0 0.48%  100.0% 6.83E+06 0-2<B<2-0 29.11%

Chargino m?=1200 GeV

rel. eff. 0 1 2

©
IS
o
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45.5%

100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
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Figure 5.70: The Loosk selection applied in data (left) and on a signal sample of charginos with a mass of 1200 GeV (right). A chargino

mass hypothesis close to the expected mass limit is chosen. The selection requirements are

grouped into blocks. The first block

are the event selection requirements, the second the common track pre-selection and the third the Loose requirements. Besides the

(expected) event yields also the efficiency and the relative efficiency are stated.
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distribution are needed. If cuts on 3 are placed, as can be seen in Ap-
pendix A.2 the consistency requirement becomes an effective criterion as
no real particles with low 3 are expected and hence the measurement is
dominated by mostly inconsistent g outliers.

Description ‘ Value

7 requirement [n] < 1.65

Large dE/dx 1 < dE/dx < 20 [MeVg~'cm?]
8 from at least two subsystems NToF >1

subsystem

The additional requirements on a Loost candidate to be promoted to a
TIGHT candidate are summarised in Table 5.7 and will be discussed in the
following.

n requirement The n requirement is tightened to 1.65. This is also im-
plicitly required by the later described criterion to have g measurements
in at least two subsystems, as the Tile Calorimeter ends at || ~ 1.65 and
the RPC's even more central at |n| ~ 1.15.

LargedE/dx Thetight selectionis only used for SR-1Cand-FullDet, which
is suffering from rather large backgrounds. To increase the sensitivity in
this signal region, which had low sensitivity in previous analyses, an addi-
tional requirement on d£/dx is placed. This reduces the signal efficiency
for the low-mass chargino and stau models, as discussed in Section 5.5.1,
but to a larger extend the backgrounds, and hence helps to increase the
sensitivity in SR-1Cand-FullDet.

(3 from at least two subsystems Finally 5 measurements from at least
two subsystems are required to ensure a better and more reliable mea-
surement and hence reduce the backgrounds from mis-measurements
significantly.

The event yields for the TicHT selection applied to data and directly pair-
produced charginos with a mass of 1200 GeV and directly pair-produced
staus with a mass of 442 GeV are shown in Figures 5.71. Compared to the
Loosk the main difference is the additional cut on dE/dx. It can be seen
that the requirement effectively reduces the events in data by 40%, while
for charginos with a mass of 1200 GeV almost no events are lost. For
staus with a mass of 442 GeV about 10% of the events are lost due to this
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TicHT Candidate.
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_ (s=13.0TeV, 36.1 fb™* ] (s=13.0TeV, 36.1 fb™*
Tight full-detector Tight full-detector

Data Chargino m,=1200 GeV
eff. el eff. 10° 10’ 10° 10° eff.  releff. 0 1 2 3 4 5 6
all events 100.00% 100.0% all events 100.00% 100.0%
trigger 64.85% 64.8% trigger 45.46% 45.5%
passed jet cleaning 64.67% 99.7% passed jet cleaning 45.46% 100.0%
GRL 62.94% 97.3% GRL 45.46% 100.0%
LAr flag 62.84% 99.8% LAr flag 45.46% 100.0%
Tile flag 62.84% 100.0% Tile flag 45.46% 100.0%
TTC flag 62.84% 100.0% TTC flag 45.46% 100.0%
SCT state 62.84% 100.0% SCT state 45.46% 100.0%
Pe>=2 62.84% 100.0% 8.98E+08 PV >=2 45.46% 100.0%
SlowMuon candidate 9.95%  15.8% 1.42E+08 SlowMuon candidate 38.350% 84.4%
p:anu 570.0 GeV 1.08% 10.9% 1.55E+07 p;anu 570.0 GeV. 38.32% 99.9%
pnTrack 550.0 GeV 1.08%  99.9% 1.55E+07 pnTrack 550.0 GeV 38.329% 100.0%
0.0 GeV< p"™™* < 6.5 Tev 1.08%  99.9% 155E+07 0.0 GeV< p"™* < 6.5 Tev 37.70% 98.4%
PV match 107% 98.8% 1.53E+07 PV match 37.63% 99.8%
hits - o 9 hits _
Nicon >= ‘ 1.07%  99.9% 1.53E+07 NI, 5= ‘ 37.62% 100.0%
Ng‘\fved h"s+N:° ithits _ 1.00% 93.9% 1.43E+07 Ng“fmd ""S+N;° ithits _y 3753% 99.8%
ix i
Nisdead -3 100% 1000%  [FRREEN Nprdead 5=3 37.53% 100.0%
iso p_<5.0 0.81% 81.0% 1.16E+07 iso p_<5.0 37.46% 99.8%
T T
hadron, electron veto 0.81% 99.6% 1.16E+07 hadron, electron veto 37.46% 100.0%
hits R hits o
Np\x‘ innermost™0 0.80% - 98.5% Liaeor pix, innermost™0 ST31% 99.8%
cosmics veto 0.80%  100.0% 1.14E+07 cosmics veto 37.19% 99.6%
Z veto 0.65% 82.1% 9.34E+06 Z veto 37.07% 99.7%
Inl<2.00 0.47% 71.4% 6.67E+06 Inl<2.00 30.50% 82.3%
two muon stations 0.44%  94.6% 6.31E+06 two muon stations 29.87% 97.9%
BmF consistency 0.42%  96.2% 6.07E+06 BTDF consistency 25.62% 85.8%
B, BY consistency 0.42%  100.0% 6.07E+06 BBy consistency 25.62% 100.0%
g <0.0025 0.42%  98.0% 5.95E+06 LA <0.0025 25.62% 100.0%
dE/dx>1 MeVgem? 0.25%  59.5% 3.54E+06 dE/dx>1 MeVgem? 25520% 99.6%
[ToF [ToF 0,
Noubsystem™0 025%  98.9% SELEHS Nl ioeysten™0 25.35% 99.3%
0.2<B<2.0 0.25%  100.0% 3.50E+06 0.2<p<2.0 25.35% 100.0%

_ Vs=13.0TeV, 36.1 fb™*
Tight full-detector
Stau m =442 GeV

eff. rel. eff. 01 2 3 45 6 7 8 9 10 1112

all events 100.00% 100.0%
trigger 75.16% 75.2%
passed jet cleaning 75.16% 100.0%
GRL 75.16% 100.0%
LAr flag 75.16% 100.0%
Tile flag 75.16% 100.0%
TTC flag 75.16% 100.0%
SCT state 75.16% 100.0%
PV __.
Nfy>=2 75.16% 100.0%
SlowMuon candidate 69.91% 93.0%
peand >70.0 GeV 69.90% 100.0%
T
preck >50.0 Gev 69.88% 100.0%
T
0.0 GeV< p"** < 6.5 TeV 69.80% 99.9%
PV match 69.64% 99.8%
hits. _ "
NSL"”’&:J - 69.63% 100.0%
shared hits _ P ”
de ) +Np, =0 69.48% 99.8%
jts+dead _ _, N .
Negr @ >=3 69.48% 100.0%
iso p_<5.0 69.33% 99.8%
T
hadron, electron veto 69.33% 100.0%
s >0 69.22% 99.8%
'pix, innermost’
cosmics veto 68.93% 99.6%
Z veto 68.85% 99.9%
< 56.23% B81.7%
Inl<2.00
two muon stations 55.42% 98.6%
B, consistency 52.35% 94.5%
BBy consistency 52.35% 100.0%
0, <0.0025 52.16% 99.6%
dE/dx>1 MeVg'cm? 47.40% 90.9%
\TOF 0, o
Nigbsysten0 47.10% 99.4%
0.2<B<2.0 47.10% 100.0%

Figure 5.71: The Ticur selection applied in data and on a signal sample of charginos with a mass of 1200 GeV and a sample of
staus with a mass of 442 GeV. Mass hypothesis for charginos and staus are selected close to the expected mass limits. The selection
requirements are grouped into blocks. The first block are the event selection requirements, the second the common track pre-
selection and the third the ricut requirements. Besides the (expected) event yields also the efficiency and the relative efficiency are
stated.
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signal region trigger candidate candidates final cuts

selection per event 7| p [GeV] BroF BYdE /dx mass
SR-Rhad-MSagno iT ID+CALO > 1 < 1.65 > 200 <0.75 <1.0 ToF& dE/dx
SR-Rhad-FullDet Friu LOOSE > 1 <165 >200 <075 <13 ToF&dE/dx
SR-Rhad-FullDet ,E(T/,u ID+CALO > 1 <1.65 > 200 <0.75 <1.0 ToF& dE/dx
SR-1Cand-FullDet f(-r/,u TIGHT =1 < 1.65 > 100 <0.95 - ToF
SR-2Cand-FullDet Friu LOOSE =2 <200 >200 <0.80 - ToF

Table 5.8: A summary of the signal regions used for the search for HCLLPs. The triggers used and the required number of candidates
per event fulfilling the stated selections are given. Furthermore the final selection cuts and wether a one or two-dimensional plane is
used for the final counting is presented. The vertical lines indicate the signal regions that are combined in the statistical interpretation
of the results.

additional requirement. As can be seen this cut is effectively suppressing
the backgrounds with a moderate loss of signal efficiency and hence is
able to achieve an improved sensitivity in SR-1Cand-FullDet.

5.8 Signal selection and optimisation

5.8.1 Signal regions

In total five different signal regions are used to target the different bench-
mark scenarios considered. This five signal regions are SR-Rhad-MSagno,
SR-Rhad-FullDet Loosk that is combined with SR-Rhad-FullDet ID+CALO
and SR-2Cand-FullDet that is combined with the SR-1Cand-FullDet, which
gives in total three different scenarios that are targeted. They are defined
using the candidates passing the respective pre-selections described in
the previous section. Those different scenarios and the definition of the
signal regions will be discussed in the following. A summary of the differ-
ent signal regions is given in Table 5.8.

MS-agnostic approach

The MS-agnostic signal region (SR-Rhad-MSagno) is targeting R-hadrons.
This approach is aiming to be as independent of the hadronic-interaction
model as possible as the phenomenology is not yet fully understood,
which was discussed in detail in Section 4.5. Most of the hadronic inter-
actions are expected in the dense calorimeters and hence, due to charge-
flips, the fraction of charged R-hadrons after the calorimeters is largely
model dependent. Only little difference between the interaction mod-
els is found in the fraction of charged R-hadrons after hadronisation. This
and the model dependence of the fraction of R-hadrons charged in the MS
can be seenin Figure 4.18. Information from the MS is therefore not used
for the MS-agnostic approach. As trigger only F7 is used and at least one
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1p+cAL0 candidate is required in the event. For the rare case of more than
one candidate per event the candidate with the highest pr is used for the
final selections. The final selections are based on the momentum of the
ID track (p;p > 200 GeV), 8 measured in the Tile Calorimeter (Gror < 0.75)
and By estimated from the pixel d£/dx (8y4e/ax < 1.0). The optimisation
of the final cuts on Bror and Byge/ax Will be discussed in Section 5.8.2. Fi-
nally a one-bin counting experiment is conducted in the two-dimensional
plane spanned by myg 4y and mor. Lower mass cuts are placed on myg 4y
and mqe to define the final mass windows. Those lower mass cuts are
defined for each signal particle mass hypothesis as the mean minus two
times the reconstructed mass resolution of myg,qy and mror, respectively.
A harmonisation procedure applied between the lower mass cuts is de-
scribed in Section 5.8.2.

R-hadron full-detector approach

The R-hadron full-detector approach accepts the additional model de-
pendence by using the information from the MS to improve the back-
ground suppression due to the better g resolution in the MS. Fur-
thermore also the signal efficiency is slightly enhanced as besides the
Fr triggers also single-muon triggers are used. The gain by using also
single-muon triggers for R-hadrons is rather low as discussed in Sec-
tion 5.6. The R-hadron full-detector approach consist of two orthogo-
nal signal regions, a signal region requiring at least one Loose candidate
in the event (SR-Rhad-FullDet Loosg) and a fall-back, if no Loose candi-
date is found, at least one 1p+caLo candidate is required (SR-Rhad-FullDet
1p+caL0). The fall-back SR-Rhad-FullDet ID+CALO recovers sensitivity
where the R-hadrons undergo a charge-flip from charged to uncharged
in the calorimeters. The two signal regions are combined in the statistical
interpretation of the results.

The final selection cuts for the SR-Rhad-FullDet LoosSE Signal region are
requiring a momentum of the ID track p)p > 200 GeV a combined Sror <
0.75 and a Bvyge/dx < 1.3. The momentum from the ID track is used as a
significant fraction of R-hadrons can have, due to charge flips, a charge in
the MS that does not match the charge in the ID. This can be seen from
Figure 4.18. For those cases the combination of the momenta from ID
and MS could fail or give unreliable results. The optimisation of the final
selection cuts for the SR-Rhad-FullDet Loosk Will be also discussed in Sec-
tion 5.8.2. The final counting is done similarity as in the SR-Rhad-MSagno
in a two-dimensional plane of mye 4, and mror. AS before the momentum
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of the ID track is used for the mass estimates. The lower mass cuts are
estimated in the same way as in SR-Rhad-MSagno.

The SR-Rhad-FullDet 1p+caLo fall-back is requiring at least one 1p+caLo
candidate per event but no roose candidates. The same final selec-
tion as well as lower mass cuts as in SR-Rhad-MSagno are also used for
SR-Rhad-FullDet ID+CALO.

Colour singlet approach

The colour singlet approach is targeting mainly pair-produced particles
such as charginos or staus that are charged throughout the whole de-
tector. They have hence a heavy-muon-like signature. As they are
assumed to be pair-produced, two HCLLPs are expected to be recon-
structed per event, if not too slow or out of the fiducial volume. Also
for those benchmark scenarios two orthogonal signal regions are used.
A signal region requiring exactly two roose candidates in the event
(SR-2Cand-FullDet) and a fall-back requiring exactly one TiguT candidate
per event (SR-1Cand-FullDet). The two candidate signal region is account-
ing for the two candidates that are expected per event for the benchmark
scenarios, while the one candidate region is recovering sensitivity if one
of the candidates is not reconstructed.

For the SR-2Cand-FullDet the candidate with the lower reconstructed
mass is used for the final counting. For background events the probability
of getting a candidate with higher mass is decreasing, while the mass of
the signal candidate is expected to be reconstructed within the mass res-
olution around the simulated mass. Hence background candidates will
just make it into the signal region, while signal events are expected to be
rather central. Using the lower mass candidate is hence an effective way
to reduce the background. For the SR-2Cand-FullDet candidate a mini-
mum momentum of the SlowMuon of 100 GeV is required and for the
combined Sror has to be below 0.95. The momentum cut is lowered as
this signal region is almost background free also for low masses due to
the requirement of two candidates. The Sy is chosen very loose, but
tight enough to allow for the same estimate of the background system-
atic uncertainties as applied for the other signal regions, which will be
discussed in detail in Section 5.10. The final counting is done in myr and
similar as for the R-hadron signal regions the lower mass cuts are esti-
mated from the width and the mean of the reconstructed mass distribu-
tions for the different signals.

For the SR-1Cand-FullDet at least one candidate fulfilling the TieHT Se-
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lection is required per event. The momentum of the SlowMuon object
has to be larger than 200 GeV and Srof is required to be less or equal
0.95. Also for the SR-1Cand-FullDet the final counting is done in the one-
dimensional myoe-plane.

5.8.2 Optimisation

This section describes the methods used to optimise the final selection
for the different signal regions. First the optimisation of the final 5 and
B~ cuts for the R-hadron signal regions are discussed. This is followed by
a description of the smoothing applied to the lower mass limits for the
final counting windows.

Optimisation of final selection requirements

The final cuts for the R-hadron signal regions, where both g and g~ are
used are optimised with a two-dimensional scan. For each of the poten-
tial cut combinations the full background estimate, discussed in detail in
Section 5.9, is redone. This includes the estimation of the statistic uncer-
tainties as well as of the dominant systematic uncertainty, which comes
from the normalisation of the background in the low mass control region
as defined in Section 5.1. For all other sources of systematic uncertain-
ties on the background estimate 25% are assumed. The signal and back-
ground yields are then obtained for each cut combination and from those
a Receiver Operating Characteristic (ROC)-curve is drawn, as shown in Fig-
ure 5.72. Each point corresponds to one cut combination and the signal
(background) efficiencies are measured with respect to the largest signal
(background) yield obtained for a single cut combination. For combina-
tions yielding the same signal efficiency the best sensitivity is expected for
the one with the largest background suppression, those are highlighted
with red markers. This should be in particular true for the simple one-bin
counting applied in this analysis. The computing-resource-intense calcu-
lations of p-values, which are used as final measure for the sensitivity,
using histfitter [141] can hence be reduced as only the cut combination
corresponding to the red points have to be considered further. It was ob-
served that basically always the hardest cut combinations are preferred
and therefore a requirement of at least five candidates in the control re-
gion was added. This is important as the validity of the background esti-
mate is checked in this region. Furthermore a symmetric cut combination
is preferred, which means that the significance sig = % (B is translated
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to a f) is similar. This helps to ensure large statistics in all templates used
for the data-driven background estimation. The best combination includ-
ing these criteria is § < 0.7 and v < 0.9. The selection was later slightly
relaxed to further increase the statistics in the control region and as final
combination 8 < 0.75 and 8~ < 1.0 are used. In a similar way the final
selection criteria for the SR-Rhad-FullDet LOOSE are obtained as 5 < 0.7
and By < 1.3.

Lower mass limit smoothing

The lower mass limits for the final counting window are obtained from a
fit of the simulated signal mass distribution with a Gaussian as shown in
Figure 5.73. This procedure ensures that the full signal mass distribution
is covered by the final counting window. In principle this could be done for
each signal model and mass hypothesis separate. This has two caveats,
the lower mass limits can have rather large fluctuations due to the statis-
tics of the signal sample and a very large number of signal regions has
to be dealt with. A smoothing is developed that is additionally alining
the lower mass cuts for different models with the same mass if appropri-
ate. The different lower mass cuts estimated with the plane approach
are drawn in Figures 5.74. All R-hadron searches use the same lower
mass cuts for mror and mye 4y, as the resolution is dominated by the large

151

Figure 5.72: The ROC-curve
produced from the signal
and background yields from
all scanned cut combina-
tions of B and By for the
SR-Rhad-MSagno. Each point
corresponds to the yields for
one cut combination, while
the ones with the highest
background suppression with
the same signal efficiency
are highlighted as red dots.
The signal as well as the
background efficiency are
measured with respect to the
largest background/signal
yield of the cut combinations.
The best sensitivity is ex-
pected for combinations with
the same signal efficiency but
higher background suppres-
sion. The clustering seen in
the plot is due to the large
scan range that was used. If
a requirement is too loose it
will not reject any signal and
hence such clustering can
occur.
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momentum uncertainties for high momentum ID tracks as discussed in
Section 5.4.1. The plateau that is reached roughly for truth masses of
1500 GeV is due to a bias of the momentum and the larger momentum
uncertainties, as can be seen in Figure 5.16. To find the best parametri-
sation for the functional form of the lower mass values for the R-hadron
signal regions the software package Eureqa [142] is used. This package
applies genetic algorithms to find the functional parametrisation of data
points by mating, mutating and terminating functions that are made from
user given mathematical blocks like +, -, x, /, exp . These algorithms op-
timise on the basis of fit quality and complexity. For the R-hadron signal
regions the best result was obtained for

Po
Miow = , 5.23
0 1+ exp(—Miue = p2) 523

with

po =1.84-10% p;=2.14-10"", and p, =2.66 - 1073 (5.24)
for mror and

po=2.17-10% p;=2.82-10"", and p, =2.10- 1073 (5.25)

for myg qx. Also the lower mass cuts for charginos and staus are esti-
mated from the same parametrisation, but separate for the one candi-
date and two-candidate signal regions. A slightly lower mass cut is ex-
pected for the two-candidate regions as the lower mass candidate is used
for the final counting. For the estimation of the lower mass cuts in the one
and two-candidate signal regions a second order polynomial

Miow = Po + P1Mtrue + P2Mirye (5.26)
is used and the parameters obtained are
po = 2.09, p; =0.90, and p, = —1.39-1074 (5.27)
for the SR-1Cand-FullDet signal regions and
po = —2.09, p1 =0.83-10"", and p, = —9.53 - 107> (5.28)

for the SR-2Cand-FullDet signal regions. From those parametrisations the
lower mass cuts are calculated and rounded to the next bin border. The fi-
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Figure 5.75: The lower mass
requirements depending
on the truth mass of the
signal particles on my.r anf
Mgesdx  for the R-hadron
signal regions and in mof
for the SR-1Cand-FullDet
and SR-2Cand-FullDet. The
visible steps in particular
for SR-1Cand-FullDet and
SR-2Cand-FullDet lower
mass requirements originate
from the rounding to the bin
boarders. The larger markers
indicate the lower mass
cuts used for the discovery
regions. [5]
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nal results for the lower mass requirements are shown in Figure 5.75. The
difference between mor and mgyg g oOriginates mainly from the slightly
different requirements on 8 and S~ in the final selections. In particular
for the SR-1Cand-FullDet and SR-2Cand-FullDet steps in the lower mass
requirements are visible. Those are originating from the rounding to the
bin borders. Those final signal regions are used for the limit setting, but
if some excess might be seen a subset of discovery regions, for which
the p-values are calculated, was defined, to reduce the look-elsewhere ef-
fect [143]. The lower mass requirements for those discovery regions are
indicated with the larger markers.

5.9 Background Estimation

The background in this analysis is estimated in a fully data-driven man-
ner. First the shape of the key variables is estimated from sidebands
where possible and stored in templates. The main background are high-
pt muons with mis-measured 3 or 5v. Therefore no correlation between
momentum and S/83~ is expected. The background can hence be esti-
mated by sampling random combinations of 5-p (3y-p) from the respec-
tive templates and calculating m = p/3~. The normalisation of the back-
ground is obtained from low-mass control regions. The validity of the
background estimate relies on two assumptions: Low signal contributions
in the templates/control region and no significant correlation between
B(Bv) and momentum. Those assumptions are carefully checked as will
be discussed in the following. The search is conducted as a blinded analy-
sis and hence for the optimisation and tuning of the background estimate
the mass region above 400 GeV was masked.
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Sideband definitions The templates are estimated from all candidates
passing the respective pre-selection and fulfilling the final selection re-
quirement for the respective observable. To ensure a low signal contam-
ination in the templates the final selection cuts on the other observables
are inverted. A study using a generic background and testing the influ-
ence of potential signal contribution in the templates is summarised in
Appendix A.4. It was found that, if no sidebands are used, a significant
change in the slope can be introduced from signal contaminations. The
effect is larger for higher signal masses. This can be understood as the
momentum as well as the velocities are further out in the tails of the re-
spective templates for higher signal masses. There the statistics are low
and therefore the relative signal contributions becomes significant.

The definition of the sidebands used for the templates of the R-hadron

Template p [GeV] BroF BYdE/dx

p > 200 1.0 > Bror > Beut | 2.5 > BYde/dx > Beut
Bror Pmin < p < 200 < Beut -

BYdesdx | Pmin < P < 200 - < Beut

signal regions are summarised in Table 5.9. All R-hadron signal regions
are restricted to |n|<1.65. For the ones using 1p+caLo this is also indirectly
required as |n| = 1.65 corresponds to the outer edge of the Tile Calorime-
ter. For the full detector approach itis limited to n<1.65 as the mass limits
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Figure 5.76: The momentum
for all candidates passing the
Looske pre-selection against 7.
Superimposed are the differ-
ent momentum cuts (100 GeV
and 200 GeV) used in the
different final selections. It
can be seen that the pr cut
from the preselection trans-
lates into a lower momen-
tum requirement of roughly
250 GeV for |n| = 2.0.

Table 5.9: The sideband def-
initions of the templates for
the R-hadron signal regions.
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Table 5.10: The sideband def-
initions of the templates for
SR-1Cand-FullDet.

Table 5.11: The sideband def-
initions of the templates for
SR-1Cand-FullDet.
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for R-hadrons are higher and hence the particles are expected more cen-
tral. In the forward regions also large backgrounds from high-momentum
muons are expected due to boosts from asymmetries in the momenta of
the initial partons. Furthermore from Figure 5.76 it can be seen that the
lower cut in pt translates into a momentum cut larger than 200 GeV from
n ~ 1.75 on. This has two important consequences: On the one hand
it introduces a correlation between n and momentum and on the other
hand, due to the missing low momentum tracks, this region is underrep-
resented in the templates. For simplicity and as no huge gain is expected
from increasing the 7 region, also SR-Rhad-FullDet LOOSE is restricted to
In| < 1.65. The template for momentum is obtained by applying the final
momentum requirement but inverting the fror and Bvq4e/qx requirements
for the respective signal regions summarised in Table 5.8. For both Srof
and Bvq4g/dx Upper requirements are used. For fror the upper requirement
is needed as no mass can be calculated if 8 > 1. For the templates of Srof
and Bv4e/dx the momentum requirement is inverted.

The definition of the sidebands used for the templates of the

Template p [GeV] BroF
p > 200 1.0 > Bror > 0.80
BToF 70 < p < 200 < 0.80

SR-1Cand-FullDet signal regions are summarised in Table 5.10. For the
sidebands for the momentum template only the Srof requirement is in-
verted as for SR-1Cand-FullDet NO Svyqe/dx IS Used in the final selection.
For the S1oF template, similar as for the R-hadron signal regions, the final
requirement on the momentum is inverted.

The SR-2Cand-FullDet has the strongest background suppression due to

Template | p [GeV] BroF
p > 100 | 1.0 > Bror > 0.80
BroF - < 0.80

the requirement of two candidates in the event. This is critical for the
background estimate as almost no events are left in the low-mass control
region. To enlarge the statistics there all final requirements are chosen
as loose as possible. The SR-2Cand-FullDet is therefore the only signal
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region using candidates with |n| up to 2.0. Also the final momentum re-
quirement is relaxed to 100 GeV for this signal region. Considering Fig-
ure 5.76 it can be seen that for |»| > 1 no candidates with momentum
smaller 100 GeV are left. If similar as for the R-hadron and one-candidate
signal regions the momentum requirements would be inverted to esti-
mate the Sror template no candidates from |n| > 1.0 would be present
and hence the B resolution from there would be not included. For
the fror template no sideband in momentum is used, while for the mo-
mentum template still the cuts on Srof are inverted. A possible influence
by signal contamination using no sidebands was tested by injecting sig-
nal and found to be negligible as can be seen in Appendix A.5. For the
SR-2Cand-FullDet templates no requirement on two roose candidates per
event is used as this would result in very low statistics in the templates.
The shapes for templates with a two Loose candidate requirement were
compared with the shapes using all Loose candidates and found to agree
well within the statistic uncertainties.

n-binning of templates Asthe background is basically high-momentum
muons with mis-measured j or 3y no direct correlations are expected as
muons with a high momentum are travelling with the speed-of-light at
least on the S-resolution level achieved. Nevertheless correlation can oc-
cur indirectly mostly over n. For the combined jrof all three detectors are
used and depending on wether they are present, different resolutions are
expected, and hence also a correlation with n. Whereas the shape of the
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Figure 5.77: The combined
Bror as funcition of n for all
candidates passing the rLoose
selection. A slight asymme-
try between Bror being larger
and smaller one is Vvisible
which originates from the pre-
selection requirement on og
and its dependence on g itself
(Equation 5.7). Larger tails are
visible forn = 0.5 and n = 1.2.
The n = 0.5 originates from
the MDT's as at this angle
tracks can pass the tubes all
on one side and hence purely
from the drift circles no unam-
biguous track reconstruction
is possible. The n = 1.2 tails
comes from the MS crack re-
gion where partially only view
hits are expected.
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Figure 5.78: The correlation
between Bror and the mo-
mentum for one n-bin for
all candidates passing the

MS-agnostic

pre-selection.

Before unblinding all candi-
dates passing the final mass
requirements were excluded
from this plot.

N |n| lower | |n| upper
1 0.0 0.35

2 0.35 0.7

3 0.7 1.1

4 1.1 1.25

5 1.25 1.65

6 1.65 2.0

Table 5.12: The lower and up-

per edges of the n bins used
fo the templates.
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high momentum tail for ID tacks as well as SlowMuons is rather stable as
function of 7, which can be seen from Figure 5.76 or from the templates
shown in Figures 5.79 and 5.80. Critical again is the SR-2Cand-FullDet
as, due to the missing low momentum tracks for high n, an dependency
of the momentum on 7 is introduced. An 7 binning of the templates is
therefore introduced where at least the Sror resolution is roughly con-
stant within a given n interval. The n bins where chosen by considering
Figure 5.77, which shows the grof of all candidates passing the Loosk pre-
selection. The 7 bins used are summarised in Table 5.12. The bins end-
ing at 1.1 and 1.65 correspond approximately to the outer edges of the
RPC’s and Tile Calorimeter, respectively. All other bins are chosen due to
the features found in the gy distribution as function of |5|. The same 7
binning as used for SR-2Cand-FullDet is also applied to the other signal
regions to reduce any possible residual correlations between SBror/ 87vde/dx
and the momentum. For each » bin and signal region the correlations be-
tween /5y and momentum are estimated as shown in Figure 5.78. With
the chosen 7 binning no significant correlations have been seen. Fur-
thermore a systematic uncertainty is estimated by varying the n-binning,
which will be described in more detail in Section 5.10.

The resulting templates for SR-Rhad-MSagno and SR-2Cand-FullDet are
shown in Figures 5.79 and 5.80. The other templates are shown for com-
pleteness in Appendix A.3. For SR-Rhad-MSagno it can be seen that the
distributions of 8vy4r/4x and momentum have a similar shape for the dif-
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Figure 5.79: The templates
used for the SR-Rhad-MSagno
for the momentum (upper),
Bror  (middle) and  Bygr,dx
(lower). On the left the
2-dimensional distribution in
n and the respective variable
are shown, while the right
plot shows the projection of
each n-slice on the variable
axis. While the distributions
of Bygesax and momentum
have a similar shape for
the different n-bins, larger
discrepancy can be found for
BroF-
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Figure 5.80: The tem-
plates used for  the
SR-2Cand-FullDet for

the momentum (upper) and
Bror (lower). On the left the
2-dimensional distribution in
n and the respective variable
are shown, while the right
plot shows the projection of
each n-slice on the variable
axis. Clearly visible are the
cut-offs at low-momenta due
to the pr requirement. For
the Bror mainly the highest
bin shows a different shape.
This n region has a rather
good resolution in the core
but many outliers as can be
seen from Figure 5.77.

= 2

CHAPTER 5. SEARCH FOR HEAVY CHARGED LONG-LIVED PARTICLES

{s=13.0 TeV, 36.1 fb* x10°

Candidates

[o0]
o

500 1000 1500

SR-2Cand-FullDet p [GeV]

(s =13.0 TeV, 36.1 fb*

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2

I R R
8. 0.4 0.6 0.8
SR-2Cand-FullDet B

NA

Vs=13.0 TeV, 36.1 fb*
‘ ‘ :

10*

Candidates

103 /|

102 il

104

\
500

SR-2Cand-FullDet

0.0< n<0.35
= 0.35< n<0.7
~07<n<l1
= 1.1<n<1.25
B 125<n<165
1.65< n<2.0

1000

p [GeV]

._‘
QU

Candidates

=
o
w

102

10

0.2

I
0.0< n<0.35
= 0.35< n<0.7
~0.7<n<11
= 11<n<1.25
B 1.25< n<1.65
. 1.65< n<2.0

SR-2Cand-FullDet

Vs=13.0 TeV, 36.1 fb*
e




5.9. BACKGROUND ESTIMATION

ferent n-bins, while larger discrepancies are found for Sror. Those dis-
crepancies are due to inhomogeneous s resolution in the Tile Calorimeter
originating mainly from the different shapes of the Tile Calorimeter cells.
Clearly visible for the SR-2Cand-FullDet templates are the cut-offs at low-
momenta due to the pt requirement. For the Sror mainly the highest n bin
shows a different shape. This 7 region has a rather good resolution in the
core but many outliers as can be seen from Figure 5.77. The MS part in
this region are the end-caps, where the path length to the measurement
is long, which is the reason for the good core resolution of the distribu-
tion. But in this region only the MDT's are utilisable for ToF measure-
ments, which on top have a lower number of expected hits, compared to
the barrel, there. Due to the low statistics of single 5 measurements more
outliers are expected, as can be seen in the respective template.

Sampling and normalisation In this section the estimation of the back-
ground from the templates will be discussed, which includes the propa-
gation of the statistical uncertainties of the templates to the background
estimate. First 50 variations of the templates are determined, where each
content of a bin is sampled from a Poisson distribution using the content
of the respective nominal bin as mean. For each candidate ending up
in the control region 10000 combinations of 5 (5y) and momentum are
sampled per Poisson-varied template in the 7 slices corresponding to the
n of the candidate. From those combinations the mass distributions per
Poisson-varied template are filled. The value (x) and statistical uncertainty
(ox) of each mass bin are then calculated from the values (p;) of the mass
distributions per poisson varied template with

_ Db
X = =0 (5.29)

22
oy = \/Z"OS'OX. (5.30)

Finally the background is normalised to data using the low mass control
regions. Potential issues for this approach can occur if significant signal

and

contaminations arise in the control region. First a potential signal con-
tamination in the control region would change the » distribution in the
control region, mostly to be more central as HCLLPs are heavy. This could
enhance 7 slices with long (short) tails and hence over (under) estimate
the real background distribution. Second a potential signal contamination
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would contribute to the normalisation of the background. This should be
an even larger effect than the first, as the relative fraction between sig-
nal and background yield in the control region gives the overestimation
of the normalisation and hence the overestimation of the background
yield in the final counting window. An alternative approach (Appendix A.6)
for the sampling of the background was developed, building also tem-
plates for the n distribution of the candidates, and successfully tested
for the SR-Rhad-MSagno. This approach has the benefit of being more ro-
bust against contaminations of low-mass signals. The difficulty was in
the fall-back signal regions as their n distribution is not independent from
the prioritised signal region. This strategy is in the end not applied for
the SR-Rhad-MSagno, to have a common approach for all signal regions,
but might be interesting for future iterations of this analysis. For the ap-
proach using the n of the candidates, the control region requirements
have to be carefully tuned to get rid of any potential signal contamination
there. The expected signal yields in the control region are estimated us-
ing roughly the current cross section limits for the respective model. For
charginos and staus the limits from Run-1 [97] are extrapolated to 13 TeV
(stau 2.5 fb and chargino 5 fb), while for R-hadrons roughly the limits from
the first /s = 13 TeV analysis [101] are used (R-hadron 20 fb). Less than
2% signal contamination for all cases was achieved by using 300 GeV for
Mmtor and Myg 4, @s upper mass limit for the R-hadron control regions and
200 GeV (150 GeV) as upper mass limits on myr for SR-1Cand-FullDet
(SR-2Cand-FullDet).

Results of background estimate The background estimate for
SR-Rhad-MSagno overlaid by the data points and the expected distribution
for a gluino R-hadron model with mg = 2200 GeV is shown in Figures 5.81.
In the low mass region a good agreement between data and estimate
background can be observed. A small excess can be seen in the signal
region. Note that the background in the signal region is lower than what
can be seen in the projections of the 2D-histograms. The two events in
the signal region are rather diagonal and not suspiciously uncorrelated,
which could be an hint for an outlier of the respective measurements.

The estimated background for SR-Rhad-FullDet Loose overlaid by the
data points and the expected distribution for a gluino R-hadron model
with mg = 2200 GeV is shown in Figures 5.82. Also for this signal region
a good agreement between the estimated background and the observed
data in the low-mass region can be seen. Compared to SR-Rhad-MSagno
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Figure 5.81: The estimated background for the SR-Rhad-MSagno signal region in the mror-mge /45 plane (top), the mror-projection
(bottom-left) and the my¢ ,q4,-projection (bottom-right). The distribution is overlaid by the data points and the distribution for a gluino
R-hadron model with mg = 2200 GeV. The overflow is included in the last bin of each distribution. The lower mass requirements of
the signal region for one mass hypothesis of gluino R-hadrons is indicated by the dotted red lines in the upper figure, while the dotted
grey lines are illustrating the upper bound for the control region, which is the same for all R-hadron signal regions. The inlay in the
two-dimensional distribution shows a zoomed version of the low-mass region. The statistical uncertainty on the background estimate
is illustrated with the shaded grey area. The lower panels show the ratio of observed data over estimated background. [5]
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Figure 5.82: The estimated background for the SR-Rhad-FullDet roosE signal region in the mror-mge /45 plane (top), the mroe-projection
(bottom-left) and the myg,qx-projection (bottom-right).The distribution is overlaid by the data points and the distribution for a gluino
R-hadron model with mg = 2200 GeV. The overflow is included in the last bin of each distribution. The lower mass requirements of
the signal region for one mass hypothesis of gluino R-hadrons is indicated by the dotted red lines in the upper figure, while the dotted
grey lines are illustrating the upper bound for the control region, which is the same for all R-hadron signal regions. The inlay in the
two-dimensional distribution shows a zoomed version of the low-mass region. The statistical uncertainty on the background estimate
is illustrated with the shaded grey area. The lower panels show the ratio of observed data over estimated background. [5]



5.9. BACKGROUND ESTIMATION 165

< 5000 | | e @
Q . . L. . c
O est. bkg . ’ T 4 o
-—L'L [ exp. signal (g 2200 GeV) {5 =13.0 TeV, 36.1 L Lﬁ
S 4000 P L g s
= SRRhad-FullDety, 0 © . L .
---- crR .
3
3000 —
—2.5
9 | =2
2000+ =
—1.5
200 . —
1000~  * -t
& ® 200 400 —05
0 H | | | | —10
0 1000 2000 3000 4000 5000
Myg/ax [GEV]
> 10%E 7 > 10°E 3
8 = |:| Est. bkg + stat. unc. E 8 = |:| Est. bkg + stat. unc. 1
S | [ TROTVIILT T e Gignal G2200Gey) | © [ WSTIBOTEVIINT T e Gignal G2200Gev) |
% 10 ? ® Data é % 10 ? ® Data é
g F SR-Rhad-FullDetp.cpo *GC-J' F SR-Rhad-FullDetp, 0
Lﬁ 10 ? E Lﬁ 10 ? E
1= (v oty vy = 1=
107 EE 3
1072 ‘ ‘ . = 1072 . =
(@)] T 4 V S Y - (@)] A A
215l RN L 24 [ -
8 1 + 8 1 1
S o5t 1 . 4 8 o5¢ .
0 200 400 600 800 >850 0 200 400 600 >750
Mror [GEV] Mye/ax [GEV]

Figure 5.83: The estimated background for the SR-Rhad-FullDet 1p+caLro signal region in the myor-mgye/qx plane (top), the mrog-
projection (bottom-left) and the mqe /gy -projection (bottom-right).The distribution is overlaid by the data points and the distribution
for a gluino R-hadron model with mg = 2200 GeV. The overflow is included in the last bin of each distribution. The lower mass re-
quirements of the signal region for the given mass hypothesis of gluino R-hadron is indicated by the dotted red lines in the upper
figure, while the dotted grey lines are illustrating the upper bound for the control region, which is the same for all R-hadron signal
regions. The inlay in the two-dimensional distribtuion shows a zoomed version of the low-mass region. The statistical uncertainty on
the background estimate is illustrated with the shaded grey area. The lower panels show the ratio of observed data over estimated
background. [5]
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Figure 5.84: The estimated background for the one-rieur-candidate signal region (left) and the two-Loose-candidates signal region
(right).The distributions are overlaid with the data points and the distribution for a pair-produced chargino model with m(x7") =
1200 GeV. The last bin of each distribution includes the overflow. The dotted red line indicates the lower bound of the signal region
for a representative signal choice, while the dotted grey line is illustrating the upper bound for the control region. The statistical
uncertainty on the background estimate is illustrated with the shaded grey area The lower panels show the ratio of observed data
over estimated background. [5]
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the background level is lower due to the better background suppression
from the combined Sror. Only one high-mass outlier can be observed,
which has largely different myor and myg,q and does not end up in the
final signal region.

The estimated background for SR-Rhad-FullDet 1D+cALO overlaid by the
data points and a the expected distribution for a gluino R-hadron model
with mg = 2200 GeV is shown in Figures 5.83. This signal region is largely
similar to the SR-Rhad-MSagno, but the prioritised SR-Rhad-FullDet LOOSE
does absorb less candidates than what is added by the additional single-
muon triggers and hence higher statistics are seen. The same high-mass
candidates as in the SR-Rhad-MSagno are observed, but are in better agree-
ment with the background expectation.

The estimated background for SR-1Cand-FullDet and SR-2Cand-FullDet
overlaid by the data points and the expected distribution for pair-
produced charginos with m(x{) = 1200 GeV are shown in Figures 5.84. For
both signal regions a good agreement between data and expected back-
ground is observed, in particular for the SR-1Cand-FullDet, where due to
the large statistics a shape comparison over a broad range is possible.

5.10 Systematic uncertainties

A variety of potential sources of systematic uncertainties have to be con-
sidered. The resulting uncertainties for the search for HCLLPs are sum-
marised in Table 5.13. They can be split into four different categories: The
uncertainty on the theoretical cross section, the uncertainty on the sig-
nal efficiency, the uncertainty on the integrated luminosity recorded by
the ATLAS detector and the uncertainty on the background estimate. The
larges systematic uncertainties are found on the theoretical cross section
and on the background estimate for R-hadron models with the highest
considered sparton masses. All different sources of systematic uncer-
tainties and their estimation will be discussed in the following.

5.10.1 Theoretical cross section

The R-hadron cross sections are calculated to NLO+NLL accuracy using
NLL-fast [144]. For staus and charginos PROSPINOZ2 is used with a NLO
accuracy, as mentioned in Section 5.3. Both the nominal value of the
cross section as well as the uncertainty on the cross section are esti-
mated from an envelope of calculations using different PDF sets and fac-
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Relative uncertainty [%]
MS-agnostic Full-detector
Source R-hadrons R-hadrons Staus Charginos
Theoretical inclusive cross section 14 -57 14 -57 6-10 4-10
Total uncertainty on signal efficiency 17 -19 18 -30 7-15 9-18
Trigger efficiency 1.6 1.9 4.5 3.9
Fr 1.6 1.6 2.0 2.5
Single-muon 1.0 4.0 3.0
Theoretical uncertainty (ISR/FSR) 15 15 4 7
Pile-up 0.2-3.8 0.3-55 0.1-3.1 0.2-44
SlowMuon reconstruction - 1.7-14.8 0.2-12.8 0.8-13.0
Track hit requirements 2 2 2 2
Pixel sy measurement 6.0-11.6 6.0-13.0 0.5 0.5
ToF 5 measurement 0.5-3.6 9.8-21.9 1.0-36 20-12.0
Calorimeter 8 measurement 0.1-0.5 0.1-1.1 0.1-05 0.1-05
Calorimeter OFA correction 04-3.6 1.2-3.1 01-04 01-13
MS 8 measurement - 9.7-21.7 1.0-35 20-12.0
Luminosity 2.1 2.1 2.1 2.1
Uncertainty on background estimate 33 -34 27 -53 9-31 9-34

Table 5.13: Summary of systematic uncertainties. The different blocks give the uncertainty on the cross section, the signal efficiency,
the luminosity and on the background estimate. The given ranges indicate a dependence on the mass hypothesis.

torisation/renormalisation scales. The procedure is summarised in Refer-
ence [145]. For gluino R-hadron models an uncertainty on the theoretical
cross section between 14% for the lowest mass (600 GeV) and 57% for
the highest masses (3000GeV) was obtained, while for squark R-hadrons
the uncertainty varies between 14% (600 GeV) and 23% (1400 GeV). For
the direct pair-production of charginos and staus smaller uncertainties
are obtained as those are electroweak processes. They vary between 6%
(290 GeV) and 10% (910 GeV) for staus and between 4% (200 GeV) and
10% (1500 GeV) for charginos.

5.10.2 Signal efficiency

The largest systematic uncertainty on the signal efficiency originates from
the modelling of the ISR as the triggering of the events in particular for the
R-hadron models largely rely on ISR jets. A further important systematic
uncertainty comes from the modelling of the reconstruction efficiency of
the MuGirlStau algorithm and from the uncertainty on the g estimate with
the MS.

Trigger efficiency The efficiency of the £t trigger can be assessed using
muons. The £7 on trigger level is solely reconstructed from energy de-
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posits in the calorimeters and as muons are similar to HCLLPs minimum
ionising only moderate contributions from them are expected. The turn-
on behaviour of the £t triggers can hence be measured by using events
selected by muon triggers. For this study single-muon triggers are used
and the events in data and simulated Z — uu events have to fulfil the
Z — pp selection described in Section 5.5.2. The turn-ons in both data
and simulation are fitted with an error function. Those turn-ons are then
applied to the offline £7 spectrum in the signal samples. The offline £t
used for this study is not using information from the MS. Four individual
contributions to the systematic uncertainty are considered: The differ-
ence between data and simulation, a scale variation of signal £t and a
variation of the fit parameters by +1¢ for data and simulation, respec-
tively. For each contribution an uncertainty is estimated. The differences
in signal yield estimated from the variations are used as systematic un-
certainty. The individual contributions are added in quadrature to obtain
the total uncertainty. The total systematic uncertainty on the £y trigger
for R-hadrons is found to be 1.6%, while for charginos 2.5% and for staus
2.0% were obtained.

The turn-on behaviour for the muon trigger as function of pr is not prob-
lematic for this search due to the high momenta HCLLPs are expected to
be produced with as well as due to the hard offline pr requirements on
the candidates. More problematic is the turn-on behaviour as a function
of the velocity of the particles as they might be associated to the wrong
bunch crossing, and hence no muon reconstruction on HLT is possible
due to the missing ID tracks. The correct simulation of the timing is hence
crucial. For TGC's this is expected to be reliable, while for the RPC's some
differences between data and simulation have been observed. A method
using ideal turn-ons is applied, as now slow SM particles produced in the
collisions are able to reach the MS and hence could be used to study the
turn-on behaviour. The ideal turn-ons use the mean and width of the
timing distribution to give an efficiency as function of the particle g and
n. The dependence of n arises from the change in distance to the trigger
chambers as function of . The difference between the ideal turn-ons for
data and simulation is used as event weight. Half the difference between
the signal efficiency with and without the event weights applied is used
as systematic uncertainty. The estimated uncertainty for R-hadrons in
the full-detector signal region is 1%, while for staus 4% and for charginos
3% are obtained.

A detailed description of the estimation of the systematic uncertainties
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on the trigger efficiency can be found in Reference [128].

Initial state radiation The modelling of QCD radiation is crucial for this
analysis, as the triggering of HCLLPs with £t triggers largely relies on an
ISR jet recoiling against the sparticle system.

For R-hadron signals that are simulated with PYTHIA6 an re-weighting is in-
troduced to match the ISR distribution, measured as the py of the gluino
system, from MG5_AMC@NLO as described in Section 5.3. As systematic
uncertainty half the differences between the signal efficiencies with and
without the ISR re-weighting is used. An uncertainty of 15% is obtained,
which is the dominant contribution to the total systematic uncertainty on
the signal efficiency for R-hadrons.

For chagrinos and staus a slightly different approach is applied as those
samples are generated with MG5_AMC@NLO and hence no re-weighting
is necassary. The systematic uncertainty for those samples is assessed by
varying the generator parameters. Three different variations were used:
The renormalisaton/factorisation scales are varied by a factor two, the
CKKW-L merging [146, 147] scale is also varied by a factor of two and
variations of the PYTHIA8 tunes are used to assess the uncertainty of the
parton-shower generator tuning. The uncertainties from the different
variations are added in quadrature to obtain the total uncertainty. The
estimated uncertainties are 4% for staus and 5% for charginos.

As the variations of the MG5_AMC@NLO generators are more trustworthy
also gluino samples with the varied generator parameter were produced.
For each variation a separate re-weighting was applied and the impact
on the signal efficiency was estimated in the same way as for staus and
charginos. The resulting uncertainty was found to be 13%. To be consis-
tent with other analyses [94, 127, 148] using the same dataset the 15%
uncertainty from the re-weighting between the generators is used for the
analysis. A detailed description of the estimation of the ISR/FSR system-
atic uncertainties can be found in Reference [128].

Pile-up A re-weighting is applied to simulated events to match the pile-
up conditions as observed in data. To account for differences between
the estimation methods of the pile-up either by dedicated luminosity de-
tectors or by the number of primary vertices, the scale of the pile-up re-
weighting is varied. Half the difference between the maximal and mini-
mal signal efficiency, obtained from the variations of the pile-up scale for
the reweighting, is used as systematic uncertainty. The uncertainty varies
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between 0.1% and 5.5% depending on the mass hypothesis and the con-
sidered signal model.

SlowMuon reconstruction The SlowMuon reconstruction efficiency was
measured with respect to muons fulfilling the medium quality require-
ments as defined in Reference [126] reconstructed by a standard algo-
rithm. It was found that the efficiency in simulation is underestimating
the efficiency estimated in data by less than 10%. To estimate the ef-
fect of a 10% variation of the reconstruction efficiency on the signal effi-
ciency 10% of the candidates reconstructed as SlowMuons are randomly
rejected. For the SR-2Cand-FullDet the estimated uncertainty is about
10%, but the fall-back SR-1Cand-FullDet can recover some of the lost sig-
nal events, hence there a significantly lower uncertainty of 1% — 6% is
found.

Track hit requirements Studies were carried out for the analysis de-
scribed in Reference [127] on the efficiency of selecting tracks with the ID
hit requirements described in Section 5.7. The difference in the efficiency
between Z — pu events in data and simulation is used as systematic un-
certainty and found to be 2%.

Pixel 3y measurement The procedure of estimating the uncertainties
and partially also the uncertainties themselves are taken from Refer-
ence [127]. Four different contributions were considered and in the end
added in quadrature.

The requirement of at least two pixel clusters used for the dE/dx estima-
tion was estimated in the same way as the uncertainty on the track hits
requirements as discussed in the previous section. The corresponding
uncertainty was found to be 6%.

The MPV of the dE/dx distribution is aligned between data and simula-
tion. But a run-by-run variation of the MPV of 2% was observed. To test
the effect of a potential misalighnment between data and simulation a 2%
variation is applied on the MPV for the signal samples. Half the difference
between the signal efficiency from the variations is used as systematic
uncertainty.

Besides the MPV also shape differences can be problematic. The shape
of the dE/dx distribution in data and simulation is slightly different as
shown in Figure 5.85. Furthermore it was observed that the shape of the
dE/dx distribution is different between an initial and a final run of the data
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Figure 5.85: Left: Shape com-
parison between the dE/dx
distribution from tracks in
data and simulation using
minimum bias data. Right:
Shape comparison between
the dE/dx distribution from
tracks of an initial and a fi-
nal run of the data taking pe-
riod considered in this analy-
sis. [149]

3Three different func-
tions depending on number
of used pixel clusters times
two charges, as described in
Section 5.5.1

Table 5.14:  Cut variations
on /B'YdE/dx or dE/dX de-
pending on the signal
region. The difference for
cut variations is small for
the SR-1Cand-FullDet as the
cut is almost exactly at the
MPV. The largest difference
between the cut variations
is in the SR-Rhad-FullDet
LOOSE.
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taking periods considered in this analysis. Due to radiation damage the
dE/dx distribution is observed to be slightly broader for a final run. In the
analysis using only the ionisation energy loss the final requirements are
made on d£/dx itself and not Bvyg/qx. TO Obtain an systematic uncertainty
first the fraction of tracks above the final dE/dx requirement is estimated
for the dE/dx distribution in data. This is used to get the dE/dx value for
which the same fraction of tracks is above the requirement in simulation.
This values is used as variation of the dE/dx cut in the final selection and
the effect on the signal efficiency is used as systematic uncertainty. In a
similar way the cut variations are also obtained for the dE/dx shape dif-
ferences between an initial and a final run. This is not directly applicable
for this analysis as the final requirements for the R-hadron signal regions
are made on Byqe/dx- To get the variation in Byqg/qyx first the six different
dE/dx values from the different transformation functions® are calculated,
each of the values is transformed like described above and translated
back to a Bvqe/dx Value. The largest difference to the nominal Byqg/qgx cut
is used conservative variation for all cases. The cut variations used in this
analysis are summarised in Table 5.14. The different cuts are then applied

SR-Rhad-MSagno | SR-Rhad-FullDet LooSE SR-1Cand-FullDet
BYdE/dx BYdE /dx dE/dx [MeVg~"cm?]
nominal 1.0 1.3 1.0
data/simulation 1.02 1.25 1.01
intial run/final run 0.97 1.37 1.01

and the difference in signal efficiency is used as systematic uncertainty.

The overall systematic uncertainty due to the Byqr/qx Mmeasurement is
found to be between 6% and 11.6% for SR-Rhad-MSagno, between 6% and
13% for SR-Rhad-FullDet Loosk and below 0.5% for all chargino and stau
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signal models. For the R-hadron signal regions the largest uncertainty are
observed for the low masses while for high masses only the uncertainty
from the two pixel cluster requirement is left. The reason is that for the
high masses the Svq4g/dx Cuts are in the tails of the distribution and hence
the variations have very little impact.

ToF 3 measurement The systematic uncertainty due to potential mis-
modelling of the 8 measurements in simulation have to be tested as it is
one main variable to identify HCLLPs. The methods are slightly different
between the measurements from the different subsystems and will be
explained in the following.

For the MDT's a smearing/sharpening procedure is applied to adjust the
timing resolution observed in simulation to the one observed in data, as
described in Section 5.5.3. The Sgpc distributions estimated using 5% vari-
ations of the calibration constants are found to bracket the 3zpc 0bserved
in data. The effect of these variations on the signal efficiency is evaluated
and half the difference between the up and downward variation are used
as systematic uncertainty.

For the RPC's a more complicated correction for the timing in simulation,
to match the timing resolutions observed in data, was necessary, as de-
scribed in Section 5.5.3. To be conservative the difference between the
signal efficiency with and without the RPC simulation corrections is used
as systematic uncertainties. The RPC Sror uncertainty is up to 22% for
R-hadron signal models while significantly lower for chargino and stau
models. The reason for the large uncertainties for the R-hadron models
is that due to a bug a significant fraction of Sgpc measurements in sim-
ulation was rejected. For R-hadrons a slightly asymmetric 5 resolution is
observed due to the hadronic interactions. After solving the RPC issue the
consistency between the measurements get problematic as RPC 5 mea-
surements are added to a significant fraction of candidates. The RPC has
the best g resolution and is likely to be in conflict with the Tile Calorimeter
measurement due to the described asymmetry there. A re-optimisation
of the consistency requirement could solve this problem but as the bug
was found after unblinding this was not possible anymore and matching
systematic uncertainty has to be assigned to the RPC measurement.

Two different sources of systematic uncertainties on the Tile Calorimeter
Brie estimation are considered: A potential mis-modelling of the resolu-
tion and an under or over estimation of the OFA correction as described in
Section 5.5.2. To assess the potential mis-modelling of the timing resolu-
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N ‘ |n| lower ‘ |n] upper
1 0.0 0.70
2 0.70 1.25

3 1.25 1.65
4 1.65 2.00
Table 5.15: The lower and

upper edges for the lowered

number of n bins in the tem-

plates.
N |n| lower | |n| upper
1 0.0 0.35
2 0.35 0.55
3 0.55 0.90
4 0.90 1.10
5 1.1 1.25
6 1.25 1.65
7 1.65 1.75
8 1.75 1.85
9 1.85 2.00

Table 5.16: The lower and up-
per edges for the increased
number of n bins in the tem-

plates.
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tion the smearing that was applied in simulation to match the resolution
seen in data is scaled up and down by 5%. The uncertainty due to a poten-
tial bias for large ty potentially introduced by an under or over estimation
of the OFA correction is address by scaling the correction by +50%. The
effect of the resolution variations is very small and found to be below
1.1% for any case. Also the effect of the scaling of the OFA correction is
rather small (<3.6%), while the correction on the timing is rather large.
This can be explained as the correction is significant for large to but negli-
gible for small ty. Large ty values correspond to a low g and are hence far
away from the final 8 requirements, which results in a moderate impact
of this variation on the signal efficiency.

5.10.3 Luminosity

The uncertainty on the integrated luminosity used for this analysis was
found to be 2.1%. The procedure of the uncertainty determination follows
the one described in Reference [150] and uses beam-separation scans
that were carried out in August 2015 and May 2016.

5.10.4 Background estimation

Three different contributions to the total uncertainty on the background
estimate are considered. The n-binning for the templates, the composi-
tion in the templates, and the normalisation of the background.

To estimate an uncertainty due to the particular choice of the n binning
used to uncorrelate 3 (8vy) and momentum, the number of n bins is varied.
The number of  bins is lowered to three and increased to seven from the
nominal five for all signal regions using n < 1.65. For SR-2Cand-FullDet
the only signal region which uses the |5| range up to 2, the variation is
from nominal six to four and nine n bins, respectively. The 7 intervals
used for the lowered and the increased number of bins are shown in Fig-
ure 5.17 and Figure 5.16, respectively. For the lowered number of bins
n roughly similar n intervals are, while for the increased number of bins
in particular for n> 1.65 smaller slices are chosen, as there the effect of
the missing low momentum tracks (Figure 5.76) gives the strongest 7-
momentum correlation.

To assess the systematic uncertainty due to a residual correlation in the n
bins and on the definition of the sidebands, the composition of the tem-
plates is slightly changed by tightening the sideband requirements. In the
R-hadron signal regions the fror and Byye/dx requirements are tightened
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Figure 5.86: The systematic uncertainty on the background estimate as function of the signal region. The upper plot shows the
SR-Rhad-MSagno signal region, while the lower the SR-Rhad-FullDet regions roosk (left) and ip+caro (reight). The different contribu-
tions are shown as markers, while the combined uncertainty is given as red line. For R-hadrons the same mass window is used for all

mass hypotheses above 2000 GeV, and hence the identical background uncertainties are expected.

for the momentum template while the momentum requirement is tight-
ened for the Bror/B74r/ax template. For the SR-1Cand-FullDet only the
Bror requirement is changed for the momentum template as Bvqe/dx is
not used in this signal region. In the SR-2Cand-FullDet no sidebands are
used for the S1or template and hence there only the sideband definition
for the momentum template can be changed. The different requirements
for the tightened sideband definitions are summarised in Table 5.17.
The third contribution to the systematic uncertainty on the background
estimate considered is the normalisation. The background is normalised
using the low mass control regions. The relative statistical uncertainty
from the number of events in the control region is used as relative un-
certainty on the number of background events in the signal region. The
different contributions are added in quadrature to obtain the total uncer-
tainty on the background estimate.

The estimated systematic uncertainties as function of the final
mass hypothesis for the R-hadron signal regions SR-Rhad-MSagno,

‘ nom. ‘ med. ‘ tight

B 1.0 0.98 | 0.96
By 2.5 245 2.4
p 200 190 180

Table 5.17:  The nominal
medium and tight sideband
requirements for the tem-
plates. The momentum is
given in GeV.



176

Vs=13TeV, 36.1 fb*

Vs=13TeV, 36.1 fb*

CHAPTER 5. SEARCH FOR HEAVY CHARGED LONG-LIVED PARTICLES

Iy L LA L A N O B B | I 1 S
X 20: 7 S F B
g 181~ SR-1Cand-FullDet —|— Combined g 70 SR-2Cand-FullDet | — Combined
= [ — =] E |
. F i " — 3
I E - ™ Normalisation n - 7 ™ Normalisation
> E 3 > E J
n E J o r ;
il 9 * Nbins r - * Nbins
£ ui £ 7
— —] v Sideband def. E "4 v sideband def.
f= -] £ 7
8 — ~ i
£ v 7 r =
6 — = E
£ v 7 - -
E * E [w o
4: v v ! 3 E B
2; v _ 10j At A4 A ¢ -
E v X m Ervrvre,, v B 7
B Ay . Fooaoa v y T =
T W S S N S S ST AN, S YN Y Y N M B o T AT YT S Z00 T YT T Y B O N
$§333839283983898333828888 $2832389839838%3833%888888
AN IIPLBIRNRIBIS3BIIIR ARSI IPOLBIRNRRIBS33IIIR
SSSS3a |S359a833
Signal region Signal region

Figure 5.87: The systematic uncertainty on the background estimate as function of the signal region. The uncertainty for the
SR-1Cand-FullDet is shown in the left figure while the one for the SR-2Cand-FullDet is given in the right figure. The different contri-

butions are drawn as markers and the combined uncertainty is indicated by the red line.

g AR AR RRARAE
s , 0.0< n<0.35 |
g 103: S 035<n<07
@) i o 07<n<ll A

E11<n<125
10° B 1.25< n<1.65 -
-1.65<r]<2.0 E
105 3

Figure 5.88: The template dis- 15

tributions for the momen-
tum in the different n bins
of the SR-2Cand-FullDet with
the tight sideband definition.
The nominal distributions are
shown in Figure 5.80.

Vs=13.0TeV, 36.1 fb*

200 400 600 800 1000 1200 1400

SR-2Cand-FullDet tight

p [GeV]



5.10. SYSTEMATIC UNCERTAINTIES

SR-Rhad-FullDet LoosE and SR-Rhad-FullDet ID+CcALO are shown in Fig-
ure 5.86 and for SR-1Cand-FullDet and SR-2Cand-FullDet in Figure 5.87.
For most of the signal regions the uncertainty from the normalisation of
the backgrounds is dominant. The statistics in the control regions are
rather limited as the optimisation of the final requirements would prefer
hard election requirements. A general feature that is visible for all differ-
ent signal region types is that for higher mass hypotheses the systematic
uncertainty originating from the change of the sideband requirements in-
creases. The reason is that for a tightened sideband the statistics in the
template decreases and in particular the tails to high momenta or low
p/5~ fade away. This can e.g. be seen by comparing the momentum tem-
plates produced with the tight selection as shown in Figure 5.88, with the
nominal distribution shown in Figure 5.80 (upper right). A longer tail in
e.g. the momentum template increases the whole background mass tail,
as it is folded with the g/~ template. This general trend can be seen,
excluding the feature at 650 GeV, in Figure 5.89, which shows a compar-
ison between the background estimated from the nominal and the tight
templates. The feature at 650 GeV is the reason for the dip in the trend
of the uncertainty from the change in the sideband definitions visible for
SR-1Cand-FullDet and to a smaller extend also for SR-2Cand-FullDet but
at lower masses, shown in in Figure 5.87. The lower mass requirement
for a mass hypothesis of about 800 GeV is roughly at 600 GeV. This peak
at 650 GeV in the background estimate from the tight sideband definition
can be explained by the momentum templates in the inner part of the de-
tector fading away roughly at 800 GeV as can be seen in Figure 5.88. At the
end of the distribution only single candidates are left and if those discrete
values are folded with the g spectrum, that is highly peaked at the cut
value (e.g. visible in Figure 5.80 bottom), also peak in the sampled mass
distribution is expected. The final 5 requirement of 0.8 translates into a
B~ = 1.33 and using a momentum of 800 GeV a mass m = p/f~ = 600 GeV
is expected, which roughly corresponds to what we see in Figure 5.89.
The effect of the change in the n binning is almost negligible in the sig-
nal regions using the 1p+carLo candidates, while an uncertainty of 3%-
15% is found for the high masses in the signal regions using full-detector
candidates. The reason is that for those candidates the tails of the
f/momentum templates are less prominent due to the better resolutions
including the MS. Some single outliers that are combined or separated by
the change of the n bins can hence have significant impact on the tails of
the distribution.
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Figure 5.89:  The nominal
estimated background for the
SR-2Cand-FullDet  overlaid
by the background estimate
from the templates produced
with the tight requirements.
The lower pad shows the ratio
between the tight and the
nominal background. The sta-
tistical uncertainty from the
templates is only propagated
to the nominal background
(shaded grey) and is also
the only contribution to the
uncertainty of the ratio.
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The values obtained for the systematic uncertainties due to the
background estimated are spanning a wide range. The lowest un-
certainties are found for the SR-1Cand-FullDet at low masses, which
can be explained by the high statistics in the control region. The
largest uncertainties are obtained for the SR-Rhad-FullDet LoosE and the
SR-2Cand-FullDet for high masses, but there also the expected back-
ground yields are very small, 0.05 for SR-Rhad-FullDet LOOSE (Mz =
2000 GeV) and 0.0007 for SR-2Cand-FullDet (m)ai = 2000 GeV).

5.11 Results

In this section the results for the search for HCLLPs with the ATLAS de-
tector in 36.1 fb'! data taken in 2015 and 2016 are summarised. Firstly
the statistical model used for the interpretation of the results will be de-
scribed. This is followed by a detailed discussion of the statistical inter-
pretation of the results in the different signal regions with the previously
defined benchmark models.

5.11.1 Statistical method

The pg-values and upper limits that are obtained from the results of the
analysis are estimated using the HistFitter package [141]. Two different
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hypotheses are tested. First the compatibility of the background with the
observed data is tested to check wether the data are in agreement with
the background-only-hypothesis or if a new signal is likely. And second
if signal is disfavoured, the signal-plus-background hypothesis can be ex-
cluded. For both pyp-values are determined as a measure for the compati-
bility, which are defined as the probability of measuring a certain or more
extreme outcome of the experiment.
The determination of the pg-values is based on a frequentist approach
using the profile-log-likelihood ratio as test statistic. To do so first the like-
lihood L has to be constructed for this analysis. Depending on wether one
(SR-Rhad-MSagno) or two signal regions are used (SR-Rhad-FullDet LOOSE
+ 1p+cALO and SR-2Cand-FullDet + SR-1Cand-FullDet) one or two bins for
the likelihood are used. For each bin a Poisson counting model is as-
sumed for the observed number of events. The systematic uncertainties
are taken into account as nuisance parameters 6; and are assumed to be
gaussian distributed. For this analysis only the combined systematic un-
certainties for background and signal, respectively, are used and set to be
independent between the different bins. The likelihood ratio is defined
as )
_ L 0)
L@ )
with the signal strength y, a scaling factor on the number of signal events,
d the value of ¢ that maximises the likelihood for the given u and /0
the parameters that maximise the likelihood. The denominator is called
conditional maximum-likelihood function for the given p, while the nom-
inator is called the unconditional maximume-likelihood function. The test
statistic used for the discovery pg-value estimation is given by

A(pe)

(5.31)

Go = —2InA(0), (5.32)

where 1 = 0 as the background only hypothesis is tested. The p-value for
the background only hypothesis is then given by

o0
po= [ fgol0) (5.33)
Qobs
where g,,s the value of the test statistic observed in the experiment and
f the probability density function, which is determined sampling pseudo
experiments. The pp-values can be translated into the number of stan-
dard deviations from a Gaussian, called significance. In particle physics it
is convenient that an evidence is claimed for 30, while a discovery needs

179



180

CHAPTER 5. SEARCH FOR HEAVY CHARGED LONG-LIVED PARTICLES

5¢0.
For the limit setting and exclusion of signal models the test statistic is
given by

Qu = —2In A(p). (5.34)

The confidence level CL,,, for the compatibility with the signal plus back-
ground hypothesis is given by

Qobs
Clop = / £(q,.|0) dg. (5.35)

To be less effected by fluctuations of the background, instead of the pure
CLgsp, the CLs [151, 152] is used, which is defined as

— CLs+b

CLs = L, (5.36)

where CL, is the confidence level under the background-only hypothesis,
but in contrast to the discovery p-value the exclusion test statistic is used.
In particle physics it is convenient that a model is excluded if CLs < 0.05,
which corresponds to a 95% Confidence Level (CL). To estimate an upper
limit on the cross section the signal strength p can be scanned to obtain
the value for which the CL; falls below 0.05. The upper limit on the signal
strength w;mi Can be translated to an upper limit on the cross section,
with

Olimit = Mlimit X Osignals (5.37)

using the signal cross section ogjg,g. In principle an arbitrary value for
Osignal €N be used as this is only setting the start value for the signal
strength scan.

5.11.2 Results and interpretation

First the results in the 16 discovery regions that were defined before un-
blinding are discussed. As no significant excess is observed the results
from all signal regions are used to set upper cross-section limits and, by
using the theoretical cross section, lower mass limits on the respective
models.

Discovery regions

A set of 16 discovery regions was defined before unblinding for which
the pp-values are estimated. The estimated and observed event yields
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Figure 5.90: The observed and expected numbers of events for the 16 discovery regions as well as for the four control regions that
are used for the normalisation, hence agreement there is by construction. The uncertainty shown on the background estimate as
grey dashed area includes both statistic and systematic uncertainties. For data a poisson error is drawn. The lower pad is shown the
significance of the regions with a surplus of observed data events above the expected background. For the Rhad-FullDet signal regions
the event yields from the Loose and 1p+caLo are added together to obtain a model independent pg-value. [5]
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Mass requirements
min

95% CL upper limit

Selection m?‘oip [GeVImT",, [GeV] Nest.ton., Nobs. Po Sign.o o x a x e [fb]
350 300 8.043.0 8 05 0.25
550 450 18406 4 0.056 1.59 0.20
SR-Rhad-MSagno 700 600 07403 2 011 1.24 0.17
850 750 0.4+0.1 2 0028 1.92 0.17
350 300 122 14 022 077 0.42
550 450 2.840.7 6 0.081 1.40 0.25
SR-Rhad-FullDet 600 1.440.4 2 028 057 0.14
850 750 0.95+0.2 2 018 093 0.14
175 240420 227 05 1.26
375 1742 16 05 0.24
SR-1Cand-FullDet 5 22402 1 05 0.10
825 04841007 O 05 0.08
150 1.510.3 0 05 0.09
350 0064001 0 05 0.08
SR-2Cand-FullDet g 0.00740.002 0 05 0.08
800 0.0017+0.0009 0 05 0.08

Table 5.18: The estimated and observed event yields for the 16 discovery regions, as well as the lower mass requirements to define
them. Furthermore the pg-values and the significance are given for the discovery regions where the observed number of events
exceeds the estimated number of events. In the last row also the model independent upper limits are stated, with the acceptance (a)

times efficiency () for the signal.

together with the obtained significance are shown in Figure 5.90 and
given as numbers in Table 5.18. There also the pg-values and the
model-independent upper-limits are stated. For the values given for
SR-Rhad-FullDet the two yields from the separate signal regions Loose
and 1p+caLo are added to be model independent, as a combination
with separate bins would need a prior knowledge on the expected sig-
nal distribution. Small excesses are observed for SR-Rhad-MSagno and
SR-Rhad-FullDet while a good agreement between estimated and ob-
served numbers of events for SR-2Cand-FullDet and SR-1Cand-FullDet
is observed. The according background and data distributions as well
as exemplary signal distributions are shown in Figures 5.81 to 5.84. The
largest deviation from the estimated background is found in the high-
est mass window for SR-Rhad-MSagno with almost 20. The same two
events are also visible in SR-Rhad-FullDet 1p+caLo, Which differs from the
SR-Rhad-MSagno only by the additional single-muon trigger and by being
the fall-back of the Loosk signhal region. The events are hence not pro-
moted to SR-Rhad-FullDet LoOSE Signal region. In general the surpass of
data against background for the SR-Rhad-FullDet is mostly driven by the
1p+CALO Signal region and hence to a large extend the same events as in
SR-Rhad-MSagno are seen. All events that are seen in the SR-Rhad-MSagno
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discovery region were further investigated. It was found that a large frac-
tion of them, in particular the two candidates in the highest mass window,
have no TRT hits and a low number of SCT hits and hence a poor momen-
tum resolution. It was further observed that only one Tile Calorimeter
timing measurement was used for the gy for all candidates. As dis-
cussed in Sections 5.4.1 and 5.5.2, those are features that are to some
extend expected to be present for HCLLPs. Nevertheless the candidates
look more like muons with outliers in the respective measurements than
signal candidates.

The results from this analysis can be compared to the results from the
search using only the ionisation energy loss in the pixel detector to iden-
tify HCLLPs [127], which analysed the same dataset. The estimated back-
ground and the observed data as well as two different signal benchmark
models are shown in Figure 5.91. The distribution is shown for the sta-
ble selection, which is targeting the stable R-hadron models. Also there
two candidates are present at very high masses, which are not the same
candidates as observed in SR-Rhad-MSagno Or SR-Rhad-FullDet ID+CALO.
The high mass candidates of SR-Rhad-MSagno are rejected due to a re-
quirement on the momentum resolution in the pixel dE/dx analysis. The
largest excess of 2.4¢ for this analysis is seen in the mass window starting
at 500 GeV that is designed for a 600 GeV gluino model. This slight excess
is visible as a bump of the observed data over the expected background.
In the analysis described in this thesis also a slight excess of 1.59 ¢ can
be seen in the corresponding region (mfit = 550 GeV, mg‘g;‘dx = 450 GeV).
For high masses the excesses are dominated by the two mass outliers as
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Figure 5.91: The estimated
background (red) with the
observed candidates (black
markers) and two distribu-
tions for different signal mod-
els (dashed blue and green)
superimposed for the stable
R-hadron signal region. The
yellow band includes both
systematic and statistic un-
certainties. The figure is
taken from Reference. [127],
where a detailed description
of the signal region and the
applied background estima-
tion method can be found.
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Table 5.19:  The expected
number of signal events
(Nexp.), the acceptance (a)
times efficiency (¢) for the
signal, the estimated number
of background events (Nest)
and the observed number of
events N,y for all different
mass hypothesis of gluino,
sbottom and stop R-hadrons
in the SR-Rhad-MSagno.

CHAPTER 5. SEARCH FOR HEAVY CHARGED LONG-LIVED PARTICLES

SR-Rhad-MSagno (1p+cALO)

R-hadron Mass [GeV] Nexp_ﬂ:aNexp_ a0 X etogxe Nest. £op,, Nops.
400 160000430000 0.044+0.003 8.0+3.0 8
600 2800045000 0.086+0.004 3.0+1.0 7
800 600041000 0.10640.005 1.8+0.6 4
1000 13004200 0.11440.005 1.0+£0.3 2
1200 400+70 0.129+0.006 0.7+0.3 2
1400 140430 0.1484-0.007 0.640.2 2
Gluino 1600 4247 0.1434-0.007 0.540.2 2
1800 13£2 0.134+0.007 0.4+0.1 2
2000 4.4+0.8 0.12640.006 0.4+0.1 2
2200 1.5+£0.3 0.1144+0.004 0.44+0.1 2
2400 0.5140.09 0.106+0.004 0.4+0.1 2
2600 0.18+0.03 0.1014:0.004 0.440.1 2
2800 0.06+0.01 0.090+4-0.004 0.440.1 2
3000 0.0234+0.004 0.090+0.004 0.4+0.1 2
600 400480 0.063+0.003 3.0+£1.0 7
800 80420 0.083+0.004 1.8+0.6 4
Bottom
squark 1000 1943 0.087+40.004 1.0+£0.3 2
1200 5.440.9 0.093+0.004 0.7+0.3 2
1400 1.5+£0.3 0.093+0.004 0.6+0.2 2
600 600+100 0.095+0.005 3.0+1.0 7
Top 800 1204200 0.11740.005 1.8+0.6 4
squark 1000 2845 0.128+0.005 1.04+0.3 2
1200 8+1 0.13940.005 0.74+0.3 2
1400 24404 0.14640.005 0.6+0.2 2

the windows are open to high masses. For the region (mMif = 550 GeV,
mg‘E‘;‘dX = 450 GeV) some additional candidates with a good agreement be-
tween mror and mye 4y are found, which can be seen from Figure 5.81 (up-
per). These are interesting results and the next iterations of those anal-
yses with analysing larger datasets might give answers if those small ex-
cesses are purely statistical fluctuations or if they originate from HCLLPs.

Limit setting

As no signal was observed the data can be used to set upper limits on the
production cross section, which can be translated to lower mass limits
using the theoretical cross section.

MS-agnostic The expected number of signal events (Nexp.), the accep-
tance (a) times efficiency (¢) for the signal, the estimated number of
background events (Nes;) and the observed number of events N, for
all different mass hypothesis of gluino, sbottom and stop R-hadrons in
SR-Rhad-MSagno are given in Table 5.19. An initial increase in sensitivity is
visible up to masses of 1400 GeV, while for higher masses the efficiency
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is decreasing again. This efficiency is following the £ trigger efficiency
which is discussed in Section 5.6.1. The behaviour can be explained by
the change in production mechanism. The efficiency for gluino R-hadrons
is similar to the efficiency observed for stop R-hadrons. The surplus in
trigger efficiency of the gluino signals is compensated by the larger frac-
tion of charged R-hadrons after hadronisation for stops (Section 4.2). A
significantly lower efficiency is obtained for the sbottom R-hadrons as
they are expected to have a lower £t trigger efficiency as well as the low-
est rate of charged R-hadrons after hadronisation. The upper limits on
the cross section are shown in Figures 5.92. For lower masses the cross-
section limits are weaker due to the increased background yields, while
for higher masses the decreasing signal efficiency is resulting in a weak-
ening of the cross-section limits. The strongest limits are obtained for
a mass hypothesis of 1400 GeV for all different particle types. The ob-
served cross-section limits are weaker than the expected due to the small
excesses in the low/high mass regions. The observed (expected) lower
mass limits are obtained from the intersection of the theory prediction
with the observed (expected) line for the upper cross-section limit. For
the different models an observed (expected) lower mass limit of 1950 GeV
(2060 GeV) for gluinos, 1190 GeV (1270 GeV) for sbottom and 1265 GeV
(1345 GeV) for stop is obtained. Due to the lower efficiency for sbottom
R-hadrons compared to stop R-hadrons also the obtained mass limits are
lower.

R-hadron full-detector The expected number of signal events (Nexp.),
the acceptance (a) times efficiency (¢) for the signal, the estimated num-
ber of background events (Nes;) and the observed number of events N,
for all different mass hypothesis of gluino, sbottom and stop R-hadrons
in SR-Rhad-FullDet LoostE and SR-Rhad-FullDet 1D+CALO are given in Ta-
ble 5.20. In general the trends from the F7 trigger are also seen for the
SR-Rhad-FullDet as also there most of the events are coming from this
trigger. The fraction of R-hadrons charged in the MS is enhanced for stop
compared to sbottom R-hadrons, as discussed in Section 4.5. This to-
gether with the lower fraction of charged R-hadrons after hadronisation
results in an almost twice as large signal efficiency for stop R-hadrons
compared to sbottom R-hadrons in SR-Rhad-FullDet LoosE. For gluinos
the signal effciency in SR-Rhad-FullDet LOOSE iS in between the one ob-
tained for sbottom and stop, whereas the SR-Rhad-FullDet ID+CALO Sig-
nal efficiency is the largest, as a higher £ trigger efficiency is expected
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SR-Rhad-FullDet LoOSE

SR-Rhad-FullDet 1D+CALOD

R-hadron Mass [GeV] Nexp. £0Ng,p, a X etogxe Nest. £0n..  Nobs. Nexp. £ONeyp, a X etogxe Nest. £on.,  Nops.
400 60000£20000 0.016£0.002  1.5%05 7 76000043000  0.044£0.003 _ 9.0£2.0 13

600 1100044000  0.033+0.003  0.540.2 1| 2400044000  0.07140.004  4.0+1.0 9

800 24004600 0.04440.003  0.3+0.1 1| 45004800  0.083+0.004  2.5+0.7 5

1000 5004100 0.04540.003  0.14-+0.05 o| 11004200  0.09140.005  1.6+0.4 3

1200 160440 0.053+0.004  0.10+0.04 o| 300450 0.096+0.005  1.3+0.4 2

1400 60410 0.06340.005  0.07-+0.03 ol 100420 0.10440.006  1.1+0.3 2

Gluino 1600 17+4 0.05740.004  0.06--0.03 0 3046 0.10440.006  1.0+0.3 2
1800 541 0.05240.004  0.05--0.03 0 1042 0.09940.006  0.9+0.3 2

2000 1.940.4 0.0534+0.003  0.05-+0.02 0 2.9+0.6 0.0834+0.004  0.9+0.2 2

2200 0.640.1 0.0434+0.003  0.05--0.02 0 1.040.2 0.07940.003  0.9+0.2 2

2400 0.1840.04  0.037+0.002  0.05+0.02 o| 038+0.07 0.07940.004  0.940.2 2

2600 0.07+0.01 0.03640.002  0.05--0.02 0| 0.1340.02  0.0744+0.003  0.940.2 2

2800 0.01940.004  0.02740.002  0.05+0.02 0| 0.04940.009 0.07140.003  0.940.2 2

3000 0.00740.002  0.02840.002  0.05--0.02 0| 0.01740.003 0.066+0.003  0.940.2 2

600 200£50 0.032+£0.002 _ 0.5%02 7 300£60 0.047+£0.003 _ 4.0£1.0 9

Bottom 800 3848 0.03740.003  0.340.1 1 60410 0.06140.003  2.5+0.7 5
squark 1000 942 0.04040.003  0.14-+0.05 0 1443 0.06440.003  1.6+0.4 3
1200 2.540.5 0.04340.003  0.10+0.04 0 3.940.7 0.068+0.003  1.3+0.4 2

1400 0.740.1 0.04240.003  0.07-+0.03 0 1.140.2 0.069+0.003  1.1+0.3 2

600 390+70 0.062+0.004  0.5%02 7 370+70 0.059+0.004 417 9

Top 800 80420 0.0754+0.004  0.3+0.1 1 80420 0.07740.004  2.5+0.7 5
‘ 1000 18+4 0.08340.004  0.14-+0.05 0 1843 0.08140.004  1.6+0.4 3
squar 1200 541 0.088+0.004  0.10+0.04 0 4.9+0.9 0.085+0.004  1.3+0.4 2
1400 1.640.3 0.09340.005  0.07-+0.03 0 1.540.3 0.089+0.004  1.1+0.3 2

Table 5.20: The expected number of signal events (Nexp.), the acceptance (a) times efficiency (¢) for the signal, the estimated number
of background events (Nest) and the observed number of events N,y for all different mass hypothesis of gluino, sbottom and stop
R-hadrons in SR-Rhad-FullDet Loose and SR-Rhad-FullDet 1D+CALO.

for gluino R-hadrons. Furthermore less events are promoted to the
SR-Rhad-FullDet Loosg, due to the lower charged R-hadron fraction in
the MS compared to the stop R-hadrons. The upper cross-section lim-
its are shown together with the ones obtained for the SR-Rhad-MSagno
in Figures 5.92. The expected cross section limits are slightly better for
SR-Rhad-FullDet for the low masses, while the difference is negligible
for larger masses. The gain in signal efficiency e.g. for mz = 2000 GeV
from the additional single-muon trigger is rather low (SR-Rhad-FullDet:
5.3% + 8.3% = 13.6% SR-Rhad-MSagno:12.6%) and also increases the back-
ground in SR-Rhad-FullDet 1p+caLo (0.9) compared to SR-Rhad-MSagno
(0.4). Therefore the main gain comes from the better background sup-

pression in the SR-Rhad-FullDet LOOSE.

As the signal regions are almost background free for high masses, no sig-
nificant gain is expected from the full-detector R-hadron approach. In
the low-mass region significant background contributions are present,
hence better upper limits are obtained with the SR-Rhad-FullDet ap-
proach. The difference between SR-Rhad-MSagno and SR-Rhad-FullDet iS
largest for the stop R-hadrons as the efficiency of the SR-Rhad-FullDet
1Dp+CcALO iS best for them. The observed upper cross section limits for the
SR-Rhad-MSagno are weaker due to the excess in the high mass region. For
the different models an observed (expected) lower mass limit of 2000 GeV
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Figure 5.92: The observed and expected upper cross section limits as well as the theory prediction for the cross section of gluino
(upper), sbottom (lower left) and stop (lower right) R-hadron models as function of the simulated mass. Both the limits from
SR-Rhad-MSagno (blue) and SR-Rhad-FullDet (red) are shown. The dashed lines indicate the expected limits, also drawn are the +1o
bands for the expected limit. The observed limits are shown as dots connected by a line. [5]
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SR-2Cand-FullDet

SR-1Cand-FullDet

Mass [GeV] NEXP~iUNexp, 0 X etogxe NeSt.io'NeSt‘ Nobs. NeXP‘iUNexp, a X etogxe Nest‘ﬂ:O’NeSt‘ Nobs.
287 1341 0.167+0.005 0.334+0.06 0 5.14+0.6 0.068+0.003 80.0£7.0 74
318 9+1 0.179+0.007 0.22+0.04 0 3.6+0.4 0.073+0.004 56.0+5.0 52
349 6.14+0.7 0.181+£0.005 0.1540.03 0 2.54+0.2 0.076+0.003 41.0+4.0 36
380 4.3+0.6 0.184+0.006 0.11+0.02 0 2.1+£0.2 0.089+0.005 30.0+3.0 24
411 3.2+0.4 0.196+0.005 0.08+0.02 0 1.5+0.1 0.093+0.004 23.04+2.0 20
442 2.4+0.3 0.198+0.007 0.06+0.01 0 1.2+0.2 0.096+0.005 17.0£2.0 16
473 1.8£0.3 0.204+£0.005 0.045+0.009 0 0.9240.09 0.105+0.004 13.0+1.0 15
504 1.4+0.2 0.210£0.005 0.035+0.007 0 0.68+0.06 0.105+0.004 10.1£1.0 11
536 1.0£0.1 0.208+0.005 0.027+0.006 0 0.55+0.06 0.111+0.004 7.9+0.8 7
567 0.84+0.10 0.224+0.006 0.027+0.006 0 0.434+0.04 0.113+0.004 6.3+0.6 4
598 0.6540.09 0.227+0.006 0.022+0.005 0 0.34+0.03 0.118+0.004 5.0+0.5 3
629 0.50+0.07 0.227+0.006 0.017+0.004 0] 0.2740.02 0.124+0.004 5.04+0.5 3
660 0.4040.05 0.234+0.006 0.014+0.003 0 0.22+0.02 0.125+0.005 4.04+0.4 3
692 0.30+0.05 0.224+0.008 0.011+0.003 0 0.1740.02 0.125+0.005 3.2+0.3 2
723 0.2440.03 0.229+0.007 0.009+0.002 0 0.13+0.01 0.120+0.005 2.6+0.3 1
754 0.19+0.02 0.22440.006 0.008+0.002 0 0.11240.009 0.1324+0.004 2.240.2 1
785 0.15£0.02 0.222+0.006 0.007+0.002 0 0.091+0.007 0.135+0.005 1.8£0.2 0
817 0.12+0.01 0.219+0.006 0.007+0.002 0 0.073+0.006 0.13440.004 1.5£0.1 0
848 0.09+0.01 0.215+£0.005 0.006+0.001 0 0.061+£0.005 0.138+0.004 1.3£0.1 0
879 0.084+0.01 0.212+0.005 0.005+0.001 0 0.052+0.005 0.146+0.005 1.31+0.1 0
911 0.065+0.007 0.225+0.006 0.004+0.001 0 0.041+0.003 0.144+0.005 1.1£0.1 0

Table 5.21: The expected number of signal events (Nexp.), the acceptance (a) times efficiency (¢) for the signal, the estimated number
of background events (Nest) and the observed number of events N, for all different mass hypothesis of staus in SR-1Cand-FullDet
and SR-2Cand-FullDet.

(2050 GeV) for gluinos, 1250 GeV (1280 GeV) for sbottom and 1345 GeV
(1370 GeV) for stop R-hadrons is obtained from SR-Rhad-FullDet.

Stau and chargino The expected number of signal events (Nexp.)
the acceptance (a) times efficiency (e) for the signal, the estimated
number of background events (Nes:) and the observed number of
events N, for all different mass hypothesis of charginos and staus
in SR-1Cand-FullDet and SR-2Cand-FullDet are given in Tables 5.21
and 5.22. For SR-1Cand-FullDet and SR-2Cand-FullDet a good agree-
ment between the estimated and the observed number of events is found
for all signal regions. Two competing effects are responsible for the be-
haviour of the signal efficiency. The first effect is that the higher the
masses of the sparticles the more central the candidates, which results in
a higher acceptance. The second effect is the decrease in reconstruction
efficiency for larger masses or correspondingly reduced velocities, as dis-
cussed in Section 5.4.2. For the low masses the effect of the increased ac-
ceptance is more relevant as all HCLLPs are expected to be in the plateau
of the MuGirIStau reconstruction efficiency. On the other hand for high
masses almost all candidates are in the acceptance window of the analy-
sis and hence the effect from the increase in acceptance is low. Therefore
first an increase in signal efficiency is expected, while for higher mass it
is decreasing. This is visible for both staus and charginos, though more
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SR-2Cand-FullDet SR-1Cand-FullDet
Mass [GeV] Nexp.iUNepr 0 X etogxe NeSt.:tUNest. Nobs. NeXP~iJNexp, 0 X etogxe Nest.ia'Nest_ Nobs.
200 2600+400 0.083+0.003 1.540.3 0 1200+200 0.038+0.002 230420 227
250 12004200 0.091+0.003 0.51£0.10 0 8004100 0.062+0.003 110+£10 109
300 6904100 0.102+0.004 0.33+£0.06 0 490+50 0.073£0.003 79+7 74
350 360450 0.101+0.004 0.1540.03 0 280+30 0.078+0.003 41+4 36
400 220430 0.107+0.004 0.08+0.02 0 180+20 0.089+0.004 2342 20
450 140+20 0.113+0.004 0.06+0.01 0 120+10 0.100+0.004 17+2 16
500 90+10 0.115+0.004 0.034+0.007 0 77+8 0.100+0.004 10+1 11
550 5948 0.119+0.004 0.027+0.006 0 52+5 0.105+0.004 7.9£0.8 7
600 4246 0.12940.004 0.021+0.004 0 36+4 0.110+0.004 5.0+0.5 3
650 2744 0.123+0.004 0.014+0.003 0 24+2 0.107+0.004 4.0+0.4 3
700 18+3 0.122+0.004 0.011+0.003 0 1742 0.113+0.004 3.2+£0.3 2
750 1242 0.113+0.004 0.008+0.002 0 1341 0.118+0.004 2.14+0.2 1
800 9+1 0.120+0.004 0.007+0.002 0 9.2+0.9 0.123+0.004 1.84+0.2 0
850 6.04+0.8 0.112+0.005 0.006+0.001 0 6.14+0.6 0.114+0.005 1.3£0.1 0
900 4.24+0.6 0.108+0.004 0.004+0.001 0 4.7+0.5 0.121+£0.004 1.1+0.1 0
950 3.24+0.5 0.112+0.004 0.003+0.001 0 3.3+£0.3 0.118+0.004 1.0£0.1 0
1000 2.240.4 0.106+0.005 0.0029+0.0009 0 2.54+0.2 0.120+0.006 0.84+0.10 0
1100 1.2+0.2 0.105+0.004 0.0019+0.0007 0 1.5+£0.2 0.131+0.004 0.54+0.07 0
1200 0.62+0.09 0.096+0.004 0.001540.0006 0 0.74+0.07 0.115+0.004 0.4240.06 0]
1300 0.32+0.04 0.087+0.003 0.0012+0.0006 0 0.4440.05 0.118+0.004 0.33+0.05 0
1400 0.1940.03 0.087+0.004 0.0009+-0.0005 0 0.26+0.03 0.120+0.004 0.274+0.04 0
1500 0.10+0.02 0.077+0.003 0.0007+0.0005 0 0.16+0.01 0.121+0.004 0.21+0.04 0

Table 5.22: The expected number of signal events (Nexp.), the acceptance (a) times efficiency () for the signal, the estimated number of
background events (N.st) and the observed number of events N, for all different mass hypothesis of charginos in SR-1Cand-FullDet
and SR-2Cand-FullDet.

pronounced for the latter as they span a larger range of mass hypothe-
ses. The effect of the decrease for higher masses is not visible in the
SR-1Cand-FullDet mass window, as the loss in overall efficiency is com-
pensated by less events being promoted to SR-2Cand-FullDet. In general
the signal efficiency is better for staus than for charginos as the latter are
expected to be produced more in the forward direction and with lower
velocities, as discussed in Section 4.1. The upper cross section limits for
staus and charginos are shown in Figures 5.93. The limits are rather flat
as a function of mass, but feature a slight increase for lower masses. This
increase is more prominent for charginos, as the main sensitivity for the
low masses originates from SR-2Cand-FullDet, where the efficiency de-
crease is more prominent for charginos. The observed (expected) lower
mass limits are 430 GeV (420 GeV) for staus and 1090 GeV (1070 GeV)
for charginos. From Table 5.22 it can be seen that a significant fraction
of the sensitivity at the mass limit of charginos is originating from the
SR-1Cand-FullDet, which was achieved by suppressing the background
with the additional dE/dx requirement.

Meta-stable gluinos The breakdown of this analysis approach for lower
lifetimes is tested considering gluino R-hadron signals with 10 ns, 30 ns
and 50 ns. The expected number of signal events (Nexp.), the acceptance
(a) times efficiency (¢) for the signal, the estimated number of background
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Figure 5.93: The observed and expected upper cross section limits as well as the theory prediction for the cross section of direct
pair-produced staus (left) and charginos (right) as function of the simulated mass. Both limits are obtained from a combination of
SR-1Cand-FullDet and SR-2Cand-FullDet. The dashed lines indicate the expected limits, while the 10 (+20) bands on the expected
limit are drawn as dark (light) red band. The observed limits are shown as dots connected by a line. [5]

Gluino R-hadron

SR-Rhad-MSagno (1p+cALO)

Lifetime 10 ns 30ns 50 ns
Mass [GeV] Nexp,:tUNexp_ a X E:l:O'aXE Nexp_:l:O'Nexp_ a X 8:t0gxg Nexp,:l:O'Nexp_ a X E:l:O'aXE NESt.:tUNeSt_ NObS.
1000 800+100 0.065+0.004  1400+300 0.121£0.006  1500+300 0.125+0.005 1.0+0.3 2
1200 220+40 0.072+0.004 400+70 0.129+0.006 410+70 0.133+0.005 0.7+0.3 2
1400 70+10 0.079+0.004 120+20 0.132+0.005 140+30 0.149+0.006 0.64+0.2 2
1600 2244 0.074+0.003 41+7 0.140+0.005 4117 0.142+0.005 0.5+£0.2 2
1800 8+1 0.077+0.003 14+2 0.139+0.005 1442 0.142+0.005 0.44+0.1 2
2000 2.8+£0.5 0.080+0.005 4.740.8 0.132+0.007 5.2+0.9 0.146+0.005 0.4+0.1 2
2200 1.0£0.2 0.075+0.004 1.7+£0.3 0.132+0.005 1.7£0.3 0.130+0.004 0.44+0.1 2
2400 0.35+0.06  0.073£0.004  0.58+0.10  0.120+0.004 0.6£0.1 0.122+0.004 0.4+0.1 2

Table 5.23: The expected number of signal events (Nexp.), the acceptance (a) times efficiency () for the signal, the estimated number of
background events (Nest) and the observed number of events N, for all different mass hypothesis of gluino R-hadrons with a lifetime
of 10 ns, 30 ns and 50 ns.
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events (Nest) and the observed number of events N, for all different life-
times and mass hypothesis considered for gluino R-hadrons are given in
Table 5.23. Also for different lifetimes of gluino R-hadrons, two competing
effects on the signal efficiency are present. On the one hand the shorter
the lifetime the lower the efficiency for reconstructing HCLLPs as 1p+caLo
candidates as they might decay before reaching the Tile Calorimeter. On
the other hand if candidates decay before or within the calorimeters, their
decay products could be seen in the calorimeters and might lead to large
Fr and hence an increase in trigger efficiency. This is in particular inter-
esting for constellations as sketched in Figure 5.94. Such events might
be selected by Fr triggers, without having to rely on an ISR jet and also
have a HCLLP candidate in the event. For the meta-stable R-hadron sig-
nals considered in this study the decay to a neutralino (mX? = 100 GeV)
and two quarks is assumed, as discussed in Section 5.3. For such a large
difference between the LSP and the R-hadrons masses the jets from the
quarks are expected to be hard and hence most of the events that have
a R-hadron decaying before the calorimeters will be accepted by the trig-
ger. This effect can be seen as the signal efficiency is slightly increased for
meta-stable R-hadrons with lifetimes of 30 ns and 50 ns compared to the
stable ones. For lower lifetimes it is becoming more and more likely that
both candidates decay before the calorimeters and hence give no HCLLP
candidates for this analysis approach. The upper cross-section limits for
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Figure 5.94: A possible con-
stellation for pair-produced
meta-stable R-hadrons, where
one candidate is decaying be-
fore the calorimeters to SM
quarks that are visible in the
calorimeters and the LSP that
is neutral. If the mass dif-
ference is significant between
the R-hadron and the LSP
a significant energy for the
quarks is present that can

lead to a }E'T trigger accept.
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Figure 5.95: The observed and expected upper cross section limits as well as the theory prediction for the cross section of gluino
R-hadrons with a lifetime of 10 ns (upper), 30 ns (lower left) and 50 ns (lower right) as function of the simulated mass. The results are
obtained from SR-Rhad-MSagno. The dashed lines indicate the expected limits, while the £1¢ (£20) bands on the expected limit are
drawn as dark (light) red band. The observed limits are shown as dots connected by a line. [5]
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Figure 5.96: The lower mass limits obtained for pair-produced gluino R-hadron signal models for different signal regions and analysis
strategies. If gluinos are generated with a lifetime the decay to two quarks and the neutralino as LSP are simulated. The mass of the
neutralino is fixed to 100 GeV for all cases. For the stable cases the observed (expected) lower mass limits are shown as circles (empty
circles). The observed (expected) limits for the meta-stable cases are drawn as lines (dashed lines). Besides the lifetime axis also the
¢r axis is drawn. Furthermore for n=1 and B~ the ranges of the different sub-detectors are illustrated. The lower mass limits for the

pixel dE/dx analysis are taken from Reference [127] and for the DV+,E(T analysis from Reference [148].

meta-stable gluino R-hadrons are shown in Figures 5.95. It can be seen
that the effect of the efficiency increase/decrease for different lifetimes is
not mass dependent for the range considered, as the upper cross section
limit is similarly flat for all considered lifetimes. The observed (expected)
lower mass limits for meta-stable R-hadrons are 1980 GeV (1860 GeV) for
10 ns, 2080 GeV (1960 GeV) for 30 ns and 2090 GeV (1980 GeV) for 50 ns.

The lower mass limits obtained for the meta-stable R-hadron signal to-
gether with the results from the stable R-hadron signal region as well
as the results from the pixel dE/dx analysis [127] and the DV+£7 analy-
sis [148] are shown in Figure 5.96. It can be seen that for lifetimes of 30 ns
and 50 ns this analysis is expected to have the best sensitivity but due to
the slight excess at higher masses the observed limit is lower than for the
pixel dE/dx analysis, as they do not see any excess in their meta-stable
selection. For the stable case the expected limits from SR-Rhad-MSagno
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and SR-Rhad-FullDet are, similar but the observed is slightly better for
SR-Rhad-FullDet. The observed lower mass limit from the pixel dE/dx
analysis for the stable models is about 100 GeV lower than the one ob-
tained from SR-Rhad-FullDet. At about 10 ns lifetime the pixel dE/dx anal-
ysis has the best sensitivity, while for even lower lifetimes the DV+£7 anal-
ysis is taking over. The DV+F£7 analysis looks for displaced vertices with
several associated tracks and £t in the event. The DV+£7 analysis is very
sensitive to the mass difference between the LSP and the R-hadron as for
small mass differences the number of charged particles in the jets as well
as the total vertex mass will go down and hence decrease the reconstruc-
tion efficiencies for the displaced vertex. The scenario considered here is
rather beneficial for this analysis and the picture will change significantly
if scenarios with small mass splitting between the HCLLP and the LSP are
considered. For the pixel dE/dx approach or the one described in this the-
sis no significant changes in sensitivity are expected for compressed sce-
narios between the HCLLP and the LSP. For even lower lifetimes prompt
searches [153], which largely rely on the specific decay of the R-hadron,
will take over.

Previous results The observed lower mass limits for this analysis as
well as for the Run-1 [97] and the first Run-2 [101] analysis are sum-
marised in Figure 5.97. For all different signal models a significant in-
crease in the lower mass limits can be seen. The highest limits are ob-
tained for gluino R-hadrons due to their relatively high cross section. For
stop and sbottom R-hadrons the limits are now at roughly 1200 GeV to
1300 GeV and extend the results of the previous searches by 300 GeV to
400 GeV. Also a large increase (475 GeV) in the lower mass limit is visible
for direct pair-produced charginos. This was achieved by the tighter def-
inition of SR-1Cand-FullDet, compared to the Run-1 analysis, which now
contributes to the sensitivity at the mass limit. The lowest mass limits are
obtained for direct pair-produced staus, which are still below 500 GeV. So
also for the minimal supersymmetric scenarios the moderate mass range
is not yet fully ruled out. A very important remark on those mass limits
is, that they are very model dependent and tend to give the illusion of
the low mass range being fully ruled out. But nature does not have to
be minimal and if processes are suppressed or completely different sce-
narios give rise to HCLLPs the cross section can be low. So the search
for HCLLPs should be designed to achieve best sensitivity over the whole
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Figure 5.97:  The observed
lower mass limits compared
to the Run-1 [97] and the first
Run-2 [101] analysis. The first
Run-2 analysis was only us-
ing the MS-agnostic approach
and was aiming mainly for
R-hadrons as for them the
largest increase in sensitivity
from 8 TeV to 13 TeV was ex-
pected. | was also working on
this analysis during my Phd.
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mass range.

5.11.3 Re-interpretation Long-Lived Multi-Charged Particles

The results of this search can be also interpreted for multi-charged parti-
cles. This can be used to study the breakdown of this analysis strategy for
higher charges. Furthermore it helps to understand how multi-charged
particles could appear in the signal regions of this analysis. An under-
standing of the z = 2 multi-charged particles can be also important for
the R-hadron signals as there some doubly-charged states are expected.
Further details about this re-interpretation are given in Appendix A.7.
This study is based on samples used in a dedicated analysis for multi-
charged particles as described in Reference [154]. The multi-charged
particles are assumed to be fermions and only direct-pair production via
photon exchange is considered. The mass hypotheses tested in this re-
interpretation are between 400 GeV and 1400 GeV in steps of 200 GeV
and charges of |ze| with z = 2 and 2.5 are assumed. The samples are gen-
erated with The samples are generated with MG5_AMC@NLO 2.3.3 using
the NNPDF23LO PDF set, the A14 set of tuned parameters and PYTHIA
8.205 for hadronisation and the underlying event.

First the most suitable of the analysis approaches presented in this work
for the search for multi-charged particles has to be determined. They
are charged throughout the whole detector and are therefore candi-
dates for the SR-2Cand-FullDet SR-1Cand-FullDet approach. But this is
very sensitive to inefficiencies of the Loosk selection as for lower masses
the main sensitivity originates from the SR-2Cand-FullDet. Also the
SR-Rhad-FullDet approach could be used, which has the benefit of using
B~, which might be wrong, but due to the higher ionisation energy loss,
rather too low, resulting in a better discrimination power. One important
consequence of the higher charge of the particles is, that their momen-
tum is wrong by 1/z as for this analysis z = 1 is assumed. This also affects
the estimated mass, which is accordingly also off by a factor of 1/z. The
final mass windows that have to be chosen for multi-charged particles are
therefore at low masses where a sufficient background suppression can
only be achieved with SR-2Cand-FullDet. Hence, the SR-2Cand-FullDet-
SR-1Cand-FullDet approach is used for the analysis of the multi-charged
signals, with the mass windows selected according to the charge.

The signal efficiency as a function of the true particle mass for pair-
produced charginos, and multi-charged particles with |2e| and |2.5¢| is
shown in Figure 5.98. The charginos are shown for comparison as
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they are also fermions, but with a charge q = |1e|. It can be seen

that the efficiency is already for a doubly-charged particle significantly
lower and completely drops for higher charges. Furthermore as dis-
cussed above mainly SR-2Cand-FullDet is contributing to the sensitivity,
as SR-1Cand-FullDet is suffering from large backgrounds. Hence mainly
the 4% efficiency of the SR-2Cand-FullDet are relevant. The reason why
this efficiency is so low is that the a significant fraction of candidates is
rejected by the consistency requirement between the time-of-flight mea-
surements. The consistency is critical as the timing in the MDT's is incor-
rect for multi-charged particles. This might be explained by the higher
ionisation energy loss in the MDT's. The ionisation energy-loss e.g. for
doubly-charged particles with gy = 1 is according to the Bethe-Bloch
Equation 4.4 about six times higher than the one expected from mini-
mum ionising particles. This could lead to a faster signal rise, resulting in
smaller drift radii and accordingly to smaller ty. This should be further in-
vestigated as R-hadrons can have doubly charged states and hence those
effects might also be relevant there.

The results in SR-1Cand-FullDet and SR-2Cand-FullDet from the nominal
analysis can be used to set upper cross section limits on multi-charged
particles and using the theoretical prediction lower mass limits can be
obtained. The observed (expected) lower mass limits for pair-produced
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Figure 5.98: The signal
efficiency as function of
the true particle mass for
pair-produced charginos
(blue), and multi-charged
particles with |2e| (red)
and |2.5¢|  (green) in
SR-1Cand-FullDet (dashed)
and SR-2Cand-FullDet (solid).
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multi-charged particles are 715 GeV (690 GeV) for z = 2 and 460 GeV
(420 GeV) for z = 2.5. The lower mass limits from the dedicated analy-
sis for multi-charged particles, which is using dE/dx measurements from
the MDT, the TRT and the pixel detector as main observables to iden-
tify multi-charged stable particles. The observed limits are 980 GeV for
z = 2 and 1060 GeV for z = 2.5. Besides the problem with the con-
sistency between the g measurements also the rather poor MuGirIStau
efficiency is decreasing the sensitivity of this analysis. The dedicated ap-
proach is using the standard muon algorithms, which are, for the masses
considered, almost fully efficient. Both the MuGirlStau efficiency as well
as the consistency are not optimal in this analysis round and should be
significantly improved in the next iteration, hence the sensitivity at least
for the z = 2 particles could be similar to the one achieved with the
dedicated multi-charged particle analysis. The inefficiencies detected for
z = 2 particles can be used to improve SR-Rhad-FullDet with respect
to doubly-charged R-hadron states. The argumentation could also be
turned around to accept that the analysis is inefficient to doubly-charged
states. As charge-flips to doubly-charged R-hadron states are the domi-
nant source for charged R-hadron states with different charge in ID and
MS, the combined ID+MS momentum instead of the ID momentum could
be used for R-hadron full-detector candidates, which would significantly
improve the mass resolution.

5.12 Ideas for the future

In this section a summary of ideas for potential improvements for the
search for HCLLPs will be given. Also a personal estimate where possi-
ble on the potential and the amount of work needed will be given. The
ordering of the topics follows the structure used in this work.

HCLLPs produced in decay chains In this analysis only models of pair
produced HCLLPs are considered. Different kinematics for similar signa-
tures are solely explored by comparing staus and charginos. A very in-
teresting extension could be to consider models where the HCLLPs are
produced in decay chains. If the available energy for the HCLLPs is low
due to the decays, they might fail to be reconstructed and hence a signif-
icant decrease in signal efficiency might occur. Such decay chains could
be explored e.g. using simplified models. Using those signal models also
for the optimisation of the signal regions as cross-check can help to make
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them more robust against the kinematics of the HCLLPs.

This could be very beneficial for the analysis and the effort needed should
be manageable as people are currently working on setting up such sim-
plified models for long-lived particles.

MS only tracks A rather long outstanding idea is to use MS only tracks
as a new type of object. Those would mainly aim for R-hadrons were
the particles undergo a chargeflip from uncharged in the ID to charged
in the MS. For stops about 25% of R-hadrons are expected to have those
charge flips, which is indeed a significant fraction. But this analysis is very
challenging because it will suffer from huge background from cosmic-ray
muons that are very hard to reject with this analysis approach. Further-
more it will be difficult to relax the 5 = 1 assumption in the reconstruction
and to deal with the out-of-time hits. The reconstruction efficiency will
therefore drop rather rapidly as function of 3. The effort will be very likely
not in a relation to the gain for this analysis.

Pixel 5~ uncertainty A reliable uncertainty on the 5y measured with
the pixel detector could be used for a combination of all velocity mea-
surements as well as for a more reliable consistency estimate between
the By4e/dx @and Bror. One potential way of estimating this would be to
use e.g. low-momentum protons in minimum bias data and comparing
the estimated with the known mass of the proton. The uncertainty of
the momentum has to be taken into account and unfolded from the res-
olution. Some initial studies are described in Reference [155], but some
further investigation is still needed.

This first results look very promising and the gain for the analysis could
be significant.

Tile Calorimeter 5 One potential source for improvement of the Tile
Calorimeter g can be to re-optimise or maybe completely drop the mini-
mum energy requirement per hit. Currently about 30% of the R-hadrons
have only one Tile Calorimeter hit, used for a 3 measurement and hence
no requirement on the minimum number of hits is used. But if the en-
ergy threshold per hit is lowered also less R-hadrons would be lost and
a requirement on at least two hits in the Tile Calorimeter could be used.
This could significantly reduce the background due to mis-measurements
in the Tile Calorimeter.
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This should be for sure re-optimised and tested for the next analysis
round.

Satellite-muon tagging As described in Section 5.5.2, it was possible
for the first time to identify muons from satellite-satellite collisions with
the Tile Calorimeter. With more data it might even be possible to detect
particles from satellites further away from the central bunches. One idea
is to identify muons originating from satellite-satellite collisions with the
Tile Calorimeter an tag them as satellite muons. Those can be used to
validate the behaviour of other subdetectors for out-of-time signals. This
could be in particular interesting for the LAr calorimeter, to check wether
the slight offset, that was found for electrons, is also visible for muons, or
if minimal ionising particles are measured with the correct timings. Those
studies could also be expanded to validate the timing also for other sub-
detectors, such as the muon detectors or to validate the behaviour of the
TRT for out-of-time signals.

The effort needed for those studies is rather low and in particular the
validation of the LAr calorimeter timing is important as this could be po-
tentially added as an additional time-of-flight measurement.

Liquid Argon calorimeter 5 Using the timing information from the LAr
calorimeter to estimate § was tested in a bachelor project with Joschua
Krink, the results are summarised in Section A.1. The basic idea is to use
the calibration of single cells and the calibration over time estimated for
the search for non-pointing photons, while all other calibration steps fol-
low the guideline of this analysis, but are redone using muons, as they de-
pend on the energy deposit or the signal distribution in the LArcalorimeter.
The j resolution estimated from the LAr with the same minimum E,;; =
500 MeV requirement as used for the Tile Calorimeter is not competiv-
tive, but using instead E,; = 2 GeV a beta resolution similar to that of
the Tile Calorimeter could be achieved. A detailed tuning of this mini-
mum requirements would be needed. To include this measurement in
the analysis, studies on the out-of-time behaviour e.g. using muons from
satellite-satellite collisions as discussed in the previous section are es-
sential. It was further found that the LAr calorimeter timing even after all
calibrations and with hard E.;; requirements, was not sufficient to resolve
muons from satellite-satellite collisions in the 33.3 fb~' proton-proton
collisions taken in 2016. Including the LAr timing might be a significant
improvement for 1p+caLo candidates as the number of Tile Calorimeter
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timing measurements is rather low.

Tile Calorimeter dE/dx Using the Tile Calorimeter to measure dE/dx
for the search for HCLLPs was tested together with Manuel Ettengru-
ber in his bachelor project. The dE/dx can be estimated for each Tile
Calorimeter cell from the path length of the track in the cell and the en-
ergy deposit. Those are then combined in a similar manner as for the
pixel dE/dx as a truncated mean. While for R-hadrons a separation be-
tween signal and muon background is possible this is not the case for
colour singlets. The main reason is that the Tile Calorimeter is not a thin
detector and hence the mean dE/dx is measured instead of the MPV. As
a result high-momentum muons are releasing similar energy deposits as
colour singlets with moderate velocities. R-hadrons are expected to re-
lease more energy as they also interact hadronically.

The effort that has to be put into this might be pretty substantial as all
the validation and calibration would have to be done for the first time. It
is only applicable for the R-hadron signal regions and is also dependent
on the model used for hadronic interactions.

Fr using SlowMuons In the current version of the £r on analysis level
the combined objects reconstructed by the standard muon algorithms
are used for the calculation of the muon contribution. As these are in-
efficient for slow HCLLPs, they are not taken into account for the £; cal-
culation. This is in particular crucial for chargino-neutralino productions
as when the chargino is not taken into account no real source for £ is in
the event. The implementation of this might be rather difficult but would
have a substantial effect on a signal region looking for events with an
HCLLP and £ like used in previous analyses. Besides some technical is-
sues the calculation of the £ without SlowMuons was the main reason,
why this signal region was not included this time.

Two ID+Calo candidates signal region One potential weak spotin sen-
sitivity is for pair produced meta-stable colour-singlets. The lower mass
as function of the lifetime for charginos decaying to a neutralino and
a soft charged pion are shown in Figure 5.99. It can be seen that the
new limits on charginos (1090 GeV) significantly exceed the ones from
the other analysis. On the one hand the results of this analysis should
be re-interpreted also for the meta-stable cases. On the other hand this
analysis approach might break down rather fast as the sensitivity at lower

201



202

Figure 5.99: Lower mass
limits for charginos decaying
to a neutralino and a soft
charged pion as function
of the chargino lifetime
in an AMSB scenario with
tan(8)=5 and p© > 0. The
pixel-only disappearing
track analysis [94] uses pixel
only tracks and vetos track
extensions in SCT and TRT,
while the disappearing track
analysis [156] wuses pixel
plus SCT tracks and vetos
extensions in the TRT. For the
limit from SR-2Cand-FullDet
+ SR-1Cand-FullDet only
the direct pair-production of
charginos is included, while
the other analyses also in-
clude the chargino-neutralino
production.
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masses is mainly driven by the two-candidate signal region which is very
sensitive to the lifetime as full-detector candidates are required. A pos-
sible new analysis approach requiring two 1p+caLo candidates might be
very sensitive in the regime of 10 ns to 50 ns. This could also be extended
to using candidates from the pixel dE/dx analysis.

In principle it should be fairly easy to extend the analysis with such a
signal region and the approach is generally applicable to pair-produced
meta-stable HCLLPs. A huge gain in sensitivity for lifetimes of O(30 ns)
should be possible.

Background estimation n templates A modified version of the back-
ground estimate was developed using n templates instead of the n of the
candidates in the control region (Appendix A.6). Combining this with a
normalisation of the background in sideband control regions where the
mass spectrum is estimated for a 5 sideband, could significantly stabilise
the background estimate against potential signal contamination as both
n and the normalisation are estimated in regions where any potential sig-
nal contribution is negligible compared to the background. It was shown
that the n sampling works for the MS-agnostic approach, but is signifi-
cantly more complex for the cases of the fall-back signal regions, as the n
distribution is not independent from the prioritised signal regions.
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The method is in principle very promising and is, for single-bin signal re-
gions as e.g. the MS-agnostic approach or the pixel dE/dx analysis appli-
cable out of the box. For the more complex signal regions used in this
analysis some further investigation is needed to correctly model the de-
pendencies of the fall-back signal regions on the prioritised ones. The
gain in reliability of the background estimate would be substantial, but
the effort needed is hard to estimate.

Re-interpretation for quirks Quirks [157] are a type of predicted par-
ticles that are charged under a new gauge group added to the SM. They
are assumed to be the only particles charged under this gauge group and
are hence expected to be stable. Furthermore they are assumed to be
electrically charged. The new gauge group is QCD-like and the interaction
gets strong at a scale A that is lower than the mass of the quirks. This has
an important consequence on the phenomenology of those particles, be-
cause in contrast to the SM QCD the strings would not break, leading to
particles oscillating through the detector. The expected oscillation length
depends on the mass of the particles and A and is hence not restricted.
This analysis might be sensitive to the two extreme cases. If the oscillation
length is rather short they look like a single highly ionising track, where
the boost of the quirk-quirk system defines the velocity of the combined
object seen in the detector. On the other hand if the oscillation length is
very long the signatures are two separate HCLLPs and again this analysis
might be applicable. Results of the corresponding search for HCLLPs with
CMS were re-interpreted for the long oscillation length [158], but still no
results using the full detector simulation (ATLAS/CMS) were published so
far. Those results are particularily important to estimate whether a ded-
icated analysis approach, as for example suggested in Reference [159] is
necessary. The big problem is, that currently no working detector simula-
tion of those particles is available, and hence a substantial effort has to be
made to get this in place. One interesting motivation for such quirks can
be, that dark matter is compose of bound states from quirks as proposed
in Reference [160].
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Chapter 6

Summary and Conclusion

In this thesis a search for HCLLPs with the ATLAS detector analysing a data
sample of 36.1 fb™' proton-proton collisions, is presented. This search
utilises measurements of the ionisation energy loss in the pixel detector
as well as time-of-flight measurements in the Tile Calorimeter, the MDT's
and RPC’s to identify HCLLPs. One focus of this thesis was to elaborate
the limitations of this analysis approach. This is in particular important,
as HCLLPs are predicted in a variety of theories extending the SM, and
therefore knowing the break down can be used to decide, if those results
are applicable for other models. Furthermore it can help to spot weak
spots in the experimental coverage.

Two different types of objects are used for HCLLPs, an ID track with associ-
ated Tile Calorimeter hits and a combined ID and MS track reconstructed
with a dedicated muon algorithm for slow particles. The ID tracking is
found to be almost fully efficient for g down to 0.2. For low velocities the
tracking breaks down rather rapidly due to the timing window of the SCT.
The momentum resolution for the high momenta of HCLLPs is found to
be poor and also a bias for momenta above 1.5 TeV was found. For the
combined tracks reconstructed with the MuGirIStau algorithm the effi-
ciency is only about 75% and drops below 40% for 5 < 0.4.

The main focus for the observables was on the 8 measurement with
the Tile Calorimeter. One important improvement compared to previous
analyses is that the timing distributions for all single Tile Calorimeter cells
were analysed for unexpected features. A distance correction was devel-
oped for the 2015 analysis and extended by an additional n correction
which now ensures a stable timing over the full » range. Another impor-
tant improvement compared to previous analyses is the smearing of the
timing measurements in simulation, that is now performed as a function
of the energy deposited in each ¢-projected cell. The g resolution of 0.068
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is the best achieved so far with the ATLAS Tile Calorimeter. An important
achievement for the reliability of the timing measurement with the Tile
Calorimeter is the observation of muons from satellite-satellite collisions,
which are measured with a delay that is in agreement with the expecta-
tion. For the g measurements a procedure to treat too small and too
broad resolutions in simulation using a unified matrix method of smear-
ing and unfolding was developed. The combined fSrof resolution from all
subsystems used for ToF measurements has a resolution of 0.021, which
is also the best achieved so far.

The search utilises three different approaches, two targeting R-hadrons
and one for pair-produced colour singlets. The R-hadron approaches are
the MS-agnostic search which does not use any information from the MS
to be less dependent on the modelling of the hadronic interactions of
the R-hadrons, and the R-hadron full-detector approach, which exploits
the better o resolution including the MS when possible. The approach
used for pair-produced colour singlets uses the requirement of two can-
didates in the event to significantly reduce the background in particular
in the low mass regions. An improvement for this analysis was for the
one-candidate fall-back signal region as there an additional requirement
on a large dE/dx is used to suppress the background, which significantly
improves the sensitivity in this signal region.

The background for the different signal regions is estimated in a fully
data-driven manner, by estimating templates for the key variables from
sidebands and sampling the mass distribution from those templates. The
background is normalised in low-mass control regions. Two assumptions
that are crucial for the validity of the background estimated were care-
fully tested: The potential signal contamination in the low mass control
regions and a potential correlation between momentum and /3.

No significant deviations from the expected background were found for
any of the signal regions used. Nevertheless the number of 1p+caLo can-
didates is slightly higher than the background predicition in some signal
regions. The largest excess of 1.90 was observed in SR-Rhad-MSagno in the
highest mass window, but the candidates are found to have poor momen-
tum quality and are hence believed to be outliers. Another small excess of
1.59¢ is found in the signal region designed for a 800 GeV R-hadron. This
region is more interesting as the candidates are more trustworthy and
in particular as the analysis using only the ionisation energy loss from
the pixel detector to identify HCLLPs [127] sees an excess (2.40) in the
same region. The results are interpreted to set upper cross-section limits



as well as lower mass limits for direct pair-produced sbottom, stop and
gluino R-hadrons, charginos and staus. The observed lower mass limits
are 1250 GeV for sbottom, 1340 GeV for stop and 2000 GeV for gluino
R-hadrons as well as 430 GeV for staus and 1090 GeV for charginos. The
limits significantly extend the results from previous searches. The re-
sults were also interpreted for gluino R-hadron with different lifetimes
and for multi-charged particles to estimate the sensitivity of this analy-
sis for shorter lifetimes and higher charges of the particles. For different
lifetimes the MS-agnostic has the better expected sensitivity for lifetimes
of 30 ns and 50 ns compared to the pixel dE/dx analysis [127], whereas
the approaches described in this work are not competitive with the ded-
icated analysis [154] already for doubly charged particles. The obtained
lower mass limits for these signals are 1980 GeV for 50 ns, 1960 GeV for
30 ns and 1860 GeV for 10 ns lifetime of the gluino R-hadrons, while for
multi-charged particles 715 GeV for g = |2e| and 460 GeV for g = |2.5¢| are
obtained.
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Appendix A

Search for Heavy Charged
Long-lived Particles

A.1 Time-of-flight measurement in the Liquid Ar-
gon calorimeter

This study on the calibration of LAr calorimeter timing was conducted
together with Joshua Krink. The calibration is very much inspired and
partially the same calibration constants are used as by the late-photon
analysis group. They are using electrons instead of muons as in this anal-
ysis, hence not exactly the same calibration is possible. This analysis uses
so far only the cells in the second and also broadest LAr layer. The cali-
bration constant per-cell and per-run can be directly used from the late-
photon analysis as those are due to de-synchronisations between the dif-
ferent clocks, and hence should be independent from the particle type
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Figure A.1: The ¢y distribu-
tion for the measurements in
the second layer of the LAr
calorimeter with different re-
quirements on Ep.
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measured. All other calibrations, are conducted in a similar way as in the
late-photon analysis but with muons. Those are calibrations along the en-
ergy deposit per cell, along the incident angle against the cell centre in ¢
and 7, and the relative energy fraction in the first or third LAr layer. The
timing resolution achieved after calibration for different requirements on
Epie is shown in Fgiure A.1. The corresponding j resolutions are 0.18 for
Enic > 500 MeV, 0.09 for E;; > 2 GeV and 0.07 for E,;; > 5 GeV. The resolu-
tion for the Tile Calorimeter is 0.068, which is for a E;;; > 500 MeV. The LAr
calorimeter S resolution is hence only for very high energy deposits com-
patible to the Tile Calorimeter resolution. About 42% of the candidates
in data have a LAr hit in the second layer with Ep; > 500 MeV, while 13%
have a hit with E,;; > 2 GeV and 5% have a hat with energy E,;; > 5 GeV.
The LAr has a worse 3 resolution as expected, but it can give an additional
measurement in particular as the statistics for Tile Calorimeter measure-
ments are rather low. But as discussed earlier the LAr calorimeter timing
for out-of-time signals has to be validated for muons. This can be done
using the satellite tagging as mentioned in Section 5.12.

A.2 Pre-selection Optimisation

Figures A.2-A.7 show the different optimisation studies for the quality
cuts of the candidate pre-selections. Beside the respective pre-selection
also some cuts of the final selection are applied as the observables are
partially correlated with e.g. 8. In particular for the consistency measure-
ments as the measurements in the bulk of the 3 distribution are expected
to be in a good agreement as roughly its close to the true value, whereas
in the tails of the s distributions the single measurements have to be out-
liers and therefore a poor consistency is expected. Also the uncertainty
needs to be optimised with a signal-region-like selection as it is propor-
tional to .

The distributions shown here are before the RPC bug was fixed to show
how the decision on the pre-selection cuts was made. In particular for the
consistency between the § measurements a worse discrimination power
is expected.
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Figure A.2: The o distribu-
tion for 1p+caLo candidates in
data overlaid by the distribu-
tions for three different gluino
R-hadron models. The chosen
cut is indicated by a dashed
line and the fraction that gets
rejected is given in the leg-
end. Beside the candidate
pre-selection also a momen-
tum pp > 200 GeV and 8 <
0.8 are required.

Figure A.3: The fBrie consis-
tency distribution for 1p+caLo
candidates in data overlaid
by the distributions for three
different stau models. The
chosen cut is indicated by a
dashed line and the fraction
that gets rejected is given in
the legend. Beside the candi-
date pre-selection also a mo-
mentum p;p > 200 GeV and
B8 < 0.8 are required.
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Figure A.4: The dE/dx distri-
bution for tieur candidates
in data overlaid by the dis-
tributions for three different
gluino R-hadron models. The
chosen cut is indicated by a
dashed line and the fraction
that gets rejected is given in
the legend. Beside the candi-
date pre-selection also a mo-
mentum pPcompined > 200 GeV
and 8 < 0.85 are required.

Figure A.5: The /BTOF_B'YdE/dX
consistency distribution for
Looske candidates in data over-
laid by the distributions for
three different stau models.
The chosen cut is indicated by
a dashed line and the fraction
that gets rejected is given in
the legend. Beside the candi-
date pre-selection also a mo-
mentum Peompined > 200 GeV,
g < 095 and mg,, >
200 GeV are required.
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Figure A.6: The Bror consis-
tency distribution for roose
candidates in data overlaid
by the distributions for three
different stau models (left)
and three differerent gluino
R-hadron models (right). The
chosen cut is indicated by a
dashed line and the fraction
that gets rejected is given in
the legend. Beside the candi-
date pre-selection also a mo-
mentum Pcompined > 200 GeV
and Bror < 095 are re-
quired. Those optimisation
studies were done before the
bug in the RPC's was found.

Figure A.7: The op, . consis-
tency distribution for roose
candidates in data overlaid by
the distributions for three dif-
ferent chargino models. The
chosen cut is indicated by a
dashed line and the fraction
that gets rejected is given in
the legend. Beside the candi-
date pre-selection also a mo-
mentum Pcompined > 200 GeV
and 8 < 0.95 are required.
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A.3 Templates

The template distributions, Figure A.16 and A.9, for the respective signal
regions that were not shown Section 5.9.
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Figure A.8: The templates used for the SR-1Cand-FullDet for the momentum (upper) and SBror (lower). On the left the 2-dimensional
distribution in  and the respective variable are shown, while the right plot shows the projection of each n-slice on the variable axis.
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A.4 Signal contamination in templates
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Figure A.10: Contamination of a 400 GeV (left), 800 GeV (right), and 2000 GeV signal sample in the
pdfs used for the background estimate compared between no contamination (black) with sidebands
(blue) and no sidebands (light blue). As cross-sections roughly the limits of the 2015 analysis are
used (20 fb flat) .

A generic background from all good muons is used for the 5 and momen-
tum pdfsgeneric in this study. The actual templates are sampled from the
generic background distributions with statistics that are seen in the ac-
tual templates used in the analysis. Three different scenarios are tested:
a) no signal contamination, b) a signal contamination where the pdfs are
estimated from sidebands where the momentum, 3 or 5+ SR cuts are
inverted, and c) without sidebands. Finally the background estimate is
normalised to data in the region below 500 GeV.

The resulting distributions are shown in Figure A.10. The background es-
timate for the 400 GeV sample with and without sideband is performing
similarly. A slight bias can be seen due to the signal contamination in the
normalisation region. This bias is of the O(2%) and can be included in the
low-mass SR as a systematic uncertainty. For the higher masses the sig-
nal contamination in the normalisation region is no problem, but a slope
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can be seen for the background estimated without sidebands. A bias up
to 10% for a 800 GeV signal and up to 20% for a 2000 GeV signal can be
found. The reason being signal particles entering the pdfs, which are in
the low-beta and high-momentum range. By randomly sampling from the
pdfs, a slope is introduced due those contaminations. All in all, sidebands
are chosen to estimate the templates where possible as it is more robust
against signal contamination.

A.5 Signal contamination background estimate

For this studies the influence of a potential signal contamination in the
control region as well as in the templates for the sampling of the back-
ground, was tested. The cross-section assumed for the different signal
models was chosen roughly at the current upper cross-section limits. For
charginos and staus those were extrapolated from 8 TeV to 13 TeV. While
the influence of the signal on the normalisation of the background and
on the shape of the templates was included in this study, the influence
of the signal on the 7 distribution of the candidates in the control region
was not. This was due to technical difficulties and as the effect on the
normalisation is expected to be larger this was not seen as limitation of
this study. Figures ??-5.84 show the results of the signal contamination
studies for the different signal regions. For all regions a good agreement
between signal contaminated and nominal background within the uncer-
tainties was found.
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Figure A.11: Background estimate for MS-agnostic analysis with and without signal contamination
aiming at gluino R-hadrons (SR-Rhad-MSagno). Left: mrop-projection, Right: myg g -projection. The
last bin(s) include the overflow. Only the statistical uncertainty is shown for the background esti-
mate. This Figures correspond to Figures 5.81 in the main body. The dotted pink line illustrates the
expected background given signal contamination as described in the text.
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Figure A.12: Background estimate for full-detector analysis (Loose part) with and without signal
contamination aiming at gluino R-hadrons (SR-Rhad-FullDet). Left: mop-projection, Right: mge /gy
projection. The last bin(s) include the overflow. Only the statistical uncertainty is shown for the
background estimate. The dotted pink line illustrates the expected background given signal contam-
ination as described in the text.
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Figure A.13: Background estimate for full-detector analysis (1p+caLo part) with and without signal
contamination aiming at gluino R-hadrons (SR-Rhad-FullDet). Left: mrop-projection, Right: myg/qx-
projection. The last bin(s) include the overflow. Only the statistical uncertainty is shown for the
background estimate. The dotted pink line illustrates the expected background given signal contam-

ination as described in the text.
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Figure A.14: Background estimate with and without signal contamination for analysis aiming at pair-
produced C1C1. Left: one t1euT candidate SR, Right: two Loose candidates SR. The last bin(s) include
the overflow. The dotted red lines indicated the lower bounds of the signal regions. The dotted pink
line illustrates the expected background given signal contamination as described in the text. Only
the statistical uncertainty is shown for the background estimate.
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A.6 Background estimate from » template

The current version of the background estimate needs a very careful
tuning of the control regions to avoid any larger effects of potential sig-
nal contamination on the background estimate. A new method was de-
veloped to reduce the effects of signal contamination by estimating
templates. But also a new treatment of the normalisation is needed to
achieve a more robust background estimate. For the normalisation new
dedicated sideband regions might be applicable. Both methods will be
introduced in the following.

To estimate the expected 5 distribution in the signal region, first the
distribution for the low-3/5~ and the high-p have to be estimated. Here
the final requirements on 3(5y) and momentum have to be used. One
important remark those should not be obtained in sidebands as the side-
band definition could have a correlation with the n distribution. Even if
signal is present it has a negligible fraction, due to the large backgrounds,
and hence has no influence on the final 5 distribution. The n distribution
in the final signal region where both low-3/8~ and high-p are required is
then obtained as illustrated in Figure A.15. The distributions are bin-by-
bin multiplied and then normalised. Those n templates can than be used
to sample the 7 values of the candidates instead of using the n from the
candidate. This has beside the lower influence of potential signal contam-
ination a further benefit as the n used for the background does not rely
on the very low statistics in the control region, where partially » slices are
not even populated. Both methods were applied to a loose MS-agnostic
signal region and the results are shown in Figure A.16. It can be seen that
the background estimated with this new n template method can nicely
reproduce the results with the candidate n version. It was decide to not
use this method as it had some limitations for the more complex sce-
narios with the fall-back signal regions. There the 7 distribution in the
fall-back signal region is not independent of the prioritised signal region.
In particular in the SR-2Cand-FullDet/SR-1Cand-FullDet there is more in-
vestigation needed on how to treat those. Therefore the old method with
using the n of the candidates in the control region was used similarly for
all signal regions to have a common approach. Nevertheless with some
more investigation e.g. by sampling SR-2Cand-FullDet/SR-1Cand-FullDet
together an simulating the efficiency, the method could be extended also
to the other signal regions.

With the n templates only the problem of potential signal changing the n
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Figure A.15: Schematic drawing of the estimation of the n templates from the n distributions of the single observables.
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Figure A.16: The estimated background with the n from the candidates (left) and with the n templates (right) in a MS-agnostic signal
region but with looser cuts as in the nominal selection and everything above 400 GeV is blinded. The Kolmogorv-Simrnov test is used
as measure for the agreement between data and the estimated background in the low mass control region.
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composition is solved but still the more prominent effect of signal con-
tamination via the normalisation is present. A potential solution to this
might be to use sideband normalisation regions were the backgrounds
are by far more dominant. The idea is to invert the final cuts of 3(3v) and
maybe use also some upper bounds, e.g. 0.95 > 4 > 0.8 but use the final
momentum requirement, P > 200 GeV. For this region the same methods
as in the nominal signal regions are applied to estimate the background
there. AS this region is largely dominated by background the normalisa-
tion of the background can be made there and also used for the nominal
signal region. In principle this means that the parts of the mass distribu-
tions that are cut away by the strong final requirements are re-cylced for
the normalisation of the background. This method was so far not tested
and therefore some further investigation might be needed.

Both methods described could be as a combination significantly reduced
potential effects from low-mass signal contamination on the background
estimate. The normalisation with the sidebands was not tested so far, but
similar approaches are commonly used e.g. in the pixel dE/dx analysis,
and hence should be applicable also in this analysis. For a simple signal
region as e.g. MS-agnostic also the n template method is rather simple
and was shown to work properly. But the difficulty are the 2-bin signal
regions. There some detailed investigation and new ideas are needed.

A.7 Re-interpretation Long-Lived Multi-Charged
Particles

In this section the procedure for the reinterpretation for multi-charged
particles will be described. The study is based on the samples from
the dedicated multi-charged particle analysis [154] and are described
in detail in Section 5.11.3. Both was tested using the SR-Rhad-FullDet
approach and the SR-2Cand-FullDet/SR-1Cand-FullDet approach. For
the SR-Rhad-FullDet no sensitivity was achieved at all and therefore only
the SR-2Cand-FullDet/SR-1Cand-FullDet approach will be discussed in
this section.

The samples are treated in the same way as the charginos and stau signal
samples. First a re-weighting is applied to match the pile-up distribution
as observed in data. Afterwards the same pre-selections are applied.
The resulting cutflwo for the Loosk selection is shown in Figure A.17. The
main steps in the cutflow are the requirement of at least one SlowMuon
per event, the n range and the 1o consistency. For the SlowMuon
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Figure A.17: The Loosk selec-
tion applied on a signal sam-
ple of doubly-charged parti-
cles with a mass of 800 GeV.
A multi-charged particle mass
hypothesis close to the ex-
pected mass limit is chosen.
The selection requirements
are grouped into blocks. The
first block are the event se-
lection requirements, the sec-
ond the common track pre-
selection and the third the
LooseE requirements. Beside
the (expected) event yields
also the efficiency and the
relative efficiency are stated.
The corresponding cutflow for
data is shown in Figure 5.70.

Figure A.18: The true 3 dis-
tribution overlaid by the re-
constructed B in the differ-
ent subsystems. A sample of
direct pair-produced doubly-
charged particles with a mass
of 800 GeV is used.
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Table A1: The lower mass
requirements on myor for
SR-1Cand-FullDet and
SR-2Cand-FullDet for multi-
charged particles with z = 2
and 2.5.
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Mass [GeV] | myor min. [GeV] Mo Min. [GeV]
SR-2Cand-FullDet | SR-1Cand-FullDet
400 150 175
600 225 250
800 325 350
1000 400 425
1200 450 500
1400 525 550

reconstruction efficiency beside the fiducial volume its also the rather
poor reconstruction eff. of the MuGirlStau algorithm in the Athena 20.7
version. Those particles are assumed to be fermions, accordingly they
are produced rather in the forward direction comparable to charginos
and therefore the step for the n range. The reason for the step due to the
Bror CcOnsistency can be seen in Figure A.18. The reconstructed 3 with the
MDT is shifted to higher values of 3, while the Tile Calorimeter is in rather
good agreement with the true spectrum. For the RPC’s the distribution is
slightly to low in 8. This can be understood as the RPC's only cover the
central region where the g of the particles is lower, as can be seen in
Figure 5.12. The bias seen for the MDT's was discussed with the experts
and might be due to the faster signal rise due to the significantly higher
energy loss for multi-charged particles, roughly six times higher for z = 2
particles with g+ =1 then for a minimum ionising particle with z = 1.

The standard procedure for the estimation of the masses assumes
|g=1e|. For a g = 2e particle the momentum is off by a factor two and
hence also the mass. To account for this the final mass windows for
the charginos/staus with half the mass of the multi-charged particle is
used. In principle the z = 2.5 particles should have the mass windows
corresponding to m/2.5, but as the sensitivity for those cases is found to
be very low for simplicity the same mass windows as applied for the z = 2
particles are also used. A summary of the lower mass requirements used
for the different mass hypotheses and signal regions is given in Table A.1.
The systematic uncertainties on the signal yield are re-evaluated for most
of the sources, only for small contributions and for the trigger the same
as for chargions were used. Using the uncertainty for charginos on the
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SR-2Cand-FullDet

Charge q=2e q = 2.5e
Mass [GeV] Nexp_:l:O'Nexp_ a X E:i:O'gxg Nexp,:i:O'Nexp_ a X Ej:O'aXE NESt<iJNest. NObS.
400 32.04+5.0 0.043+0.003 5.0+1.0 0.0043+0.0007 1.5+£0.3 0
600 /+/ Yy 0.740.3 0.003940.0006 0.33+0.06 0
800 1.0+0.2 0.03740.002 0.07+0.04 0.001540.0006 0.084+0.02 0
1000 0.36+0.06 0.045+0.003 0.018+0.009 0.00144-0.0004 0.03440.007 0
1200 0.1240.02 0.045+0.002 0.015+0.005 0.0038+0.0006 0.022+0.005 0
1400 0.0334+0.007 0.036+0.003 0.007+0.003 0.0053+0.0010 0.01140.003 0

Table A.2: The expected number of signal events (Nexp.), the acceptance (a) times efficiency (e) for the signal, the estimated number
of background events (Nes:) and the observed number of events N, in SR-2Cand-FullDet for all different mass hypothesis of multi-
charged particles considered in this work with g = 2e and 2.5e.

SR-1Cand-FullDet

Charge q=2e q=2.5e
Mass [GeV] Nexp_ﬁ:a,vexp_ 0 X etogxe Nexp_j:a,\,exp_ a X etogxe Nest. £on,, Nops.
400 25.0+4.0 0.034+4-0.002 0.3+0.4 0.0003+0.0002 230.0+20.0 227
600 /x/ /E/ 1.7+0.5 0.009+0.001 79.0+7.0 74
800 2.0+0.2 0.070+0.003 0.24+0.1 0.0049+0.0008 23.0+£2.0 20
1000 0.62+0.08 0.078+0.003 0.15+0.05 0.012+0.002 10.1£1.0 11
1200 0.20+40.03 0.078+0.003 0.0440.01 0.011+0.001 5.0+0.5 3
1400 0.067+0.008 0.074+0.003 0.036+0.005 0.026+0.002 3.24+0.3 2

Table A.3: The expected number of signal events (Nexp.), the acceptance (a) times efficiency () for the signal, the estimated number
of background events (Nes:) and the observed number of events N,y in SR-1Cand-FullDet for all different mass hypothesis of multi-
charged particles considered in this work with g = 2e and 2.5e.

trigger efficiency is reasonable as they are also fermions and hence a
similar kinematic is expected, which is the main source of differences, as
the events are mainly coming from the single-muon trigger. All uncertain-
ties on the observables (3y4e/dx and fror) as well as the contribution from
pile-up are re-evaluated with the procedures as described in Section 5.10.
The dominant sources of systematic uncertainties are found to be the
SlowMuon effciency (5%-15%) and the MS  uncertainties (2%-11.5%)
for z = 2 particles. The overall systematic uncertainty on the signal
efficiency for z = 2 is between 11% and 19%. For z = 2.5 particles the
systematic uncertainties are very much dominated by the very low signal
statistic in the final signal regions. The systematic uncertainty is 125%
fro the 400 GeV mass window in the SR-1Cand-FullDet signal region and
between 15% and 50% for all other mass windows in SR-1Cand-FullDet
and SR-2Cand-FullDet.

The expected number of signal events (Nexp.) the acceptance (a)
times efficiency (¢) for the signal, the estimated number of background
events (Nest) and the observed number of events N, for all differ-
ent mass hypothesis of the multi-charged particles considered in this
work are given in Table A.2 for SR-2Cand-FullDet and in Table A.3 for
SR-1Cand-FullDet. It can be seen that basically all the sensitivity comes
from SR-2Cand-FullDet as the SR-1Cand-FullDet is for all but the very
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high masses suffering from large backgrounds. With those yields and
the estimated systematic uncertainties upper cross-section limits are
estimated for the different charge hypotheses and masses. The upper
cross-section limits as well as the theoretical prediction of the cross sec-
tion are drawn in Figure A.19 for g = 2e and in Figure A.20 for q = 2.5e. The
observed (expected) lower mass limits for pair-produced multi-charged
particles are 715 GeV (690 GeV) for z = 2 and 460 GeV (420 GeV) for z = 2.5.

Whilst no sensitivity is achieved from the SR-Rhad-FullDet it is neverthe-
less interesting to study the signal distribution for those regions, as two
a small fraction doubly-charged R-hadron states are possible. The final
SR-Rhad-FullDet LooSE mass distributions in the two-dimensional mge gy~
mror plane for data, estimated background and pair-produced doubly-
charged particles with a mass of 800 GeV are shown in Figure A.21. The
form of the signal is very different to the results for the R-hadron samples
in Figure 5.82. The signal is oriented rather parallel to the myg 4y axis and
not along the diagonal. For the myor the estimated values are about half
the true mass of the particles, which can be explained as for the mass
estimation g = 1e is assumed as discussed before. For myg/q, a large
spread is visible up to rather high masses. The reason is that for a multi
charged particle the estimated dE/dx-3~ relations are no longer valid and
using the Bethe-Bloch formula the expected mean dE/dx should be off
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Figure A.21: The  esti-
mated background for the
SR-Rhad-FullDet Loosk Signal
region in the myor-Mye/ax
planeThe distribution s
overlaid by the data points
and the distribution for a
multi-charged particles model
with my, = 800 GeV with
g = 2e. The overflow is
included in the last bin of
each distribution. The lower
mass requirements of the
signal region for the given
mass hypothesis is indicated
by the dotted red lines, while
the dotted grey lines are
illustrating the upper bound
for the control region. The
inlay shows a zoomed version
of the low-mass region. The
statistical  uncertainty on
the background estimate is
illustrated with the shaded
grey area.
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by roughly a factor z2. Furthermore for the significantly larger d£/dx the
pixel detector is likely to be in saturation. So the estimate 3~ is tending
to be reconstructed to high while the distribution gets washed out due to
the saturation effects in the pixel detector, as can be seen in Figure A.21.



Acronyms

AMSB Anomaly Mediated Supersymmetry-breaking
BSM Beyond the Standard Model

CSC Cathode Strip Chamber

CMSSM Constrained Supersymmetric Standard Model
CL Confidence Level

DxAOD Derived Analysis Object Data

DV Displaced Vertex

EM Electromagnetic

ESD Event Summary Data

EW Electroweak

FSR Final State Radiation

GMSB Gauge Mediated Supersymmetry Breaking
GUT Grand Unified Theory

GRL Good Runs Lists

HCLLP Heavy Charged Long-Lived Particle

HLT High-Level Trigger

IBL Insertable B-Layer

ID Inner Detector
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IP Interaction Point

ISR Initial State Radiation

KK Kaluza-Klein

LAr Liquid Argon

LEP Large Electron-Positron Collider
LHC Large Hadron Collider

LSP Lightest Supersymmetric Particle
MDT Monitored Drift Tube

MS Muon Spectrometer

MC Monte Carlo Simulation

MPV Most Probable Value

NdoF N degrees of freedom

OFA Optimal Filtering Algorithm

PDF Parton Density Functions

PV Primary Vertex

QFT Quantum Field Theory

ROC Receiver Operating Characteristic
RPC Resistive Plate Chamber

SM Standard Model of Particle Physics
SCT Semiconductor Tracker

SUSY Supersymmetry

TGC Thin Gap Chamber

TRT Transition Radiation Tracker

ToF Time-of-Flight
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TTC Timing and Trigger System

XAOD Analysis Object Data
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