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ABSTRACT

Several models of new physics yield particles that are massive, long-lived, and have an
electric charge, @), greater than that of the electron, e. A search for evidence of such
particles was performed using 5.0 fb~! and 18.8 fb~! of proton-proton collision data collected
at /s = 7 TeV and /s = 8 TeV, respectively, with the Compact Muon Solenoid detector
at the Large Hadron Collider. The distinctive detector signatures of these particles are
that they are slow-moving and highly ionizing. Ionization energy loss and time-of-flight
measurements were made using the inner tracker and the muon system, respectively. The
search is sensitive to le < |@Q] < 8e. Data were found to be consistent with standard
model expectations and upper limits on the production cross section of these particles were
computed using a Drell-Yan-like production model. Masses below 517, 687, 752, 791, 798,

778, 753, and 724 GeV are excluded for |Q| = 1le, 2e, 3e, 4e, be, 6Ge, Te, and 8e, respectively.
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CHAPTER 1

INTRODUCTION

Humankind has been curious about the world around us since the earliest of times. The
desire to understand the nature of their surroundings has led humans to study the matter
around them. The field of particle physics continues this endeavor by framing the following
two questions: What fundamental particles make up everything in our Universe? What are
the fundamental interactions among these fundamental particles? The process of answering
these two questions has advanced our understanding of matter and its interactions at smaller
and smaller length scales. The standard model (SM) of particle physics that represents our
current understanding of matter and its interactions is summarized in Sec. 1.1. Some of
the phenomena not fully described by the SM are discussed in Sec. 1.2. In Sec. 1.3, some
SM extensions that yield multiply charged Heavy Stable Charged Particles (the topic of
research pursued in this dissertation) are briefly introduced. Section 1.4 describes how to
identify multiply charged Heavy Stable Charged Particles in collider experiments. Lastly,
Sec. 1.5 summarizes some of the previous searches of multiply charged Heavy Stable Charged

Particles.

1.1 Standard Model of Particle Physics

All known fundamental particles have spin values of 0, 1/2, or 1. Particles with half-
integer spins are referred to as fermions while those with integer spins are referred to as

bosons. There are four kinds of known interactions among particles: strong, electromag-



Table 1.1: Particle content of the standard model.

Fermions
Leptons Quarks
Particle type Symbol | Electric charge | Particle type | Symbol | Electric charge
electron neutrino Ve 0 up U 2/3
electron e -1 down d -1/3
muon neutrino vy, 0 charm c 2/3
muon wo -1 strange s -1/3
tau neutrino Uy 0 top t 2/3
tau T~ -1 bottom b -1/3
Bosons

Particle type | Symbol | Electric charge

gluon g 0

photon ¥ 0

W= boson W +1

Z boson Z 0

Higgs boson H 0

netic, weak, and gravitational interactions.

The SM of particle physics encompasses all the known fundamental particles (Tab. 1.1)
and three of the four known fundamental interactions: the strong, the electromagnetic,
and the weak interactions. These interactions are described by the symmetry group of
SU(3)xSU(2)xU(1). Gravitational interactions are not described by the SM. The strength
of the gravitational interactions is insignificant at the length/energy scales that are currently
accessible.

All fermions are classified into three groups, referred to as generations. Each generation
has four particles. Two particles in each generation have color charge (a quantum number)
and are called quarks (q). The 6 quarks are up and down (u and d, 15" generation), charm
and strange (c and s, 2" generation), and top and bottom (¢ and b, 3'¢ generation). The
color charge is the quantum number associated with strong interactions. Quarks can carry
one of three colors. All quarks have electric charge (a quantum number), and thereby

interact electromagnetically. All quarks also interact via the weak force.



The two particles in each generation devoid of color charge are leptons. Among the
leptons, one particle in each generation has electric charge and interacts electromagnetically.
These are the electron (e~, 15% generation), the muon (u~, 2°¢ generation), and the tau
(77, 3'4 generation). The other lepton in each generation is a neutrino, referred to as the

204 generation), and the tau

electron neutrino (ve, 1°* generation), the muon neutrino (v,
neutrino (v,, 3'¢ generation). All leptons interact via the weak force.

Every particle has an antiparticle. For quarks and electrically charged leptons, antipar-
ticles have equal and opposite quantum numbers as that of the particles. It is not yet clear
whether antiparticles of neutrinos have equal and opposite or equal and same quantum
numbers as that of the neutrinos.

Three quarks (each with a different color), three antiquarks (each with a different an-
ticolor), or a quark and an antiquark (with a color and its anticolor) form a bound state
resulting in a colorless particle. Isolated colored particles have not been observed. These
bound states are referred to as baryons (gqq/Gqq) and mesons (qg). Baryons and mesons
are collectively called hadrons.

Among the quarks and the electrically charged leptons, particles in the first generation
are the lightest and contribute to stable matter while the second and third generations
consist of heavier particles that are unstable. The mass of the neutrino in each generation is
tiny compared to any of the quarks and the electrically charged leptons. Decay of neutrinos
have not been observed, however, neutrinos oscillate from one type to another (v, to v, ve
to vr, v, to v, and vice-versa).

Fermions interact with each other via the exchange of spin-1 particles. Strong inter-
actions among colored particles are mediated by the exchange of gluons (g). The gluon is
massless and has color charge, but no electric charge. Due to the color charge, the gluon can
interact with quarks and other gluons. Electrically charged particles interact electromag-
netically via the exchange of a photon (7). The photon is massless and does not have any
electric/color charge. Weak interactions of all fermions are mediated by W and Z bosons.

Both electrically charged W+ and electrically neutral Z bosons are massive, contributing



to the feebleness of the weak interactions.

The only spin-0 particle in the SM is the massive Higgs boson with no color/electric
charge. The Higgs field disrupts the unified description of the electromagnetic and weak
interactions and makes the W+ and the Z bosons massive, while the photon remains mass-

4% Jyly

less [1-6]. As of now, it is the only SM particle yet to be fully confirmed. On
2012, both the A Toroidal LHC ApparatuS (ATLAS) and Compact Muon Solenoid (CMS)
collaborations announced the observation of a new boson with a mass of ~ 126 GeV [7, §|.
The observed particle was consistent with the SM Higgs boson. Detailed studies of its in-
teractions with other particles and its quantum properties are required to establish its true
identity.

By March 2013, both collaborations had measured the decay of the boson into five
channels: vy, ZZ, WYW =, bb and 777~ [9, 10]. The observed decay rates are consistent
with that expected from a SM Higgs boson. Also, a number of possible quantum properties
of the boson were studied. Again, they agree with the SM prediction. However, the quantity
of available data is not sufficient to study all of the relevant properties in full detail. This
will be possible during the next run of the Large Hadron Collider (LHC) in 2015.

Over the past several decades, SM has been tested and confirmed by numerous exper-
iments. The parameters in the SM have been constrained by combining data collected in
several experiments [11]. The masses and widths of W and Z bosons, along with the mass
of the top quark, agree within one standard deviation of the measurement uncertainty. This
exercise helps confirm the SM to a higher degree of accuracy. Deviations from SM predic-

tions can give hints of new phenomena and point to additional questions to be answered.

1.2 Shortcomings of the Standard Model

Despite the remarkable success of the SM, it does not explain several observed phenom-
ena. These include matter-antimatter asymmetry, dark matter, and dark energy. Some of

these phenomena are described in this section.



At the Big Bang, it is hypothesized that matter and antimatter were created in equal
quantities. As the Universe expanded, matter and antimatter interacted and annihilated.
However, the Universe today predominantly consists of matter. Thus, the early Universe,
with equal quantities of matter and antimatter, evolved into one dominated by matter. This
feature is referred to as matter-antimatter asymmetry. To account for this, the SM must
include some difference between the interactions of matter and antimatter that yields the
residual excees of matter. The invariance of physics under simultaneous parity inversion
and charge conjugation (CP) requires matter and antimatter to be treated equally. While
CP violation has been observed experimentally, the size of this violation is insufficient to
explain the matter-antimatter assymetry observed in nature.

According to Newtonian dynamics, the angular velocities of stars in spiral galaxies
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galaxy, where r is the radial distance from the center of the galaxy. However, the velocities

around the galactic center should exhibit a dependence beyond the core radius of the
are mesured to remain roughly constant in a region extending well beyond the majority of
the visible mass [12]. These observations can be explained by positing the existence of matter
with gravitational, but no electromagnetic interactions, hence, dark matter. However, to
date, we do not know the nature of dark matter. One solution to the dark matter problem is
the presence of a particle that does not interact strongly or electromagnetically but may have
weak interactions. Neutrinos are the only SM particles with exclusively weak interactions.
However, the number and mass of SM neutrinos is well below that required by the inferred
dark matter density and necessitates phenomena beyond the SM.

The spectra of type Ia supernovae were measured as a function of their redshift in
1990s [13]. These measurements show that the expansion rate of the Universe is currently
increasing. The source for the accelerating expansion of the Universe is unknown, and is
termed dark energy. Presently, it is estimated that SM particles, dark matter, and dark
energy constitute approximately 4%, 23%, and 73% of the matter-energy content of the
Universe, respectively [14].

The electroweak scale (~ 100 GeV) and the vacuum expectation value of the Higgs field



(~ 245 GeV) render the typical energy scale in the SM to be of the order of 10?> GeV. The
energy scale at which the strength of the gravitational interaction becomes comparable to
the other SM interactions, also known as the Planck scale, is of order 10!? GeV. This large
difference in the scales of the SM and gravitational forces is referred to as the hierarchy
problem. There is no explanation for the hierarchy problem.

Higher-order corrections to the Higgs boson mass squared, m%{, involve an ultraviolet
cutoff energy scale [15], above which new phenomena are expected to modify the interactions
of the SM. If the scale beyond the electroweak scale is the Planck scale, this will yield
corrections to m?; of the order of 1030. Stabilizing the Higgs mass to its expected/known
value requires precise fine-tuning. In nature, this is usually the result of a symmetry; in
this case as yet unexplained.

At the energies studied in the laboratory, the forces of the SM have different strengths. A
simpler description of matter and its interactions can be envisioned where all the interactions
are unified into one. This can happen at higher energy scales, which are yet to be studied.
However, extrapolations of the current SM do not yield this feature [16].

The modern view is that the SM, with these unanswered questions, is a low-energy
effective theory. It is expected to breakdown at some energy scale, where newer phenomena
will gain promi- nence. At energies beyond this scale, the SM will need to be extended to
explain observed phenomena. Numerous theories have been proposed to extend the SM.

Some of them are mentioned in Sec. 1.3.

1.3 Beyond Standard Model Theories

Numerous extensions to the SM have been proposed. Supersymmetry (SUSY) is one
such theory that invokes a symmetry between particles whose spins differ by 1/2 [15]. In
SUSY, SM fields are extended to superfields with each superfield consisting of one fermion
and one boson as dynamical degrees of freedom. Thus, for every SM particle, there is a

superpartner whose spin differs by 1/2. No superpartners have been observed. Hence, if



SUSY is at all relevant, there must be a mass difference between the particles and their
superpartners, implying that SUSY is a broken symmetry.

This symmetry between fermions and bosons helps stabilize the Higgs mass in a natural
way [15]. There exists a relative minus sign between the fermionic and bosonic loop contri-
butions that yields a mutual cancellation of the loop corrections to the Higgs mass. SUSY

introduces a new quantum number, R-parity, defined as

R-parity = (—1)25+3B+L (1.1)

where S is the spin, B is the baryon number, and L is the lepton number. R-parity for
SM particles is +1, and —1 for their superpartners. If R-parity is a conserved quantum
number the lightest supersymmetric particle (LSP) will be stable. The LSP is then a dark
matter candidate. SUSY also unifies the strong, weak, and electromagnetic forces at very
high energies [16].

The Minimal Supersymmetric Standard Model (MSSM) is the simplest supersymmetric
extension of the SM. It is constructed using only complementary fields of the existing SM
fields [16]. Accomodating all possible SUSY-breaking interactions requires of the order of
100 free parameters. It is not practical to explore this parameter space in its entirety. More
practical SUSY models and searches are implemented by collapsing the parameters to a few.
For example, Gauge Mediated Supersymmetry Breaking (GMSB) [17] is a sub-model of the
MSSM, where SUSY breaking is realized by a gauge interaction through messenger gauge
fields. Minimal versions of the GMSB model can be constructed with 5 parameters [18].

Several extensions of the SM yield a massive particle that lives long enough to traverse
the entire detector without decaying and undergoing electromagnetic and/or strong inter-
actions with matter [19]. Motivation for such particles can be understood from observed
SM phenomena. The decay of electron and proton have not been observed. Stability of the
electron can be understood in terms of conservation of electric charge while that of the pro-

ton can be understood in terms of conservation of baryon number and lepton number. The



lifetimes of the muon and the neutron are much longer than other unstable SM particles.
The muon is long-lived due to the large difference between the masses of the muon and the
W-boson. In the case of the neutron, the combination of the weakness of the interaction
responsible for its decay and the small difference in the masses of the proton and the neu-
tron result in its long lifetime. Thus, in the SM, conserved quantum numbers yield stable
particles and constrained decays result in long-lived particles. Several extensions of the
SM give rise to scenarios of a conserved or almost conserved quantum number resulting in
stable or long-lived particles. In the CMS collaboration, such massive, long-lived particles
with electric charge are referred to as Heavy Stable Charged Particles (HSCPs).

The electric charge, @), of HSCPs can vary. They can have a fractional electric charge
(IQ] < e), unit electric charge (|Q| = le), or multiple electric charge (|Q| > 1e), where
e is the electric charge of the electron, and are referred to as fractionally charged, singly
charged, and multiply charged HSCPs, respectively. Such states could be produced at high
energy collider experiments. This dissertation is focused on the search for multiply charged
HSCPs. Some of the theories [20-22] yielding such states are discussed in the next few
paragraphs.

All SUSY extensions can, in general, yield bound states [23]. These states can be built
of supersymmetric quarks, supersymmetric leptons, and the Higgs scalars, resulting in a
large variety of baryonic and leptonic balls, referred to as Q-balls [24, 25]. In the early
Universe, Q-balls could have been created in abundance in a variety of ways. Production
of Q-balls through phase transitions and fusion (similar to Big Bang Nucleosynthesis) have
been studied [26-30]. During a phase transition in the early Universe, Q-balls can be cre-
ated by the aggregation of net charge in a region. Statistical fluctuations can result in large
concentrations of charge and is the leading source of charge fluctuations [26]. Cosmic evo-
lution of Q-balls and their relevance to the energy density of the Universe has been studied.
Depending on their charge, mass, and the timing of the formation of large Q-ball clusters,
they can survive evaporation and remain free particles until today [27]. The smallest Q-

balls, consisting of fewer particles, could be observed traversing a suitable detector over



several meters.

Theories involving geometries that are almost-commutative [31] yield the SM of par-
ticle physics and additionally two new fermions with electromagnetic charges [32]. These
fermions are referred to as AC-fermions/AC-leptons and carry electric charges of +2e and
—2e, respectively. These new particles have their own lepton flavor number. However, there
are no similar extensions to the existing quark families in the SM. The framework allows a
new U(1) (Uac(1)) interaction among the AC-leptons [21], resulting in an attractive force
between them. Dark matter could be a bound state of fundamental and, or, composite
charged particles, and AC-leptons fit into this scenario.

One of the possible solutions to the hierarchy problem (Sec. 1.2) centers on the hy-
pothesis that there is only one fundamental scale, the weak scale. This is achieved via the
introduction of new spatial dimensions [33]. Here, n additional compact spatial dimensions
of radius ~ R are added to the traditional spatial and time dimensions. For distances
smaller than R, the strength of the gravitational interaction will be in accordance with
(4+n) dimensions, while for distances much larger than R, the inverse square law will hold
true. The parameters n and R can be adjusted to match the strength of the gravitational
interaction to the strength of the other forces in the SM.

New compact spatial dimensions can result in the production of small black holes in
present-day high energy colliders [34]. These black holes can quickly decay into several
energetic SM particles or leave behind a remnant [22]. Charged remnants would move
through our detector mimicing a multiply charged HSCP.

Rather than following a specific theoretical prediction, one can explore beyond the SM
particle physics by studying the expected SM experimental signatures and investigating
deviations from it. New phenomena can manifest themselves in numerous ways and we
should not be limited to the theoretical guidelines. In addition, most signatures can be
interpreted in the context of several extensions to the SM, constraining a wide variety
of proposed models. Thus, precision measurements of SM experimental observables are

complementary to new phenomena searches based on theoretical intuition.



1.4 Search for Multiply Charged HSCPs in High Energy
Colliders

As introduced in Sec. 1.3, a multiply charged HSCP is a massive, long-lived particle that
has electric charge. The term massive refers to the fact that these particles must be massive
enough not to have been detected in previous high energy collider experiments (typically
mass greater than 100 GeV). Constraints from Big Bang Nucleosynthesis and experimental
observations require any new multiply charged HSCPs to be unstable. However, they could
have a measurable lifetime due to constrained decays, such as small couplings or restricted
decay phase space. A lifetime of ~ 5 ns will allow these particles to travel a few tens of
meters, the typical size of collider detectors. Thus, from the point of view of searches in col-
lider experiments, multiply charged HSCPs are stable particles. The electric charge results
in electromagnetic interactions with other charged particles in the material medium. The
magnitude of the electric charge can be equal to or larger than that of the electron. This dis-
sertation searches for multiply charged HSCPs with primarily electromagnetic interactions.
Several extensions to the SM predict these particles in the form of Q-balls, AC-leptons, etc.
(Sec. 1.3).

Depending on the production cross section, multiply charged HSCPs could be produced
at high-energy colliders. For high mass HSCPs, a significant fraction will be produced with
non-relativistic kinetic energies as shown in Fig. 1.1. Multiply charged HSCPs will interact
electromagnetically and experience enhanced ionization energy loss due to the larger electric
charge. The loss of kinetic energy via ionization along their path serves to slow them down.

The quantum mechanical expression for the average electromagnetic energy loss per
pathlength of a charged particle traveling in a medium is described by the Bethe-Bloch
formula [35],

dE s 2921 (1 2mee®B29 Tae 0 0(BY) 2
— <dx> = 47TNAT€meC z Z@ iln I2 - B - T X Q ) (12)
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Figure 1.1: Distributions of generator-level 8 (=v/c) for HSCPs of various masses at 8 TeV
center-of-mass energy in the Drell-Yan-like model (Sec. 4.1).

where N4 is Avogadro’s number, m, is the mass of the electron, r, is the classical electron

radius, z is the electric charge of the particle in units of e, 8 = 7 where v and ¢ are the

speed of the particle in the medium and speed of light in vacuum, respectively, v = \/117’

Z and A are the atomic number and atomic mass of the absorber respectively, Trnq. is the
maximum kinetic energy that can be imparted to a free electron in a single collision, I is
the mean excitation potential, §(37) represents the density effect correction to ionization
energy loss, and @ is the electric charge of the particle.

As shown in Eq. 1.2, the ionization energy loss of a particle in a given medium depends
on its # and charge. The dependency of the energy loss per pathlength on 3 for a @ = le
particle (positive muons) in a copper medium is shown in Fig. 1.2 [35]. The qualitative
nature of the curve is very general (up to small corrections) for the electromagnetic energy
loss of any () = le particle passing through any material. As the particle speed becomes
relativistic (v ~ 2), the energy loss reaches its minimum value. Beyond this energy loss

remains fairly constant, until radiative effects become prominent. In the non-relativistic
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Figure 1.2: Bethe-Bloch curve showing the ionization energy loss per pathlength of positive
muons in copper medium [35].

kinematic region, the energy loss of the particle increases for lower speeds with a ~ ﬁ%
dependence. At much lower speeds (87 ~ 0.1), other effects become prominent. The
energy loss also has a Q? dependence on the electric charge of the particle.

Tonization energy loss and time-of-flight are the primary signatures used to identify mul-
tiply charged HSCPs in high energy collider detectors. The low velocity and higher charge
results in large energy loss for these particles traversing a detector. SM particles will be pro-
duced with relativistic speeds (except for the lowest momentum particles) while HSCPs will
often be non-relativistic. Therefore, HSCPs will tend to have higher ionization energy loss

compared to SM particles. Even multiply charged HSCPs produced at relativistic speeds
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will have energy loss that is Q? times larger than SM particles.

This dissertation describes the search for multiply charged HSCPs in data collected with
the CMS detector at the LHC, at the European Organization for Nuclear Research (CERN).
The detector is capable of measuring energy deposition at various points along the path
of a charged particle as well as the timing for charged particles that reach the outermost
parts of the detector. The LHC machine and the CMS detector will be discussed in more
detail in Ch. 2. Monte Carlo (MC) samples of multiply charged HSCPs produced via the
Drell-Yan-like mechanism are used. Details of the signal model are in Sec. 4.1. Distributions
of ionization energy loss and time-of-flight of these particles are shown in Ch. 3.

Collisions in high energy colliders typically occur every few tens of ns. Slow moving
particles, such as HSCPs, can continue to travel through the detector for much longer time
periods. This can result in the failure to meet trigger timing requirements and the rejection
of the event. It is also possible that slow moving particles can trigger during subsequent
collisions and fail to be properly reconstructed. Thus, there are restrictions on the lower

end of the S-spectrum of slow particles, whereby the events can not be properly recorded.

1.5 Other Experimental Searches

Several searches for multiply charged HSCPs have been performed previously [36-38].
A search for massive, long-lived particles with @ = le, 4/3e, and 5/3e was done using
data collected with the OPAL detector at the Large Electron Positron (LEP) collider [36].
LEP studied electron-positron collisions at several different center-of-mass energies (1/s).
The data analyzed were collected at center-of-mass energies from 130 to 209 GeV with a
total integrated luminosity of 693.1 pb~!. The search used energy loss measurements and
was sensitive to particle lifetimes longer than 1000 ns. No evidence for the production of
such particles was found and model-independent 95% CL upper limits on the production
cross sections were placed. The limits range from 0.005-0.028 pb for scalar and spin-1/2

particles with Q = £1e. These were interpreted in the context of the Constrained Minimal
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Supersymmetric Standard Model as lower limits of 98 (98.5) GeV on the mass of long-lived
right (left)- handed scalar muons and scalar taus [36]. For particles with @@ = 4/3e, and
5/3e, the cross section limits vary from 0.005-0.020 pb.

The ATLAS collaboration performed a search for multiply charged particles using 3.1 pb~!
of proton-proton collision data collected at 7 TeV center-of-mass energy in the early 2010
run of the LHC [37]. Drell-Yan-like production was assumed as a signal model. Distribu-
tions of energy loss and lateral shape of the energy loss were used to identify these particles.
Trigger and offline selections restricted the range of sensitivity to ) = 6e—17¢, masses of
200-1000 GeV, and lifetimes greater than 100 ns. No evidence of such particles was found
and 95% CL upper limits on their production cross sections were set, ranging from 1-12 pb.

The ATLAS collaboration has also performed a search for multiply charged HSCPs
with Q = 2e-6e using 4.4 fb~! of proton-proton collision data collected at 7 TeV center-
of-mass energy [38]. As before, a Drell-Yan-like production of these particles was assumed.
Incompatibility of the measured energy losses with that expected from SM particles was
used to search for these particles. No evidence of multiply charged HSCPs was found and
95% CL mass limits were placed for the various charges. The lower mass limit was set at
50 GeV for all charges, while the upper mass limits were set at 430, 480, 490, 470, and

420 GeV for @ = 2e¢, 3e, 4e, be, and 6e, respectively.
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CHAPTER 2

EXPERIMENT: COLLIDER AND DETECTOR

Experiments in particle physics involve the study of the interaction of two or more parti-
cles. In collider experiments, particles are accelerated to high energy and forced to collide,
and thereby, interact with each other. The interaction point is surrounded with a suitable
detector to capture the aftermath of the collision, specifically, to track the outgoing par-
ticles and measure their properties such as energy, and momentum. Information gathered
by the detector is then used to infer the nature of the interaction between the colliding
particles. This chapter introduces the experimental setup used in the research described in

this dissertation.

2.1 Large Hadron Collider

The LHC at CERN is a proton-proton collider designed to operate at a nominal energy
of 7 TeV for each proton beam. The design luminosity of the LHC is £ = 103* cm™2s7 1,
resulting in ~ 10° proton-proton interactions per second. The LHC is ~ 27 km in circum-
ference and is housed in a tunnel 50 to 175 meters underground on the border of France
and Switzerland. The LHC also has a heavy-ion physics program in which the collision of
high-energy lead nuclei are studied.

CERN is host to a number of accelerators including the LHC as shown in Fig. 2.1 [39)].
Protons are boosted in several smaller accelerators, and then injected into the LHC. An

electric field is applied to hydrogen gas to separate the protons and electrons. The protons
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are sent to a linear accelerator, Linac 2, which accelerates them to 50 MeV. The protons are
further accelerated in several circular accelerators: the Proton Synchrotron Booster (PSB),
the Proton Synchotron (PS), and the Super Proton Synchotron (SPS) which accelerate the
protons to 1.4 GeV, 25 GeV, and 450 GeV, respectively. During acceleration, the protons
are grouped into bunches. Finally, the protons are channelled into the two beam pipes of
the LHC where they circulate in opposite directions. The LHC accelerates both proton
beams to the desired energy. The nominal energy of each proton beam is 7 TeV and the
nominal number of bunches in the LHC is 2808 with each bunch containing ~ 10! protons.
The nominal spacing between successive proton bunches is 25 ns.

The schematic layout of the LHC is shown in Fig. 2.2 [40]. The LHC consists of 8 arcs
in which the two beam pipes are placed. Detectors are housed at four locations along the
LHC where the two beam pipes are made to intersect with one another. The LHC uses
superconducting magnets to maneuver the beams. In all, 1232 dipole magnets are used
to keep the beams circulating in the beam pipes while 392 quadrupole magnets focus the
beam. The magnets are bathed in liquid helium maintained at 1.9 K to preserve their
superconductivity. More engineering details of the LHC can be found in [40].

There are 4 detectors placed along the LHC tunnel, namely, ATLAS [41], CMS [42], A
Large Ion Collider Experiment (ALICE) [43], and Large Hadron Collider beauty (LHCb) [44].
These detectors are centered on the points where the proton beams cross and interact with
each other. ATLAS and CMS are general purpose detectors that study a wide range of
physics such as the search for the Higgs boson, the search for new phenomena that might
appear at the TeV scale, and the study of strong interactions of heavy nuclei. ALICE
and LHCDb are specialized detectors focusing on specific phenomena. ALICE is a dedicated
heavy-ion detector designed to study the strong interactions of heavy nuclei. LHCD is de-
signed to study the decay of B hadrons (particles containing b and b) and quantify their
differences. Improved precision in the rare decays of B hadrons can reveal new sources of
matter-antimatter asymmetry. The ATLAS, ALICE, CMS, and LHCb detectors are placed

at Points 1, 2, 5, and 8 of the LHC tunnel respectively (Fig. 2.2). This dissertation re-
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ports on the search for multiply charged HSCPs in data collected with the CMS detector in
proton-proton collisions during 2011 and 2012. The CMS detector is described in Sec. 2.2.

The LHC began operations on 10" September 2008 by circulating protons in both
beam pipes. On 19" September, an electrical failure resulted in the damage of several
magnets. This event delayed the operation of the LHC by more than a year. To keep
the current in the superconducting magnets within a reliable threshold, it was decided to
accelerate the proton beams only to 3.5 TeV, resulting in a center-of-mass energy of 7 TeV.
The LHC resumed operations in November 2009. On 23" November, proton beams were
circulating in both beam pipes at the injection energy of 450 GeV and made to collide
with one another at the location of the 4 detectors. A week later, on November 30", the
LHC accelerated both proton beams to 1.18 TeV resulting in collisions at a center-of-mass
energy of 2.36 TeV. Thus, the LHC became the world’s highest energy particle accelerator
surpassing the previous highest value of 0.98 TeV per beam, which was achieved by the
Tevatron collider.

The LHC resumed its operations in March 2010. On 19*® March, both proton beams
in the LHC were accelerated to 3.5 TeV. The 3.5 TeV proton beams were brought into
collisions at a center-of-mass energy of 7 TeV on 30" March. Proton collisions at the LHC
continued until early November. This was followed by the LHC’s heavy ion program for one
month in which lead ions were brought into collision at a center-of-mass energy of 2.76 TeV
per nucleon pair. In March 2011, proton collisions at 7 TeV center-of-mass energy resumed.
These were followed by heavy ion collisions at the end of the year. In 2012, the energy of the
proton beams was increased resulting in collisions at a center-of-mass energy of 8 TeV. The
slight rise in the energy of the beams is within the safety limit of operation and increases
the sensitivity of the LHC to new phenomena at the TeV scale. Proton collisions at 8 TeV
center-of-mass energy began on 5™ April 2012 and continued until the end of the year.
A one-month period of heavy ion collisions in early 2013 concluded the Run I era of the
LHC operations. The spacing between adjacent proton bunches during the 2011 and 2012

proton-proton collision runs was 50 ns.
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The event rate at the LHC is given by
Neyent = »Co'eventy (21)

where gepent (~ 100 mbarn) is the total proton-proton cross-section, and L is the instanta-

neous luminosity given by

o v kN3

e b (2.2)

where 7y is the Lorentz factor, f is the revolution frequency (~ 11.25 kHz), kp is the number
of bunches, Np is the number of protons in each bunch, €, is the normalized transverse
emittance (with a design value of 3.75 ym), 5* is the betatron function at the interaction
point, and F' is the reduction factor due to the crossing angle [40]. The values of the beam
parameters evolved during the course of the Run I operations of the LHC. Consequently,
the luminosity per time period of collisions increased (Fig. 2.3, [45]). The total integrated
luminosity of proton-proton collisions at the interaction point of the CMS detector during

2010, 2011, and 2012 were 44.2 pb~!, 6.1 fb~!, and 23.3 fb~!, respectively.

2.2 Compact Muon Solenoid Detector

The main goals of the LHC program are the search for, and study of, the Higgs boson
and to explore particle physics at the TeV scale. To accomplish the physics goals of the
LHC program, the CMS detector has been designed with good particle identification, good
momentum and energy resolution over a wide range of momenta and angles, and good
reconstruction efficiency [42]. The large amount of data corresponding to ~ 10% inelastic
proton-proton collisions occuring every second at the CMS detector can not be stored
entirely. During the 2011 and 2012 proton-proton collisions, the CMS trigger and read-
out systems recorded 300 — 600 events every second for subsequent analysis (see Sec. 2.2.8
for a brief outline of the decision-making process of the CMS trigger system). An average

of ~ 8 and ~ 15 interactions per bunch crossing (pile-up) were observed at the CMS
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Figure 2.3: Cumulative luminosity as a function of day of the year delivered to CMS during
stable beams for proton-proton collisions in 2010, 2011, and 2012 [45].

detector during the 2011 and 2012 proton-proton collisions, respectively. Granularity and
time resolution of the CMS detector have been designed to mitigate the effects of pile-up.
Figure 2.4 shows a partially assembled CMS detector [46]. The CMS detector is 21.6 m
long, has a diameter of 14.6 m, and weighs 12500 tons. Compared to the ATLAS detector
(44 m long, 25 m diameter, and 7000 tons mass), the CMS detector is much smaller but has
a larger weight. A 3.8 Tesla superconducting solenoid provides a sufficiently large bending
power to measure the momentum of highly energetic muons. Geographically, CMS is located

100 m underground at Point 5 of the LHC tunnel near the French village of Cessy.

2.2.1 Coordinate System

In the CMS coordinate system, the origin is located at the geometric center of the
detector (also the nominal collision point). The z-axis points radially inward toward the
center of the LHC, the y-axis is vertically upwards, and the z-axis points along the beam

direction as per the right-hand rule. The polar angle 6 is measured from the z-axis and the
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Figure 2.4: Partially assembled CMS detector [46].

azimuthal angle ¢ is measured from the z-axis in the z-y (transverse) plane. Pseudorapidity,
defined as 7 = —In tan(0/2), is a Lorentz invariant quantity and is therefore preferred for
collider experiments. Transverse momentum, pr, is the component of momentum in the
transverse plane. Similarly, transverse energy, Erp, is defined as Ep = E sin(f) where E is
the energy deposited by the particle in the calorimeters (see Sec. 2.2.2 for description of the
calorimeters). The variables pr, Er, n, and ¢ can be used to give the complete kinematical
description of particles traversing the CMS detector. The vector momentum imbalance
in the transverse plane is calculated as the negative of the vector sum of the transverse
momentum of all objects reconstructed within an event. The vector momentum imbalance
is referred to as missing transverse momentum, E}mss, and its magnitude is referred to as

missing transverse energy, Fy"**°.

2.2.2 Layout

The CMS detector is made of cylindrical layers of subdetectors, a schematic of which

is shown in Fig. 2.5 [47]. From the inside out, the CMS detector is composed of the in-
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Figure 2.5: Schematic layout of CMS detector [47].

ner tracker, the electromagnetic calorimeter, the hadronic calorimeter, the superconducting
solenoid, and the muon detectors. The superconducting solenoid maintains a constant
3.8 Tesla magnetic field within the volume that includes the inner tracker, the electromag-
netic calorimeter, and the hadronic calorimeter. The muon detector has layers of iron that
shape the magnetic field within the muon detectors. The inner tracker is made of silicon
pixel and strip detectors that record the trajectories of charged particles. Charged particles
bend in the magnetic field, and the direction of bend reveals the sign of the electric charge
of the particle. The radius of curvature can be used to infer pr/Q of charged particles.
Thus, the transverse momentum of charged particles is measured within the ambiguity of
the magnitude of the electric charge of the particle. The calorimeters are made of dense
material that results in electrons, photons, and hadrons depositing most/all of their energy
within the calorimeters. The electromagnetic calorimeter measures the energy of electrons,
positrons, and photons while the hadronic calorimeter (in combination with the electromag-

netic calorimeter) measures the energy of hadrons. Most muons act as minimum ionizing
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particles and can traverse the CMS detector and escape to the outside. The muon system
measures the position and momentum of particles that reach the outer layers (primarily
muons and possibly HSCPs). Neutrinos have very low interaction cross section with the

detector material and go undetected, giving rise to E%”SS.

2.2.3 Inner Tracking System

The inner tracking system lies closest to the nominal interaction point of the CMS
detector. To withstand the conditions expected at the LHC such as the large flux of par-
ticles, close bunch spacing, and radiation damage, the CMS tracking system is designed
with silicon detector technology to have high granularity, fast response, and efficient cool-
ing. Position measurements in the inner tracker are used to reconstruct the trajectories of
charged particles and thereby determine their momenta. These position measurements also
contribute to the precise reconstruction of primary and secondary vertices. In addition to
position measurements, the inner tracker records the energy loss of charged particles within
the silicon. The energy loss per pathlength is a key variable in the search for multiply
charged HSCPs. The inner tracker is made of pixel and strip detectors, its schematic layout
is shown in Fig. 2.6 [42]. The inner tracker region has a length of 5.8 m and a diameter of
2.5 m. The geometric acceptance of the inner tracking system covers |n| < 2.5.

The pixel detector has three cylindrical layers in the barrel region at radii of 4.4, 7.3,
and 10.2 cm and two disks in each of the endcap regions. The pixel detector records the
3-D positions of charged particles passing through each layer/disk. The size of the pixel
cells is 100 x 150 pm? resulting in a spatial resolution of 15 — 20 pm. In all, there are 1440
pixel detector modules containing 66 x 10° pixels.

The strip detector occupies the radial region between 20 cm and 116 cm and is composed
of three different subsystems: the Tracker Inner Barrel (TIB) and Disks (TID), the Tracker
Outer Barrel (TOB), and the Tracker EndCaps (TEC). Strips are placed parallel to the
beam axis in the barrel (forming a cylindrical layer) and radial in the endcaps (in the form

of a disk). The strip detector records the 2-D positions of charged particles passing through
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Figure 2.6: Schematic layout of CMS inner tracker [42].

each layer/disk (r-¢ in the barrel and z-¢ in the endcaps). Energy loss measurements in
the strip detectors is used in the search for multiply charged HSCPs. In total, there are
15148 strip detectors containing 9.3 x 106 strips.

The TIB/TID surrounds the pixel detectors, which in turn is enveloped by the TOB in
the barrel and by the TEC in the endcaps. Details of the location of the various subsystems
and the number of layers/disks are listed in Tab. 2.1. Strips in each disk of the TEC are
arranged in the form of 7 concentric rings. For increasing r and z, the flux of particles
traversing the CMS detector decreases. Consequently, a reduced strip granularity is used
as one moves outward from the interaction point. The strip pitch in the various layers and
disks are listed in Tab. 2.1. Combining information from various layers results in smaller
single point resolution. The area covered by the strips increases with r. To limit the number
of read-out channels that are required to cover the larger area, an increased strip length is
used. The capacitance of the strip sensor contributes to noise and scales with the length of

the sensor. In order to have good signal to noise ratio, thicker silicon sensors (corresponding
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Table 2.1: Specifications of the silicon strip detector sub systems.

Subsystem | Position Position # of Length | Thickness Pitch
in7 (cm) | in |z| (cm) | layers/disks | (mm) (pm) (pm)
TIB 20 — 55 <70 4 117 320 80,120
TID 20 — 55 70 — 110 3 85 320 97 — 141
TOB 60 — 110 < 109 6 183 500 122,183
TEC 22 —114 | 124 — 282 9 85 —202 | 320,500 | 97— 184

to higher signal) are used in the outer layers. Table 2.1 lists the length and thickness values
of the strip sensors in the various layers/disks of all the subsystems.

A charged particle traversing the strip detector will ionize the silicon medium resulting
in electron-hole pairs. The charge is collected using an electric field and processed by the
read-out electronics into ADC counts. The 8-bit ADC limits the dynamic range of energy
loss measurements to 0 — 255 ADC counts. The intrinsic noise in the strip detector has
an amplitude of 4.5 — 8.5 ADC counts depending on the strip thickness, topology, etc. A
minimum ionizing particle has an energy loss of 3 MeV /cm along its path, and corresponds
to 300 ADC/mm. The bits corresponding to 254 and 255 ADC counts are used to register
energy losses in the range of [254, 1024] and greater than 1024 ADC counts, respectively.
Therefore, the dynamic measurement range ends at ~ 3 and ~ 2 times the energy loss of a
minimum ionizing particle for sensor thickness values of 320 and 500 um, respectively. This
limitation in the measurement range of energy loss of charged particles is referred to as the
saturation effect. This is important for the search for multiply charged HSCPs, which can
have large energy losses due to slow speed and large electric charge.

A charged particle traversing the strip detector will deposit the majority of its energy
in one or two neighboring strips. The latter happens in the case of the charged particle
passing through the edge of two sensors. In the offline reconstruction, strip clusters are
built starting with a seed strip (signal to noise ratio > 3). Adjacent strips that have signal
to noise ratio > 2 are included in the cluster. The energy deposition in the seed strip(s) gets

distributed to adjacent strips due to cross-talk effects. The sharing of the signal happens
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with a factor of 107" to the adjacent strips, where n is the number of strips between the
strip and the seed (e.g. n = 1 refers to the neighboring strip). The total signal size of the
cluster must be larger than 5 times the square-root of the sum of the RMS-noise-squared
of the individual strips inside it. The centroid of the ADC counts in the various strips is
taken as the position of the cluster. The sum of the individual charges in the various strips
of the cluster is the cluster charge. The cluster size is the number of strips in the cluster.
Energy loss (AE/Ax) is the charge deposited per pathlength and is obtained by dividing
the cluster charge (AFE) by the geometric pathlength (Az). The geometric pathlength is
Az = L/cosf, where L is the thickness of the module, and € is the angle between the track

and the normal to the strip module.

2.2.4 Electromagnetic Calorimeter

The purpose of the electromagnetic calorimeter (ECAL) is to measure the energy of
electrons, positrons, and photons. The decay of the Higgs boson into two photons is one
of the most important channels in the search for the elusive particle. Around the mass
window of ~ 125 GeV, the Higgs boson has a negligible intrinsic width and the measured
width is entirely driven by the detector resolution. Hence, having good energy resolution
is the main criterion in the design of ECAL in CMS. To operate in the LHC environment,
the ECAL has been designed to have good granularity, fast response, and good radiation
hardness. The ECAL in CMS is made of lead tungstate (PbWQ,) crystals. The high density
(8.28 gem™3), short radiation length (0.89 cm), and the small Moliere radius (2.24 cm) of
PbWOQy results in a highly granular and compact ECAL. The barrel region of the ECAL has
61200 crystals covering |n| < 1.479. The endcap region of ECAL covers 1.479 < |n| < 3.0,
each of the endcaps have 7324 crystals. Avalanche photodiodes and vacuum phototriodes
serve as photodetectors in the barrel and endcap regions respectively. There is a preshower
detector in front of both endcap regions covering 1.653 < || < 2.6. The preshower is
a sampling calorimeter made of two layers of lead followed by silicon strip sensors. The

granularity of the preshower improves the position measurement of electrons and photons.
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2.2.5 Hadron Calorimeter

The Hadron Calorimeter (HCAL) measures the directions and energies of hadrons. The
HCAL is a sampling calorimeter made of successive layers of brass/steel and plastic scintil-
lator. The barrel region covers || < 1.3, the endcap region lies between 1.3 < |n| < 3.0 and
the forward hadron calorimeters covers 2.9 < |n| < 5.0. The hermetic coverage of ECAL and
HCAL is crucial for the measurement of E’Tmss. The interaction length in brass is 16.42 cm.
The volume inside the solenoid magnet can accomodate 5.82 interaction lengths at n = 0.
High energy hadrons are not always fully contained within this distance. The solenoid is
used as an absorber totalling 1.4 interaction lengths at n = 0. An array of scintillators out-
side of the solenoid magnet (the outer hadronic calorimeter) measure the remaining energy

of hadrons not completely absorbed in the inner calorimeters or the solenoid material.

2.2.6 Solenoid Magnet

A key part of the CMS detector is the large solenoid magnet. The magnet is 12.5 m
long, has a mean diameter of 6.3 m, and weighs 220 tons. Over this volume, a 4 Tesla
magnetic field is required to measure the momentum of 1 TeV muons with better than 10%
precision. Superconducting magnet technology is used to achieve this high magnetic field.
The nominal current in the superconducting solenoid is 19.14 kA and it stores 2.6 GJ of
energy in it. The large size of the magnet allows the inner tracker and the calorimeters
(except for the outer hadronic calorimeter) to fit inside of it. The feature of the calometers
being contained within the solenoid contributes to better energy and E&?iss measurements
as the particles produced in the proton-proton collisions do not have to pass through the
magnet material before interacting with the calorimeter. The muon system has iron plates
that channel and retain the magnetic field. A 3.8 Tesla magnetic field was used during CMS
data taking period of the Run I operations of the LHC. The slightly lower than design value

was chosen to provide an additional safety factor for operations of the solenoid.
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2.2.7 Muon System

Muons are minimum ionizing particles that can reach the outermost parts of the detector
and escape to the outside. HSCPs may also reach and traverse the muon system. The
momenta of muons can be measured both within the solenoid magnetic field and within the
muon system. The muon system in CMS records the arrival time and position of particles.
The arrival times of slow-moving HSCPs will be delayed compared to muons (v ~ ¢) and
timing information can be used to search for these exotic particles.

Based on the varying radiation environments and the large volume to be covered, three
types of gaseous detectors are used in the muon system. Drift tube (DT) chambers are
used in the barrel region where the neutron-induced background is small, the muon rate is
low, and the return magnetic field is uniform. The DT chambers cover |n| < 1.2 and are
segmented along the z-direction into 5 wheels. In each of the wheels, the DT chambers are
arranged into 4 concentric stations with layers of iron in between. Each wheel is segmented
along the ¢ direction forming 12 sectors. There are 4 DT chambers in each sector (one DT
chamber in each station). DT chambers in stations 1, 2, and 3 contain of 3 superlayers (SL)
while that in 4'" station has 2 SL. In each of the chambers, two SL measure the coordinate
in r-¢ plane and one SL measures the coordinate along the z direction (the fourth station
does not measure the z-position). Each SL is made of 4 DT cells that are 2 — 3 meters long
and 42 mm wide. Consecutive layers of DTs cells are staggered by half of their size to avoid
edge effects and to overcome the two-fold ambiguity of the path of the particle relative to
the central wire. Signal produced in the various DT cells can be used to determine the
timing of particles.

Cathode strip chambers (CSCs) are used in the endcap regions where the neutron-
induced background is high, the muon rate is high, and the return magnetic field is non-
uniform. The CSCs cover 0.9 < |n| < 2.4 and have good granularity, fast response time, and
good radiation hardness. In each of the endcaps, there are 4 CSC stations with layers of iron
between the chambers to channel the return magnetic field. In each chamber, the cathode

strips are projected radially outwards and yield a precise measurement in the r-¢ plane.
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The anode wires are approximately perpendicular to the strips and provide n measurement.
Signal produced in both the strips and the wires can be used to determine the timing of
particles.

Resistive plate chambers (RPCs) are gaseous double-plate chambers that supplement
the DTs and CSCs in the barrel and endcap regions respectively. RPCs provide a fast
response with good time resolution, but have a coarser position resolution than the DTs

and the CSCs.

2.2.8 Trigger and Data Acquisition

The LHC operating at the design luminosity will result in ~ 10? inelastic collision events
every second within the CMS detector. Because the size of the data related to each event
is ~ 1.5 MB, it is impossible to store all events and a massive reduction in their rate is
required. Fortunately, most events are low-energy collisions that can be discarded. The
task of selecting the interesting high-energy collisions is accomplished by the trigger system
that is implemented in two steps: Level-1 (L1) Trigger and High-Level Trigger (HLT). The
trigger system must reduce the number of events recorded per second to ~ 300 — 600 for
storage and analysis.

The L1 trigger consists of custom-designed hardware processors. The L1 trigger looks
for simple signatures of interesting events such as large energy depositions arising from
the decay of a massive particle, or the track patterns of a high pr particle in the muon
system arising from the passage of an HSCP. The L1 trigger decision is made in several
stages: local, regional, and global. The local triggers are based on energy deposits in the
calorimeter or hit patterns in the muon system in coarsely segmented regions. Regional
triggers combine the information of local triggers to form trigger objects such as electron
or muon candidates. Trigger objects are ranked based on energy, momentum, and quality.
The highest-ranked calorimeter and muon objects are passed to the global L1 trigger to
accept/reject the event. In the case of former, the event is sent to the HLT. While the L1

trigger makes a decision, event information is kept in temporary buffers. The L1 trigger

30



reduces the event rate to 100 kHz.

The HLT consists of thousands of software processors. After the L1 trigger accepts the
event, the HLT looks at more refined event information to decide whether to keep the event
or not. The HLT reconstructs the relevant objects and regions of the detector and compares
event characteristics such as prp, El}ms , etc. with threshold values. Based on an affirmative

decision of the HLT, the event is stored and used in subsequent analysis.
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CHAPTER 3

VARIABLES USED IN THE SEARCH

The multiply charged HSCP analysis uses ionization energy loss and time-of-flight measure-
ments in the CMS detector. This chapter describes the measurement of these variables as

used in the analysis.

3.1 Ionization Energy Loss

Both pixel and strip detectors record the ionization energy loss of charged particles.
However, the tools for using energy loss measurements in the pixel detector were not fully
developed and the saturation effect in the pixel detector occurs at ~ 1.5 times the energy
loss of a minimum ionizing particle as compared to ~ 2 — 3 times in the strip detector.
There are only 3 layers in the pixel detector and using them does not yield significant
improvement compared to the energy loss per pathlength determined using a larger number
of measurements in the strip detector. Therefore, the search for multiply charged HSCPs

is performed using only ionization energy loss measurements in the strip detector.

3.1.1 Energy Loss Estimators

Energy loss of a charged particle in a material medium is a stochastic process. Hence,
ﬁ—f measurements in the various layers of the strip detector are combined to obtain a
reliable estimate of the energy loss per pathlength of a charged particle traversing the

strip detectors. Fluctuations in the energy loss of a charged particle in a thin medium is
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given by the Landau distribution [35]. Consequently, %f suffers large fluctuations and,

therefore, the mean energy loss is not a useful quantity for estimation of the energy loss.

dE

A better quantity is the most probable energy loss, =, and can be estimated in a variety

of ways. These include the median, truncated-40, and harmonic-2 estimators. In all three
estimators, the individual i—f measurements, totalling to IV, are arranged in increasing
order. The median estimator picks the median value among all measurements and can be
unreliable in the case of a small number of measurements. The truncated-40 estimator
ignores 40% of the highest energy depositions, and calculates the average of the remaining
ones. Ignoring 40% of the higher energy depositions reduces the bias of the truncated-40
estimator to multiply charged HSCP signatures. However, ignoring 40% of the higher %—f

values is not desirable in the case of a small number of measurements. The harmonic-2

estimator uses all measurements with a power factor of -2 as

1 N /AR (/"
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where £ = —2. By suppressing higher values of % , the harmonic-2 estimator can dis-
tinguish SM particles that have a few fluctuations to higher values of % from multiply
charged HSCPs that will have several high values of %f. Hence, the harmonic-2 estimator
is used for % computation.

Figure 3.1 shows the most probable ‘fl—f distribution for both harmonic-2 and truncated-
40 estimators in /s =7 TeV data and simulation [48]. Tracks are selected with momentum
greater than 5 GeV, a vertex compatible with the proton-proton interaction region, and at
least 13 hits in the strip detectors. Good agreement between data and simulation is noted.
The slight discrepancy is due to differences in calibration between data and simulation. The
harmonic-2 estimator has a larger trend toward lower values of % than the truncated-40
estimator.

The 2-D distribution of I;, and momentum for particles (as in the Bethe-Bloch curve)

in /s =7 TeV data and simulation is shown in Fig. 3.2 [48]. A sample of low momentum
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Figure 3.1: Distribution of 2£ for harmonic-2 (left) and truncated-40 (right) estimators in
data and simulation [48].

tracks with a vertex compatible with the proton-proton interaction region, and at least
13 hits in the strip detectors are used. The increase in % at lower momentum is clearly
seen. Separate bands, corresponding to particles with different masses are also visible. Kaon
and proton bands are visible in both data and simulation. The deuteron band is observed
in data, however, since it is not generated in PYTHIA [49], it is not seen in simulation.
The 2-D distributions of Cfi—f and momentum for /s =8 TeV data and that expected for
multiply charged HSCPs of |Q| = le, 2¢, and 3e are shown in Fig. 3.3. A common mass
of 400 GeV is used for all three charges. Tracks reconstructed as global muons (a track
reconstructed in the inner tracker and matched to one reconstructed in the muon detector)
and with a vertex compatible with the proton-proton interaction region, pr > 45 GeV,
and I, > 3 MeV/cm are used. For multiply charged HSCPs, the increase in ‘é—f at lower
momentum along with the formation of separate bands, corresponding to different charges

is clearly seen. I}, values for |Q| = 2e and 3e are less than a factor of Q2 times larger than

the Ij, values for |Q| = le due to the saturation effect.

34



= 10pm = 10
-g.. 105 _s_ i —— Fit to reference Data 105
: i 3
= i . —— Extrapolation = —— Extrapolation
T 8 ; =
E foustec VI fouec 10*
E ? wWhRhK= 15T 00 E wWhRhK= 155 100
E ;- whh G e 2487 20001 E wih G e 2842 20007
£ B+ = 3
@ - 10° & L
h=] 5 h=]
4 10? 10°
3
204 10 10
1 g
000.511.522.533.544.55 D00.511.5.'22.533.544.51"::
P [GeVic) P [GeVic)
CMS Praliminary 2010 : Data with 8 = T TeV CMS Praliminary 2010 : MC with Vs = 7 TeV
3 ' T OreE 10°
o i = — Fitto reference Data o Hi% — Fit to reference Data
: of 03 9
= . —— Extrapolation = ] —— Extrapolation
5 8 . g H
-'E &-u&'-: 104 -'E &-uﬁi-: 104
§ 7 -t § 7 e
& 6 5 6 10°
% 5 1o % 5
45 12 4 107
3 3
2F 10 2 10

—
—

DO 051152253354455
P [GeVic)

DO 051152253354455
P [GeVic)
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HSCP simulations with a mass of 400 GeV and several different charges at /s =8 TeV.
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Particles with unit electric charge passing through the silicon strip detector will tend
to deposit energy in one or two strips with cross-talk producing a signal of ~ 10% in the
neighboring strips and ~ 1% in the next-to-neighboring strips (Fig. 3.4 (top)). Clusters
are formed by summing the energy in all adjacent strips. For a typical SM particle that is
minimum ionizing, a fairly narrow cluster is formed. An important background for searches
for particles that have large ‘fi—f occurs when two or more particles pass through a silicon
detector close enough that they are merged into a single cluster with high % (Fig. 3.4,
(middle)). Jets and/or nuclear interactions in the silicon can produce such signals. In other
searches for HSCPs in the CMS collaboration, this background is reduced by applying a
cluster cleaning procedure that removes wide clusters and clusters containing multiple strips
saturated [50, 51].

The multiply charged HSCP analysis does not use the cluster cleaning procedure. The
exceptionally large energy deposition that is expected for |Q| > le signal particles produces
wider clusters with one or more strip readouts above the saturation level (Fig. 3.4 (bottom)).
This results in an undesirable signal efficiency loss when the cluster cleaning is applied to
multiply charged signals. The large % also results in a larger energy deposition in the
calorimeters which results in the multiply charged HSCP search using a different isolation

than the |Q| < le HSCP searches (Sec. 4.2.2).

3.1.2 Energy Loss Discriminators

The individual % measurements can also be combined into a discriminator for improved
separation between signal and background. The discriminator compares the individual %
values to that expected from a minimum ionizing particle and assigns a probability, Py,
that a minimum ionizing particle will have the same or lesser %.

The most probable % has a small non-linear dependence on the pathlength, z, as
Ap/z ~ aln x+b, where a and b are constants [35]. The CMS detector uses strip detectors
with two different thickness: 320 pm in the inner four layers of the barrel, all the disks of

the TID, and the first four rings of the TEC disks; and 500 pm in the outer six layers of the

37



«® b

[ - _

= 200

Q

O 150——

()

Q 100——

< 50—
S I i
Individual strips

@« b

| -

- 200

o

o 150——

()

2 100——
0l |
Individual strips

«® b aln

| -

- 200

(@) o

o 150——

O

D 100——

T . -
[1

Individual strips

Figure 3.4: Drawings of expected cluster shapes in the strip detector for singly charged
HSCPs (top), backgrounds from jets/nuclear interactions (middle), and multiply charged
HSCPs (bottom). Energies deposited by multiply charged HSCPs are expected to be larger
than the dynamic measurement range in the strips (253 ADC counts) resulting in saturation.
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barrel and the last three rings of the TEC disks. Also, the effective length traversed by a
charged particle in the strip varies with the direction of the particle. The % discriminator
uses probability distribution function templates dependent on the pathlength traversed in
the strips and is therefore preferred over the % estimator. The & dlscrlmlnators also
account for the saturation effect.

Several % discriminators can be constructed. These include the Product discriminator,
the Smirnov-Cramer-von Mises discriminator, and the Asymmetric Smirnov-Cramer-von
Mises discriminator. In all three discriminators, the P, values are arranged in increasing

fAE

order and N is the number o measurements. The discriminators have a value between

0 and 1. The product discriminator, Ip, is

N ~
Ip = <H Ph> , (3.2)
h=1

and yields a value of ~ 0.5 for a minimum ionizing particle. Values close to 0 and 1
correspond to low and high ionization, respectively, indicating incompatibility with the
case of a minimum ionizing particle. The Smirnov-Cramer-von Mises discriminator, I, is
constructed similar to the Kolmogorov-Smirnov test and measures the distance between the

observed set of % measurements and the expected distribution from a minimum ionizing

Id:;X<12N+Z[ 2h_1]>. (3.3)

Minimum ionizing particles have I; values close to 0 while particles with ionization lower /higher

particle as in

than minimum ionizing particles have Ij values close to 1. The Asymmetric Smirnov-
Cramer-von Mises discriminator, I, is similar to I, but uses the probability value as a

weighting factor as in

3 1 N
las = 7 X (12N+hz:1

Py, x (Ph—2h2];1>2]>. (3.4)

The additional factor results in large values of I,s discriminator only for higher ionization
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Figure 3.5: % probability distribution function templates used by discriminators. The

color scale displays the probability that a minimum ionizing particle traversing a pathlength
shown in the X-axis will deposit charge equal to or less than that shown in the Y-axis.
Template for data is shown in left while that for simulation is shown in right [48].

values than the minimum ionizing particle. Minimum ionizing particles and particles with
ionization lower than minimum ionizing particles will have I,s values close to 0. The I,
discriminator is sensitive to incompatibility with the case of a minimum ionizing particle
only for larger ionization. For this reason, the I,s discriminator is used in the search for
multiply charged HSCPs.

The template probability distribution functions for the charge deposited by a minimum
ionizing particle to be equal to or less than a certain value over a pathlength are shown in
Fig. 3.5 [48]. The distributions cover pathlengths of 200 — 1600 pm with 50 pm intervals.
These distributions are obtained using tracks with momentum greater than 5 GeV and at
least 5 hits in the strip detectors.

The 2-D distribution of 1,5 and momentum for /s =7 TeV data and simulation is shown
in Fig. 3.6 [48]. As in Fig. 3.2, a sample of low momentum tracks with a vertex compatible

with the proton-proton interaction region, and at least 13 hits in the strip detectors are
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Figure 3.6: Distribution of I,s as a function of momentum for data (left) and simulation
(right) [48].

used. The increase in I,;s at lower momentum along with formation of separate bands
(corresponding to particles with different masses) is clearly seen. Kaon and proton bands
are visible in both data and simulation. The deuteron band is observed in data, but is not

simulated.

3.2 Time-of-Flight

Time-of-flight measurements can identify slow moving particles from those with 5 ~ 1.
The pathlength between the interaction point in CMS and the muon system is ~ 4 m and
can separate slow moving multiply charged HSCPs from relativistic SM particles. Good
spatial and time resolution of DTs and CSCs in the muon system is important in the search

for multiply charged HSCPs in data collected with the CMS detector.
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3.2.1 Drift Tube Measurements

Charged particles traversing DTs in the muon system will ionize the gaseous medium.
The electrons are collected by the central anode wire and the signal amplitude and time
are recorded by the read-out electronics. The DT timing for a long-lived charged particle
that is produced in proton-proton collisions in the CMS detector and traverses through the
DTs, depends on the time-of-flight of the particle from the interaction point to the DT cell,
the drift time of the ionization electrons to the central wire, and the delay due to the signal
propagation along the wire. Measurements in the various layers of the DT chambers are
used to constrain the trajectory of the particle in the muon system and to determine the
time-of-flight of the particle from the interaction point in CMS to the muon system.

The drift time of the ionization electrons in the various DT cells are calculated using
drift time values obtained from a sample of prompt muons selected for calibration. Hits
in the ¢ and z-directions are grouped to form a track segment. Further refinements of the
track segment are factored into three sources of time corrections: time-of-flight from the
interaction point to the DT cell (¢.), propagation time of the signal along the central wire
(tw), and an off-time correction (d;) necessary only for non-prompt/delayed particles and
similar for all hits of the track segment.

Timing corrections due to . and t,, are used to coarsely determine the trajectory of the
charged particle. The trajectory of the track is further refined by iterating over d; values.
An illustration of how the d; correction is determined for a slow moving particle is shown
in Fig. 3.7, which shows the cross-sectional view of DT cells in various layers of a DT SL.
DT cells that record a signal are shown in white. The staggered arrangement helps identify
the path of the particle relative to the central wire. The particle trajectory is shown as a
straight line. Once t. and t,, corrections are implemented, the trajectory of the particle is
iterated using different values of d; to match the measured timing in DT cells. Starting with
d; ~ 0 (corresponding to 5 ~ 1 particle), the delayed arrival of the signal results in shifting
the position of the particle toward the edge of the cell (shown in red boxes). Positive values

of §; will shift the position of the particle closer to the central wire. Eventually, for the

42



Layer 1

Figure 3.7: Sample drawing illustrating the effect of delayed arrival of slow particles within a
DT superlayer. The blue line shows the trajectory of the particle. The initial reconstruction
(assuming no delay) results in the reconstructed position (red points) for each hit that is
farther from the DT center than its true position. Including the §; factor will move the
reconstructed position back to align along the blue line.

proper time delay, the position of the particle within the various DT cells will be aligned
(shown in blue line).

Each DT chamber is independently used to constrain the path of the charged particle
and to determine §;. Each DT chamber has eight layers of DT cells that measure along the
¢ direction and four layers that measure along the z direction (fourth DT chamber does
not measure the z coordinate). The straight line fit constraining the d; value uses 2 degrees
of freedom and therefore, at least 3 measurements in a DT chamber are required to utilize

the d; value. For these reasons, the §; measurement is done using only the ¢-coordinate.
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3.2.2 Cathode Strip Chamber Measurements

A charged particle traversing the CSCs will ionize the gaseous medium. Electrons and
positive ions will be collected by the anode wire and the cathode strips, respectively. Strips
and wires are nearly perpendicular to each other and yield a 2-D position measurement (r-
¢). Signal recorded in the various layers of the strips and the wires can be used to determine
the timing of particles traversing the CSCs. The determination of timing is the same as for

the DTs (Sec. 3.2.1).

3.2.3 Inverse Beta

The S of a particle is related to d; as

L L
S =tge—to= - — = 3.5
t Be c IBC C’ ( )

where L is the flight distance. Rearranging Eq. 3.5 yields 1/ of the particle

Z=14 (3.6)

The average 1/ value of the particle, (1/3), is calculated as a weighted average of the
1/ measurements in the various layers of the muon system. The weight for the i** DT

measurement is given by

—9) L2
w; = (n ) 22 s (37)
n opr

where n is the number of ¢-direction measurements in the DT chamber used to constrain
0; and opp = 3 ns is the time resolution of the DT measurements. The factor (n — 2)/n
accounts for the fact that the §; values are computed using two parameters of a straight
line determined from the same n measurements. The weight for the i** CSC measurement
is given by

: (3.8)
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where o;, the measured time resolution, is 7.0 ns for strips and 8.6 ns for wires.

The uncertainty in the 1/ measurement, oy 3, is given by

$° (WA= 08 X 59)

91/8 =
i=1

where N is the number of §; measurements of the particle.

In the DTs, the spatial resolution is ~ 100 pm in the 7-¢ plane, and is slightly degraded
in the z-direction. The timing resolution in the DT is a few ns. An overall timing resolution
of better than 3 ns was achieved during the Run I proton-proton collision runs. The spatial
resolution in the CSCs is better than 150 pm. The timing resolution in the strips and the
wires were 7.0 ns and 8.6 ns, respectively, during the Run I proton-proton collision runs.

Distributions of 1/ in the DTs and the CSCs for /s =7 TeV proton-proton collision
data collected during early 2011 operations is shown in Fig. 3.8. A sample of tracks recon-
structed as global muons, and with a vertex compatible with the proton-proton interaction
region, pr > 35 GeV, and I, > 3 MeV /cm are used. The resolution of 1/3 in both the DT's
and the CSCs is ~ 0.06.

Figure 3.9 shows the expected 1/ distribution for singly charged HSCPs of different
masses in DTs and CSCs. Tracks reconstructed as global muons, and with a vertex com-
patible with the proton-proton interaction region, pr > 45 GeV, and I, > 3 MeV/cm are

used. The 1/ distribution extends to larger values for higher masses.
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Figure 3.8: Distributions of 1/ in DTs (left) and CSCs (right) for /s =7 TeV data collected
in early 2011 [52].

Simulation CMS Preliminary {s=8 TeV Simulation CMS Preliminary Vs=8 TeV
q- T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ q- T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘
o 4l ® MC:Q=1 100GeVic?_| o 4L ® MC:Q=1 100GeVic? |
Q A MC:Q=1 400 GeV/c? ] Q A MC:Q=1 400GeVic ]
£ 1 MC:Q=1 700 Gevic? | £ 1 " MC:Q=L 700 GeVie? ]
S 1 g s 1
5107 E 510" E
c E E p E o 1
S I ] S I iq ]
San2l _ a2l L |
w10 3 w10 & E
r ] r g 7]
10°F E 10°F w E

v/% L I T | 41 + L

Wo ™1 2 3 4 Wo ™1 2 3 34
18 1B

Figure 3.9: Distributions of 1/ for singly charged HSCP simulations of different masses in
DTs (left) and CSCs (right) at /s = 8 TeV.
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CHAPTER 4

MULTIPLY CHARGED HSCP ANALYSIS

A broad search program covering various HSCP scenarios has been pursued by the CMS col-
laboration. Dedicated searches are performed for fractionally, singly, and multiply charged
HSCPs with three search strategies using either the inner tracker only, the muon system
only, or the two systems combined [51].

This analysis searches for multiply charged HSCPs that can be observed in both the
inner tracker and the muon system. Ionization energy loss measurements in the inner tracker
and time-of-flight measurements in the muon system are used to identify highly ionizing

and slow moving particles that are compatible with multiply charged HSCPs.

4.1 Signal Model

MC samples of multiply charged HSCPs are generated using the model considered in
Ref. [53]. In this model, multiply charged HSCPs are new spin-1/2 particles with an arbi-
trary electric charge and are charged under U(1), but neutral under SU(3)c and SU(2)r.
This model serves as a simple generic benchmark for multiply charged HSCPs that have pri-
marily electromagnetic interactions. The multiply charged HSCPs couple only to the photon
and the Z and are pair-produced via a modified Drell-Yan mechanism. With no SU(2) in-
teractions, coupling of multiply charged HSCPs to the Z is modified. The weak isospin
t3r, = 0 results in the axial coupling g4 = 0 and the vector coupling gy = —2Qsin?(fy)

(Egs. 10.5 (a) and 10.5 (b) in Ref. [35]).
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4 generation lepton (77) pair-produced via a modified

Signal samples are generated as a
Drell-Yan process using PYTHIA v6.422 (v6.426) [49] for /s = 7 (8) TeV production. The
lepton is set to be stable to resemble its long-lived nature. PYTHIA parameters used in the
signal sample generation are listed in App. A. CTEQ6L1 parton distribution functions [54]
are used. Samples were generated for |Q| = le to 8e in integer steps of e and masses
of 100-1000 GeV in steps of 100 GeV. Cross section values for the signal samples were
calculated at leading order with three contributions from ~-only, Z-only, and interference
terms. All three terms have a Q2 dependence. The interference term is negative and almost
equal to (and cancels) the Z-only contribution. This results in the total cross section being
approximately equal to the ~vy-only process. Total cross sections for all signal samples are
listed in App. B.

The generator-level distributions of pr, 8, and n for multiply charged HSCPs with
different masses at /s = 8 TeV are shown in Fig. 4.1. With increasing mass, the pr
distribution becomes harder, the § distribution is shifted towards lower values, and the 7
distribution is shifted toward the central region. Figure 4.2 shows the generator-level 2-D
distribution of 8 and 71 for multiply charged HSCPs with two different masses (100 and
400 GeV). These kinematic distributions do not depend on charge. Signal MC is generated
for all charges assuming () = le. Prior to detector simulation, the charge of the HSCP is
changed to the desired value. Detector response of the signal samples is modelled using
GEANT4 framework [55].

Validation plots for the simulation of multiply charged HSCPs are shown in Figs. 4.3
and 4.4. Energy loss of multiply charged HSCPs in the inner tracker, ECAL, and HCAL
increases for higher charges as Q? (Fig. 4.3). Due to saturation effect in the inner tracker,
energy loss measurements for higher charge signals reach a plateau. Standard reconstruc-
tion assumes all charged particles have unit charge (Q = le). The reconstructed pr is
consequently scaled by a factor of 1/Q (Fig. 4.4).

The 2-D distributions of reconstructed-5 versus generator-level S for multiply charged

HSCPs of mass 400 GeV and two different charges (2e and 7e) at /s = 8 TeV are shown in
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Figure 4.1: Generator-level distributions of pp (top left), 5 (top right), and n (bottom) for
multiply charged HSCPs of different masses at /s = 8 TeV.
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Figure 4.2: 2-D generator-level distributions of 77 and 8 for multiply charged HSCPs of mass
100 GeV (left) and 400 GeV (right) at /s = 8 TeV.

Figure 4.5. These distributions are shown for signal tracks that pass the online (Sec. 4.2.1)
and global muon requirements (Sec. 4.2.2). With increasing charge, under-measurement of
pr (Fig. 4.4) and enhancement in energy-loss (Fig. 4.3) result in a larger fraction of HSCPs
that fail the online and global muon requirements. This feature is more pronounced in the
case of slower particles resulting in a higher cut-off at the low-end of the generator-level 3
distribution for higher charges. Energy loss serves to slow down HSCPs, yielding a lower
value of reconstructed 8 with respect to the generator-level value. A fraction of HSCPs
have reconstructed 3 larger than 1.0 due to timing resolution.

SM MC samples have been used for comparison with data. Samples for 7 TeV consist
of events from strong interactions, W=, Drell-Yan, ¢, and di-boson production. For 8 TeV,
only Drell-Yan— pp sample is used. The background prediction in the multiply charged
HSCP analysis is entirely data-driven (Sec. 4.3) and is unaffected by the unavailability of
all SM MC samples.

For all MC samples, minimum bias collision events are overlaid to the primary collision

50



Simulation CMS Preliminary Vs=8 TeV

e 0.2 T T ] T R
o o ® MC: Q=1 400 GeV/c? B
> - A MC: Q=4 400 GeV/c? N
2 - @ = MC: Q=7 400 GeV/c? 8
Lo | _
9-0.157 . i
L e .
(&) L ]
© L |
s 0.1~ ¢ .
[ B o 7
S C e -
= L |
© - L ﬁ .
L0.05 o LA —
- ° A A -
- A A M ]
| ® L A @ ] _
| A n
# .. S
0] 10 20 30 40
I, (MeV/cm)
Simulation CMS Preliminary {s=8 TeV Simulation CMS Preliminary Vs=8 TeV
> 08— > L R A RS B
(0] o ® MC: Q=1 400 GeV/c? J (0] | ® MC:Q=1 400 GeV/c? |
o | A MC:Q=4 400Gevic? i 0 ® 4 MC:Q=4 400Gevic?
% I B MC:Q=7 400 Gevic? % @ ® MC:Q=7 400 Gevic? 1
S L _ S 0.2 -
§ 0.6k ] g | |
kS - 1 kS L e i
C L 4 C
ke ke 5 1
5 0.4 = 5
© H 4 © I |
-t . ] L ooa- -
L Ak [ i | ® |
L _ (J
02 A . ® A ]
I A ] -e At |
i A 7 i
| o A I. i L A i
Nl 00 ngPobessssBan g
0 5 10 15 20 0 50 100 150
Energy loss in ECAL (GeV) Energy loss in HCAL (GeV)

Figure 4.3: Distributions of I}, (top), energy loss in ECAL (bottom left), and energy loss in
HCAL (bottom right) for multiply charged HSCP simulations with mass of 400 GeV and
different charges at /s = 8 TeV.
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Figure 4.4: Reconstructed pr as a function of generator-level pr for multiply charged HSCP
simulations with mass of 400 GeV and different charges. Reconstructed pr is scaled by a
factor of 1/Q relative to generator-level pp.
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Figure 4.5: 2-D distribution of generator-level 8 and reconstructed g for 400 GeV multiply
charged HSCPs of @ = 2e (left) and @ = 7e (right) at /s = 8 TeV.
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event to simulate pile-up. Events are then reweighted to match the pile-up observed in
data. Figure 4.6 shows the distribution of the number of primary vertices for MC samples
before and after reweighting. These distributions are shown after online (Sec. 4.2.1), global
muon, 7, primary vertex, and track quality selections (Sec. 4.2.2) have been implemented.

After reweighting, reasonable agreement with data is noted.

4.2 Trigger and Data Selection

The multiply charged HSCP analysis uses data from the 2011 and the 2012 proton-proton
collision runs of the LHC, corresponding to 7 TeV and 8 TeV center-of-mass energies, re-
spectively. High pr muon and large E}mss triggers are used to collect the data sample used
in the search. Data collected when parts of the detector were not fully functional were
discarded. The CMS Data Certification group analyzes and identifies usable data (most/all
detector systems operating well) collected with the CMS detector. Lists of good data are
maintained in their respective JSON files. JSON files used for 7 TeV and 8 TeV center-of-
mass energies were Cert_160404-180252_7TeV_ReRecoNov08_Collisions11_JSON _v2.txt and
Cert_190456-208686_8TeV_PromptReco_Collisions12_JSON.txt, respectively. Triggers re-
lated to the multiply charged HSCP search were not operational for a tiny fraction of certi-
fied data (Sec. 4.2.1) and the corresponding data were excluded. Total dataset used in the
multiply charged HSCP search contains an integrated luminosity of 5.0 fb~! of \/s = 7 TeV
data and 18.8 fb=! of /s = 8 TeV data.

4.2.1 Online Selection

The muon trigger requires a track segment in the muon system to be matched to a track
reconstructed in the inner tracker and the fitted global track to have pr > 40 GeV and |n| <
2.1. The specific CMS trigger name used in both 2011 and 2012 was HLT_Mu40_eta2pl.
A lower pr threshold of 30 GeV was used during the initial part of the 2011 run. To

compensate for increased event rates due to higher instantaneous luminosity in the later
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part of the run, the threshold was raised to 40 GeV. Data collected with lower thresholds
were reprocessed requiring a 40 GeV track. This trigger is sensitive to multiply charged
HSCPs that are long-lived and energetic enough to reach the muon system.

All muon triggers used with the CMS detector include a Ll-based RPC trigger. It
operates during the —12.5 ns to +12.5 ns time window, when collisions occur, as well as
during the +12.5 ns to +37.5 ns time window, when there are no collisions. Tracks selected
by the RPC trigger are passed to the muon trigger at HL'T and are recorded on passing the
corresponding HLT requirements. This feature adds sensitivity to particles that arrive late
to the muon system. The trigger was not available during the early part of the 2011 data
taking period, covering 0.41 fb=1 (~ 8% of 2011 data). Alternate signal MC samples with
and without the RPC trigger were processed and appropriate weighting is used. Due to a
misconfiguration, half of the RPC trigger system was not properly operational during part
of the 2012 data taking period. The CMS detector recorded 0.16 fb~! (< 1% of 2012 data)
during the corresponding time period. Given that it represents a tiny fraction of all 2012
data, the corresponding data were excluded from the analysis.

The Ej"fiss trigger requires missing transverse energy in the event to be 150 GeV or larger.
The missing energy is computed using the particle flow reconstruction [56]. A cleaning
procedure within the reconstruction rejects tracks reconstructed in the inner tracker that
do not have a matching track reconstructed in the muon system and have mis-matched
energy deposition in the calorimeter. Only the energy deposited in calorimeter is used
in EMss calculation. The specific CMS trigger name used in both 2011 and 2012 was
HLT_PFMHT150. Slow particles will not be reconstructed by the muon trigger if they fail
the timing requirements. However, a fraction of these events can be recorded using the
E?“'ss trigger and reconstructed offline.

Muon, EM5 and total trigger efficiencies for multiply charged HSCP signals of various
masses and charges are shown in Fig. 4.7. Trends in the various trigger efficiencies with
respect to charge and mass of the multiply charged HSCP can be understood in terms of

their generator-level kinematics (Figs. 4.1 and 4.2). The generator-level § distributions of
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HSCP candidates along with those that pass the muon, E}”iss, and either of the two online
selection requirements are shown in Figs. 4.8 and 4.9 for /s = 7 TeV and /s = 8 TeV
respectively.

Muon trigger efficiency for multiply charged HSCPs increases with increasing mass,
reaching a maximum value and then decreasing. The most energetic low mass HSCPs
are produced in the forward direction. As the mass increases, the HSCPs become non-
relativistic with a harder pp spectrum. The latter contributes to the increase in efficiency
with increase in mass. For higher masses, the 8 distribution is shifted towards lower values
(Fig. 4.1). Timing requirements of the muon trigger result in the drop in efficiency for low-3
particles resulting in lower trigger efficiencies with increasing mass. The E}”iss trigger has
a small contribution in the case of slow multiply charged HSCPs, as seen for large mass and
large charge. E%”iss trigger efficiency increases with increase in mass.

Muon trigger efficiency of a multiply charged HSCP with a given mass decreases as
charge increases. This is primarily due to the reconstructed pr being scaled by a factor
of 1/Q). Greater energy loss and eventual mismatch between the tracks reconstructed in
the inner tracker and the muon system also contribute to the lowering in efficiency. E{,’?iss
trigger efficiency increases with increase in charge.

Total trigger efficiency for multiply charged HSCPs is dominated by the muon trigger
and consequently has a similar trend in mass and charge as that of the muon trigger. Overlap
between muon and E%“'SS trigger efficiencies results in the total being less than the sum of
the individual efficiencies. For low charge, E?”ss trigger efficiency largely overlaps with the
muon trigger efficiency. With increase in charge, E:,”Jiss trigger contribution increases and
are complementary to the muon trigger efficiency. The trigger efficiency is slightly enhanced

going from 7 TeV to 8 TeV center-of-mass energy.

4.2.2 Offline Selection

The data sample collected online is further refined using offline selections. Energy loss

measurements in the inner tracker yield ‘fi—f while timing measurements in the muon system
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Figure 4.7: Muon (top), EZ** (middle) and total (bottom) trigger efficiency for multiply
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Table 4.1: Offline selection variables and their type/values.

Variable Type or threshold value
Reconstructed track Global muon
In| <21
Primary vertex: |z| <15 cm
Primary vertex: /22 + y2 <2cm
Primary vertex: degrees of freedom >3
# Tracker hits (strips and pixels) > 7
# Pixel hits >1
Fraction of valid hits > (0.80
+# %f measurements >5
# 1/ measurements > 7
# DT- 1/5 OR # CSC- 1/ measurements >5
Global muon track purity >1
Global muon track x?/dof < 5.0
T > 45 GeV
I, > 3.0 MeV/cm
0(1/8) < 0.07
Ay < 0.5 cm
> pr < 50 GeV
AR<0.3
Opr / pT < 0.25
d. < 0.5 cm
(1/5) > 1.0

yield time-of-flight. Hence, tracks reconstructed in the inner tracker are matched to those
in the muon system and required to form a global muon [57]. Further, the global muon
track is required to have certain quality criteria. Offline kinematic variables of pr, I, and
1/p are required to be above threshold values.

Table 4.1 lists all the offline selection variables and their types or threshold values. The
selection variables are listed in Tab. 4.1 in the order in which they are applied. Distributions
of the selection variables (Figs. 4.10 to 4.26) contain candidate tracks that meet all the
previous selections other than the particular one being considered. Each of the selection
variables are discussed ahead.

The effective geometric boundary of the muon trigger is |n| = 2.1. Hence, candidate
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global muon tracks are required to be within |n| < 2.1. This search is insensitive to multiply
charged HSCPs that are produced in the forward direction.

The reconstructed event is required have at least one good primary vertex. The quality
of the primary vertex is ensured by requiring it to be within 2 cm and 15 cm with respect
to the nominal interaction point along the radial and longitudinal directions, respectively.
Also, the primary vertex is required to have at least 4 degrees of freedom.

The reconstructed global muon track is required to consist of at least 8 recorded (valid)
hits in the inner tracker. Hits in both strip and pixel detectors are counted, the latter to add
sensitivity for signals with fewer number of hits along its path. At least two of these hits
must be in the pixel detector. It is required that 80% of the intermediate layers between the
first and last silicon layers that record the reconstructed track should contain measurements
related to the track. Figures 4.10, 4.11, and 4.12 show the distributions of the number of
strip and pixel hits in the inner tracker, the number of pixel hits in the inner tracker, and
the valid fraction of hits in the inner tracker, respectively. The distributions are shown
for data, SM MC, and select multiply charged HSCP signal samples. The disagreement
between data and SM MC arises from only including Drell-Yan — pu sample production in
the /s =8 TeV SM MC. I}, and I, are computed using only hits in the strip detector and
for tracks with at least six ﬁ—f measurements to ensure a reliable evaluation. Figure 4.13
shows the distribution of the number of available measurements in the strip detectors.

Timing measurements in the various muon system layers are used to compute (1//5).
At least eight measurements are required to have a reliable estimate of (1/3). Six of the
measurements must be exclusively in either the DTs or the CSCs. Figure 4.14 shows the
distribution of the number of available 1/ measurements in the muon system.

The reconstructed global muon track should be of high purity (quality > 1). Also, the
x2 per degree of freedom of the fitted global muon track is required to be less than 5.
Figures 4.15 and 4.16 show the quality and x? per degree of freedom distributions for the
global muon track.

The pr of the global muon track, derived from the inner tracker, is required to be larger
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Figure 4.16: Distributions of x? per degree of freedom for data, SM MC, and multiply
charged HSCP simulations for /s =7 TeV (left) and /s = 8 TeV (right).

than 45 GeV (Fig. 4.17). This threshold choice is guided by the muon trigger pr threshold
of 40 GeV. In the case of multiply charged HSCPs, the scaling of the reconstructed pr by
a factor of 1/Q results in reduced signal efficiency with increasing charge.
The I, value associated with the track reconstructed in the inner tracker is required
dE

to be larger than 3 MeV /cm, which is approximately the average ¢~ for a speed of light

SM particle. This is motivated to reduce the number of stored minimum ionizing particle
tracks in the data sample to a reasonable size. Multiply charged HSCPs, with large % ,
are unaffected by this choice. Figures 4.18 and 4.19 show the I}, and I, distributions.

The uncertainty on the computed (1/3) value, o1 /g), is required to be less than 0.07.
The relative uncertainty on the pr measurement, o,, /pr, is required to be less than 25%.
Figures 4.20 and 4.21 show the distributions of the uncertainty in (1/5) and py measure-
ments.

The reconstructed global muon track is required to be compatible with a good offline

reconstructed primary vertex. The radial and longitudinal impact parameters, d,, and d.,
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Figure 4.17: Distributions of pr for data, SM MC, and multiply charged HSCP simulations
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Figure 4.19: Distributions of I, for data, SM MC, and multiply charged HSCP simulations
for /s =7 TeV (left) and /s = 8 TeV (right).
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Figure 4.21: Distributions of relative uncertainty in pr for data, SM MC, and multiply
charged HSCP simulations for /s =7 TeV (left) and /s = 8 TeV (right).

of the track reconstructed in the inner tracker with respect to the good primary vertex that
minimizes d, are both required to be less than 0.5 cm. Figures 4.22 and 4.23 show the d,
and d, distributions.

Large numbers of overlapping or adjacent hits, as arising in the case of jets, can bias the
measured % value of a track reconstructed in the inner tracker to higher values. Similarly,
multiple adjacent hits can significantly degrade the hit resolution and bias the measured
pr to larger values. To reject such signal-like behaviours arising from the backgrounds,
all HSCP searches in the CMS collaboration that employ the inner tracker apply isolation
requirements on the track reconstructed in the inner tracker.

Two types of isolation requirements are considered: tracker-based and calorimeter-
based. Tracker isolation, defined as the sum of the pyp of all tracks (apart from the candidate
track) within a cone of AR = \/W = 0.3 along the candidate track direction,
is required to be less than 50 GeV. Calorimeter isolation, E/p, is defined as the ratio of

the energy deposited in the electromagnetic and hadronic calorimeters along the candidate
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Figure 4.22: Distributions of d,, for data, SM MC, and multiply charged HSCP simulations
for /s =7 TeV (left) and /s = 8 TeV (right).
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Figure 4.23: Distributions of d, for data, SM MC, and multiply charged HSCP simulations
for /s =7 TeV (left) and /s = 8 TeV (right).
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Figure 4.24: Distributions of calorimeter isolation for data, SM MC, and multiply charged
HSCP simulations for /s =7 TeV (left) and /s = 8 TeV (right). SM MC for /s = 8 TeV
consists of only Drell-Yan — pp sample, resulting in data-SM MC discrepancy.

track direction within a cone of AR = 0.3 to the candidate track momentum. Calorimeter
isolation is required to be less than 0.3. The tracker-based isolation samples only the tracks
near the candidate, whereas the calorimeter-based isolation samples the energy deposited
by both the candidate and its nearby particles.

Figures 4.24 and 4.25 show the calorimeter and tracker isolation distributions. Relative
to a |Q| = le HSCP, a multiply charged HSCP will lose Q? times more energy along its path,
while its track momentum will be scaled by a 1/@Q factor. Requiring F/p < 0.3 significantly
lowers the signal efficiency for multiply charged HSCP signals. Hence, the multiply charged
HSCP search only requires the tracker isolation to be less than 50 GeV and does not use
the calorimeter isolation for candidate selection.

Figure 4.26 shows the 1/ distributions. The global muon track is required to have a
reconstructed 1/ value greater than 1.0.

The candidate efficiency at various stages of offline selections for multiply charged HSCP
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signals (with @ = le,4e, and 7e and mass of 100, 400, and 700 GeV) as well as data for
Vs =7 TeV and /s = 8 TeV are listed in Tabs. 4.2 and 4.3, respectively. Appendix C lists
candidate efficiency of all considered multiply charged HSCP signals for the various offline
selections. The various selections are applied in the order listed and the efficiency values
are for the selection after the previous selections have been applied. The overall selection
efficiency is also listed.

The efficiency of multiply charged HSCPs for the various offline selections vary with
charge and mass. These variations can be understood in terms of differences in the generator-
level pr and § distributions which vary with the mass of the HSCP (Fig. 4.1) along with the
scaling of the reconstructed pr by a factor of 1/Q and the Q? enhancement of the energy

loss:

e Larger energy loss with increasing charge results in a smaller fraction of HSCPs being
tagged as global muons. The additional energy loss due to lower 3 for higher mass
HSCPs further reduces the fraction of HSCPs that meet the requirements of a global

muon.

e Larger bending with increase in charge of the HSCP results in lower efficiency for the

number of 1/ measurements selection.

e The efficiency for the pr selection decreases with increase in charge of the HSCP and
increases with increase in mass of the HSCP. The decrease in efficiency for the pr

selection with increasing charge is reduced for larger HSCP masses.

e The pr requirement (pr > 45 x ) also means that only particles with large kinetic
energies are selected. These surviving particles are highly boosted in the case of highly
charged HSCPs and radiate J-rays!, yielding a large uncertainty in their measured 1/
values. Consequently, a large fraction of highly charged HSCPs fail the oy /) selection
requirement. The decrease in efficiency for the o1 /) selection with increase in charge

is reduced for higher masses.

1§5-rays are highly energetic secondary electrons that produce further ionization.
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Figure 4.27: Generator-level distributions of g of multiply charged HSCPs for generated
samples (black), passing online selection (blue), passing global muon selection (red), and
passing offline selections (green). Distributions are shown for multiply charged HSCPs of
mass 400 GeV and @ = 2e (left) and 5e (right).

e Timing resolution in the muon system yields 1/8 < 1.0 for a larger fraction of the
low mass and high charge HSCPs that meet all of the previous selection requirements

resulting in their additional inefficiency.

The overall selection efficiency decreases with increasing HSCP charge (for all masses).
With increasing mass, the pr spectrum becomes harder and the S spectrum becomes softer.
The overall selection efficiency increases with increase in mass of the HSCP. Above a certain
mass, contributions of pr and 8 spectrum to the offline selection efficiency counter-balance
each other and the overall selection efficiency has a constant value.

The f distributions of multiply charged HSCP of mass 400 GeV and @) = 2e and 5e
at generator-level and after online and offline selections are shown in Fig. 4.27. The lower

values of the 8 spectrum are suppressed with increasing charge of the HSCP.
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4.3 Background Prediction

The multiply charged HSCP analysis employs a data-driven method to predict the ex-
pected SM background. The essence of data-driven prediction is that data candidates from
one region of phase space (background region) are used to predict the number of expected
SM candidates in another region of phase space (signal region). Distributions of data candi-
dates in the background region need to be studied and understood to ensure the applicability
of data-driven method. Data-driven methods avoid uncertainties in simulation that can be
large or unknown.

Data distributions of 1/ in different I}, (Fig. 4.28) and I, (Fig. 4.29) ranges are similar.
The various Iy and I,s ranges considered in Figs. 4.28 and 4.29 correspond to low values
of %7 as expected for SM particles that satisfy all online and offline selections. Multiply
charged HSCPs have large % values and should have a minimal presence, if any, in the
low—% phase space. Similarity of 1/ curves in different % ranges highlights the lack of
evidence of correlation among these variables for SM particles. Non-correlation of fl—f and
1/ variables among SM particles that satisfy all online and offline selection requirements is
expected. SM particles are highly boosted and reside in the flat region of the Bethe-Bloch
curve (Figs. 1.2 and 3.3) where fluctuations in ‘é—f are random irrespective of the measured
1/ value.

The data-driven background prediction method used in the multiply charged HSCP
analysis exploits the lack of correlation of 1,5 and 1/ variables among SM particles. The
number of SM particles with large % and large 1/ values can be obtained by scaling the
number of SM particles in the region with small % and large 1/ or vice-versa. Using I,
and 1/ selections, data candidates in the I,s-1// phase space (Fig. 4.30) are divided into
four regions: A, B, C, and D. Region A consists of candidates with I,s and 1/8 values
lower than the selection threshold. Candidates in region B have I,s values lower than

the selection value and 1/ values higher than the chosen threshold. Region C' contains

candidates with I,5 and 1/ values larger and lower than selection threshold, respectively.
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Candidates in region D have 1,5 and 1// values larger than the selection threshold. Given
that SM particles are non-correlated in the variables of I,5 and 1/8, the number of SM

candidates in the four regions (N4, Np, N¢, and Np) are related via

Na _ Nc (4.1)
Np Np’ '
or,
NpN¢
Np=—-—-. 4.2
D N, (4.2)

This data-based prediction for the number of expected SM candidates with large 1,5 and
1/ values (Eq. 4.2) is referred to as the ABCD method. Statistical uncertainty in the

number of predicted candidates in region D is given by

o) = (22) o () o (2250Y e

The predicted and observed numbers of candidates in region D are compared to infer the

agreement /disagreement with the SM case. Further, it is interpreted in terms of the presence
or absence of multiply charged HSCPs in data collected with the CMS detector.

By using both ‘é—f and 1/8 information, the background prediction method increases
the separation between SM particles and multiply charged HSCPs. The 2-D distributions
of I-1/p and I,s-1/p for data as well as select multiply charged HSCP signal are shown in
Figs. 4.31 and 4.32, respectively.

Table 4.4 lists the numbers of data candidates in the A, B, C, and D regions for I,
selection of 0.05 and 1/ selection of 1.075. I,s and 1/8 selections are such that SM
candidates have an overwhelming presence in all four regions. For both /s =7 and 8 TeV
data, N4/Np and N¢/Np along with N4y/N¢o and Np/Np agree within ~ 7% of each
other. Numbers of predicted candidates in region D (Eq. 4.2) along with their statistical
uncertainty (Eq. 4.3) are also listed. The ABCD method makes a slight underprediction

of ~ 7% relative to the observation. Systematic uncertainty on the background prediction
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Figure 4.30: Illustration to explain ABCD background prediction method.

(Sec. 5.1) accounts for the underestimation.

Cosmic events are an important consideration for fractionally charged and muon-only
HSCP searches [51]. The former is a dedicated search for HSCPs with ) < le while the
latter identifes HSCPs using only the muon system. The energy deposition of an out-of-
time cosmic ray particle will not be completely profiled, resembling a fractionally charged
particle behaviour. Muon-only HSCP search uses minimal inner tracker requirements and
relaxed vertex conditions allowing an energetic cosmic ray particle to be identified as an
HSCP. Cosmic background prediction in both fractionally charged and muon-only HSCP
analyses have been evaluated to at most a few candidates. The multiply charged HSCP
analysis has quality requirements on the track reconstructed in the inner tracker and the
primary vertex offset relative to the nominal interaction point (Sec. 4.2.2), along with tight
I, selections (Ch. 6). These additional quality requirements render the cosmic background
to be negligible for the multiply charged HSCP search.

There are two implicit assumptions in the background prediction method. First, the
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Table 4.4: Numbers of candidates in A, B, C', and D regions for I,,=0.05 and 1/8=1.075 in
/s =7 TeV and 8 TeV data. The bottom row lists predicted number of candidates in region
D as per the ABCD method. Only statistical uncertainty on the prediction is quoted.

. Number of candidates
Reglon | Las 1/8 /s =7TeV | /s=28 TeV
A < 0.05 < 1.075 1300690 5356750
B < 0.05 > 1.075 326717 1127750
C > 0.05 < 1.075 469946 2025470
D > 0.05 > 1.075 110957 397969
Np prediction (ABCD method) | 118044 + 288 | 426421 + 533

method assumes an absence of correlations in the variables of 1,5 and 1/ for SM particles.
Small correlations among the two variables might not be visible in Figs. 4.28 and 4.29.
It is important to quantify the effect of these correlations on the analysis in the case of
selections where a small signal is expected over the predicted background. Also, the lack of
correlations have been observed only for small values of %, the situation can change in the
signal region of large %. Second, the presence of signal candidates in background regions
can reduce the sensitivity of the search.

To explore the above mentioned issues with the validity of the background prediction
method, we performed two types of cross-checks using data regions that are dominated by
SM particles. The first test uses data candidates that pass all offline selections. A loose
I,s and 1/f threshold defines A, B, C, and D regions (Fig. 4.30). Predicted and observed
number of candidates in region D are compared. This cross-check is repeated for several
I,s and 1/ selections. Small values of I,5 and 1/ ensure that any signal from new physics
in region D is overwhelmed by the SM contribution. Predicted and observed numbers
of candidates along with their ratio for several loose I,s and 1/8 selections are shown in
Fig. 4.33. Uncertainty on the prediction includes both statistical and systematic (20%)
contributions. There is reasonable agreement between prediction and observation.

A second cross-check of the background prediction method is done using data candidates

passing all offline selections but with inverted 1/ selection (1/8 < 1.0). An I,s and 1/
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Figure 4.33: Number of predicted and observed candidates in region D along with their
ratio for /s =7 TeV (left) and 8 TeV (right) data. Uncertainty on the prediction includes
both statistical and systematic (20%) contributions.

threshold defines the four regions: A’, B’, C’, and D’ (Fig. 4.30). Using ABCD method
in 1/8 < 1.0 phase space, numbers of predicted and observed candidates in D’ region are
compared for several I,5 and 1/ selections. Predicted and observed numbers of candidates
in D' region, and their ratios are shown in Fig. 4.34. Uncertainty on the prediction includes
both statistical and systematic (20%) contributions. A smaller 1/ selection decreases the
likelihood of HSCP signals in the D’ region. Hence, this cross-check for the validity of the
ABCD method is extended to tight I,s and 1/ selections. Once again, there is decent

agreement between prediction and observation.
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Figure 4.34: Number of predicted and observed candidates in region D’ along with their
ratio for /s =7 TeV (left) and 8 TeV (right) data. Uncertainty on the prediction includes
both statistical and systematic (20%) contributions.
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CHAPTER 5

SYSTEMATIC UNCERTAINTIES

The multiply charged HSCP analysis considers systematic uncertainties on the background
prediction method (Sec. 5.1) and signal simulation (Sec. 5.2). In addition, the uncertainty
on the measured luminosity is taken as 2.2% for /s = 7 TeV data [58] and 4.4% for
Vs = 8 TeV data [59].

5.1 Background Prediction

Reasonable agreement between prediction and observation (Figs. 4.33 and 4.34) demon-
strates the usability of the background prediction method. Assumptions of ABCD method
(absence of correlations in I,s and 1/ variables among SM particles, and absence of signal
in background regions) are further tested using alternate predictions from orthogonal data
regions that are much farther from the signal region of large 1/3 values. The spread in the
various predictions is used to quantify the systematic uncertainty in background prediction.

The ABCD method (Sec. 4.3) can be used to predict the expected number of SM can-
didates in the signal (D) region using candidates in 1/8 < 1.0 region (A’, B’, C’, and D’
regions, see Fig. 4.30). These are given by P, and P; as

NN/
P, = C
2 ]\[1/4 )

(5.1)
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NN,

Py =
3 N/B )

(5.2)

where I, selection is common in both 1/8 > 1.0 and 1/ < 1.0 regions while 1/ selection
in the two regions, are in principle, unrelated. In the multiply charged HSCP analysis, we
used 1/ selection in the 1/ > 1.0 region to define the 1/ selection in the 1/8 < 1.0
region. If X is the 1/ selection in 1/8 > 1.0 region, 2 — X is the 1/ selection used in
1/8 < 1.0 region. P» is calculated using the core of background distribution that has a
larger number of background candidates than P3 which is calculated using the lower tail of
background distribution. Original prediction of the ABCD method (Eq. 4.2) is referred to
as P;. Region B is common among all predictions and its relative contribution to statistical
uncertainty in all predictions is the same. Hence, the term due to region B in Eq. 4.3 is

ignored. Statistical uncertainty on Pj, o(Py), is

o (B o

Similarly, statistical uncertainty on P, and Ps are computed. The systematic uncertainty

on the background prediction is quantified using the three predictions (Py, P2, and P3) and
their respective statistical uncertainty (o(P), o(Ps), and o(P3)).

The mean of all predictions is

(5.4)

Nooop
Mean = [Z PZ
’L

where P; are the individual predictions, o(P;) are their respective statistical uncertainty

values, and N = 3 is the number of predictions. The variance of the multiple predictions is

1 N

VsTAT+sysT = N_1 Z(Mean - P)2. (5.5)
i=1

The size of the variance depends on both systematic and statistical uncertainties. Statistical
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uncertainty in the variance is

Vstar = | > (o(P))2. (5.6)
=1

Assuming that statistical and systematic uncertainties are added in quadrature to yield the

variance, systematic uncertainty on the background prediction is computed as

Vayst = v/ (Vstatssyst)? — (Vsrar)? (if VsraT+syst > VsTaT). (5.7)

The three predictions for several I,5 and 1/ selections are shown in Fig. 5.1 for both
Vs =T and 8 TeV data. With increasing I,s and 1/ thresholds, fewer candidates survive
in C, ', and D’ regions resulting in larger statistical uncertainties in the three predictions.
Among the three predictions, P3 is computed using the smallest numbers of data candidates
and has the largest statistical uncertainty. This is more pronounced for /s = 7 TeV where
approximately four times fewer data were collected than that at /s = 8 TeV. The various
predictions have reasonable agreement amongst themselves.

Variance of the three predictions relative to their mean along with statistical and sys-
tematic uncertainty contributions to the variance relative to the mean are shown in Figs. 5.2
and 5.3 for /s =7 TeV and /s = 8 TeV data, respectively. With increasing I,s and 1/
selections, the variance of the three predictions, and the statistical and systematic uncer-
tainty contributions to the variance increase. For very high I,s and 1/ selections, the
statistical uncertainty is comparable to (or even larger than) the variance and extraction
of systematic uncertainty contribution breaks down. With four times more data, all three
quantities have lower values at /s =8 TeV than at /s =7 TeV. Systematic uncertainty is
less than 10% for most selections and increases beyond 20% for few selections. Final I,
and 1/ selections for the multiply charged HSCP analysis are 0.50 and 1.20, respectively
(Ch. 6) for both /s = 7 TeV data and /s = 8 TeV data. Systematic uncertainty on the

background prediction is quantified as 20%.
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Figure 5.1: Multiple predictions for number of expected background candidates in region
D for \/s =7 TeV data (top) and /s = 8 TeV data (bottom). I,s selections are shown in
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right) for /s = 8 TeV data.
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5.2 Signal Acceptance

Signal acceptance in the multiply charged HSCP analysis is determined using MC simu-
lation. Several features of data and simulation were compared to quantify how well the latter
models data collected with the CMS detector. Differences were taken as an uncertainty on
the final signal acceptance.

Uncertainties are evaluated in either of two methods. First, data and SM-based sim-
ulation samples with known behaviour are compared. Second, for cases where no known
SM sample exists for comparison of data and simulation, alternate signal samples were
made using newer conservative values for variables whose effect were under study. These
alternate samples were recreated using the full simulation chain, but had fewer statistics
than the base samples. Change in signal acceptance for the final selection (Ch. 6) between
these two samples is taken as a systematic uncertainty. Several of the uncertainties and the
prescription to compute them are taken from Physics Object Group efforts within the CMS
collaboration.

Uncertainties are considered on both the muon and E?Jiss triggers with each evaluated
separately. Muon trigger efficiency differs in data and simulation by less than 5% over all
energies. This is taken from muon reconstruction studies that used 2010 data [60].

A slow particle can be recorded in the subsequent bunch crossing due to non-synchronization
of muon system timing electronics. This effect was studied in MC by shifting the timing of
simulated hits by the non-synchronization of the muon system observed in data. Mean and
RMS of timing values recorded in DTs, CSCs, and RPCs for data collected at /s =7 and
8 TeV are listed in Tab. 5.1. Each subpart of DTs, CSCs, and RPCs that record timing
are assigned a random timing offset value from a Gaussian distribution of mean and RMS.
Alternate high mass gluino samples were reprocessed with recorded timing in the muon
system offset by the values assigned to the various subparts using the procedure described
above. Among all signal samples considered for various HSCP analyses, gluino samples

have the most non-relativistic 8 spectrum and results obtained using them correspond to a
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Table 5.1: Mean and RMS of timing values recorded in DTs, CSCs, and RPCs.

Muon Vs =7TeV | /s =8TeV
subsystem | Mean | RMS | Mean | RMS
DT 0.5 1.0 0.5 1.0
CSC 0.0 1.5 2.3 1.0
RPC 0.06 5.14 0.06 5.14

conservative estimate for multiply charged HSCP signals produced via the modified Drell-
Yan process. Signal efficiency for the final selection changed by 2% for /s =7 TeV and by
4% for /s =8 TeV. These uncertainties are used for multiply charged HSCP signals of all
charges and masses.

Uncertainty on the jet energy scale (JES) is considered as a source of bias for the E:,miss
trigger. High mass gluino samples were reprocessed with the energy of simulated jets varied
by the maximal JES uncertainty at HLT level. As compared to multiply charged HSCPs,
gluino samples have a larger efficiency for E{,l”"” trigger and provide a better estimate of the
effect of JES uncertainty. Change in signal acceptance for final selection was 2% for /s =
7 TeV and 1% for /s = 8 TeV. These uncertainties are used for multiply charged HSCP
signals of all charges and masses. Total uncertainty in trigger acceptance due to various
sources is taken as the square root of the individual uncertainties added in quadrature.

The energy loss of minimum ionizing particles is under-estimated in simulation compared
to data for both /s =7 TeV and /s =8 TeV. To neutralize the mismatch, hit-level 32 in
MC samples was scaled up so as to match the most probable % in data. The scaling factors
were 14% and 5% for /s =7 TeV and /s =8 TeV samples respectively. After rescaling, I,
distributions of minimum ionizing particles in data and simulation had a decent agreement.

Low-momentum protons have large % and resemble HSCP-like behaviour. Uncertain-
ties related to % in the inner tracker are evaluated by comparing low-momentum protons
in data and simulation. Hit-level % of low-momentum protons in simulation were scaled

up by the same factors mentioned above. Following the rescaling, I, distribution of protons

in different momentum ranges were fitted to a Gaussian (Fig. 5.4). Differences in mean and
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Figure 5.4: Distributions of I,s for protons in momentum range of 0.95-1.0 GeV (left) and
1.20-1.25 GeV (right). Distributions are shown for /s = 7 and 8 TeV data as well as
simulation. The solid lines represent a Gaussian fit to the respective distributions.

width of the fitted Gaussian between data and simulation (Fig. 5.5) are used to determine
the uncertainty on I, scale and resolution. Decent match of parameters in data and sim-
ulation is noted. Uncertainty on I, scale is taken as the maximal difference between data
and simulation, as 0.05 for both /s =7 and 8 TeV. Widths in simulation are larger than in
data and consequently, no uncertainty is considered on I,s resolution.

1,5 values of signal samples were shifted up by 0.05 and the change in signal acceptance
for the final selection was taken as the systematic uncertainty due to I,s scale. Final I
selection in the multiply charged HSCP analysis is chosen as 0.5 (Ch. 6). Since I,s is
underestimated in simulation, signal acceptance increases. For () = le samples, change in
signal acceptance of up to 12% is seen for low masses and reduces to 4% for higher masses.
Values of 1,5 of @) > 2e samples are much farther from the final I, selection and change in
signal acceptance is zero.

Di-muon events yielding an invariant mass within a Z-boson mass window of 80-100 GeV
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Figure 5.5: Mean (left) and width (right) of fitted Gaussian for different proton momentum
ranges. These are shown for /s = 7 and 8 TeV data as well as simulation.

were used to estimate the uncertainty on the 1/8 scale. 1/ scales in data and simulation
were found to be offset by 0.003 in DTs and 0.02 in CSCs for /s =7 TeV, and by 0.005
in both the DTs and CSCs for /s =8 TeV. There was reasonable agreement between 1/
resolutions in data and simulation. The 1/ value of candidates is negatively offset by the
above mentioned scale values and the change in signal acceptance for the final selection is
taken as the uncertainty due to the 1/8 scale. No change in signal acceptance is seen for
@ = le. Final 1/0 selection in the multiply charged HSCP analysis is chosen as 1.2 (Ch. 6).
With increasing charge, higher end of 1/ distribution is increasingly cut-off and final 1/
selection is in the far-tail region resulting in larger changes in signal acceptance. With
increasing mass, the 1/ distribution extends to larger values resulting in smaller changes
in signal acceptance. Largest observed changes in signal acceptance for /s = 7 and 8 TeV
signals are 55% and 16% respectively. For high mass signals, change in signal acceptance is
reduced to less than 3% and 1% for /s = 7 and 8 TeV signals, respectively.

Uncertainty on candidate momentum measured in the inner tracker is evaluated accord-
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ing to the prescription of the CMS tracker performace group [60]. The momentum value is

re-estimated as

1 1
—F =—+ 5 /7 ) ’ 5.8
o o k(4 9:m) (5.8)
where
Skr(d's¢,m) = A+ Bn® + ¢'Csin(¢ — o), (5.9)

and A = 0.236 TeV~!, B = —0.135 TeV~!, C = 0.282 TeV~!, ¢9 = 1.337, and ¢ is +1
for positively charged particles and —1 for negatively charged particles. Using the new
momentum value, the signal acceptance changes by at most 9% and 12% for /s = 7 and
8 TeV signal samples respectively. Change in signal acceptance due to pr rescaling is largest
for low mass signals that have the softest py distribution.

Uncertainty in the number of pile-up events in data was estimated by using new pile-up
weights for signal events. The minimum bias cross section was varied by 5-6% to derive the
new pile-up weights. Following this prescription, signal acceptance for the final selection
changed by less than 1% for all signal samples for both /s = 7 and 8 TeV.

Knowledge of amount of material in the CMS detector is important in the search for
multiply charged HSCPs that have Q?-enhanced % along their path. Increased material
budget can result in slowing down HSCPs and their failing the trigger timing requirements
and/or global muon requirements. The CMS material budget is known within 1% [61]. This
feature is conservatively replicated by increasing the density of brass used in the HCAL by
5%. Alternate signal samples for a grid of HSCP charges and masses were simulated with
this prescription. Signal acceptance after online (Sec. 4.2.1), offline (Sec. 4.2.2), and final
selection (Ch. 6) for the regular and material variated samples were compared. Ratio of
the respective acceptances for each of the signal samples is shown in Fig. 5.6. Decrease
in acceptance for material variated samples is not more than 3% after online and offline
selections. For the final selection, change in acceptance is negligible for most considered
signals other than high-Q, low mass samples. For 100 GeV samples, acceptance increases

by 20% for Q = 4e and decreases by 55% for @@ = 5e, although with large statistical
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Table 5.2: Summary table of various uncertainties and their respective value/ranges for
multiply charged HSCPs for /s = 7 and 8 TeV.

Source of Systematic Uncertainty Relative uncertainty (%)
Signal acceptance Vs=TTeV | /s =8 TeV
— 'Trigger acceptance 5.7 6.5
— Ionization energy loss 0-12 0-12
— Time-of-flight 0-54 0-16
— Track momentum scale 0-9 0-12
— Pile-up <1 <1
— Detector material 3 3

— Track reconstruction efficiency 2 2

— Muon reconstruction efficiency 2 2
Total signal acceptance 7-55 8-21
Collision background prediction 20 20
Integrated luminosity 2.2 4.4

uncertainties. Considering that the acceptances are essentially unchanged after the online
and offline selections where larger number of candidates survive, these differences are of
statistical nature. A 3% uncertainty is assigned for imperfect knowledge of the CMS material
budget.

Uncertainties in track and muon reconstruction are taken as 2% each. These are obtained
from Tracker Detector Performance Group [62] and Muon Physics Object Group [60] studies
within the CMS collaboration.

All individual systematic uncertainties for multiply charged HSCPs are shown in Figs. D.1
to D.8 (App. D). Total systematic uncertainty on signal acceptance is taken as the square
root of the individual uncertainties added in quadrature. It ranges from 7-54% and 8-21%
for /s =7 and 8 TeV samples respectively (Fig. 5.7). The systematic uncertainty is large
for high-@, low mass samples as the chosen final selection (Ch. 6) lies in the very-far tail
of their 1/ distribution. Summary of all systematic uncertainties and their respective
value/ranges in the multiply charged HSCP analysis are listed in Tab. 5.2.

Apart from systematic uncertainties, statistical uncertainty on the final signal accep-

tance is also considered. These are most relevant for high-@), low mass samples where the
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(top left), offline (top right), and final selection (bottom) at /s = 8 TeV.
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Figure 5.7: Total relative systematic uncertainty for multiply charged HSCPs at /s = 7 TeV
(left) and 8 TeV (right). For @ = 8e and mass of 100 GeV, none of the HSCP candidates
pass final selection for /s = 7 TeV, and hence the signal is not shown in the figure.

chosen final selection (Ch. 6) resides in the very far tail of their 1/ distribution. Statistical

uncertainty on the final signal acceptance are 30%, 55%, and 100% for mass of 100 GeV

and Q = be, 6e, and Te signal samples respectively at /s = 7 TeV and exceed their cor-

responding systematic uncertainty values. None of the candidates for ) = 8e and mass

of 100 GeV sample for /s = 7 TeV pass the final selection. For /s = 8 TeV samples,

statistical uncertainty on the final signal acceptance are 26%, 60%, and 73% for mass of

100 GeV and @ = 6e, Te, and 8e respectively and surpass their corresponding systematic

uncertainty values.
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CHAPTER 6

RESULTS

The final selection is determined by iterating over all possible combinations of I,5 and 1/
selections within the range 0 < I,s < 0.55 and 1.0 < 1/8 < 1.45. The scan is done in steps
of 0.025. The final selection can be optimized for best discovery potential or best cross
section limit. Given the aims of the LHC program and the CMS collaboration, the former
is chosen. The discovery scenario requires the expected mean significance of the observed
excess to be equal to five standard deviations with at least five observed candidates. The
expected cross section values attained by aiming for discovery are at most 10% worse than
those obtained for best limit and thereby cross section exclusions are not compromised
significantly.

The optimization algorithm uses, for each of the selections, the number of predicted
background candidates along with its uncertainty and the signal acceptance. Event-level
acceptances are obtained from MC simulations. Given the signal is pair-produced in the
considered model, signal acceptance is the same irrespective of whether one/both candidates
within an event pass the final selection. It is required that there be at least 25 candidates in
each of the background regions (A, B, and C') to ensure a reliable background prediction in
the signal region. Final I,5 and 1/f selections were optimized for multiply charged HSCPs
with varying charges and masses in the first public result of the CMS collaboration that
was based only on /s = 7 TeV data [63].

In Ref. [51], where a joint result of all HSCP analyses within the CMS collaboration
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for both y/s = 7 and 8 TeV was published, online and offline selections within the various

analyses were made as uniform as possible. Relative to Ref. [63], the multiply charged

HSCP analysis in Ref. [51] added the EZ'*¢ trigger, changed the relative tracker isolation

requirement (Y. pr/pr < 0.1) to an absolute tracker isolation requirement (> pr <
AR<0.3 AR<0.3

50 GeV), removed cluster cleaning requirement, reevaluated systematic uncertainties, and

used a single final selection irrespective of the HSCP charge and mass.

The majority of the I,s distribution for HSCPs with @ > 2e lie near 1.0 (Fig. 6.1).
The reconstructed 1/8 distribution for HSCPs with @ > 2e vary (Fig. 6.1) due to two
primary factors that depend on the HSCP mass and/or charge: (1) the generator-level 3
distribution (Fig. 4.1) and (2) the online and offline selection efficiency (Sec. 4.2). Results
of optimization are presented for multiply charged HSCPs of select charges and masses in
Tab. 6.1 (full results of optimization are listed in App. E). No statistically significant excess
over the predicted number of background candidates is seen in data for any of the optimized
selections. No excess is seen in any of the optimized selections for /s = 7 TeV. Some of the
optimized selections for /s = 8 TeV have a slight excess over prediction; maximal observed
significance is 1.1 for the selection of (1,5, 1/8)=(0.525, 1.175).

Values of 1,5 for HSCPs with ) > 2e are well separated from the background region
resulting in similar optimized I,s selections for various charges and masses. On the other
hand, 1/8 distributions vary widely with HSCP charge and mass yielding a broader range
of optimized 1/ selections for various charges and masses. Different final selections have
varying background predictions. Optimized final selections for HSCPs of same charge and
mass differ slightly between /s =7 and 8 TeV as during the latter running period four
times more data were collected resulting in a slightly more extended background region.

Multitude of optimized final selections for HSCPs with different charges, masses and
center-of-mass energies were simplified in Ref. [51] by using a single final selection for all
signal samples and center-of-mass energies. A reasonably tight final selection should be able
to identify or have hints of a multiply charged HSCP signal and thereby not compromise

the discovery potential. This approach simplifies the description and ease of interpretation
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Figure 6.1: Distributions of I, (left) and 1/5 (right) after offline selections for data and
multiply charged HSCP simulations of different charges and mass of 100 GeV (top), 400 GeV

(middle), and 700 GeV (bottom) at /s = 8 TeV.
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by the outside community. Determining a final selection for different charges, masses,
and center-of-mass energies is referred to as 2°4 optimization. It was checked that HSCP
discovery scenario or cross section limits were not compromised.

With the large separation between I, values of multiply charged HSCPs and background
region, a high I, value can be easily chosen as the common final selection for all charges
and masses. However, with widely varying 1/8 distributions among the different charges
and masses, it is a delicate exercise to arrive at a common final 1/ selection. For a fixed
I, selection, an increment (decrement) in 1/ selection decreases (increases) both signal
efficiency and background estimates. Change in discovery potential due to relative changes
in signal efficiency and background estimates differ depending on whether the change in
selection occurs in the bulk or tail of signal and background 1/ distributions. In the bulk
of the signal and background distributions, there exists a range of 1/ selection values that
have compensating background estimates and signal efficiencies and thereby yield similar
discovery potential. For lower and higher 1/ selections, we have observed that the discovery
potential is degraded due to relatively larger background estimates and relatively lower
signal efficiencies.

With widely varying 1/ distributions for various charges and masses, a simple method

was used to perform a 2"d

optimization in the multiply charged analysis. In this approach,
discovery potential for a number of selections with similar background estimates were ex-
amined. Numbers of predicted background candidates for several I,5 and 1//3 selections are
listed in Tab. 6.2. Discovery potential for several selections with ~ 0.55 (~ 0.15) predicted
background candidates for /s = 8 (7) TeV were examined. These selections are (I, 1/5)
= (0.375,1.275), (0.425,1.250), (0.450,1.225), (0.500,1.200), and (0.525,1.175).

Discovery potential for each of these selections were compared relative to (Igs, 1/3)
= (0.375, 1.275) that has the largest 1/8 threshold. For all selections, the discovery po-
tential was better than for the comparison selection. For (I,s, 1/8) = (0.500, 1.200), the

discovery prospect was improved for ) > 2e and for all masses compared to (s, 1/3)

= (0.425, 1.250), and (0.450,1.225). Further lowering 1/ selection to 1.175 gives mixed
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Table 6.2: Numbers of predicted background candidates for several selections for /s = 7
and 8 TeV.

Vs =17 TeV
1/8 0.375 | 0.400 | 0.425 | 0.450 | 0. 475 | 0.500 | 0.525

1.175 1.89 | 1.13 | 0.67 | 0.47 0.36 0.30 | 0.28
1.200 0.94 | 057 | 0.33 | 0.23 0.18 0.15 | 0.14
1.225 0.49 | 0.30 | 0.17 | 0.12 0.09 0.08 | 0.07
1.250 0.26 | 0.16 | 0.09 | 0.07 0.05 0.04 | 0.04
1.275 0.15 | 0.09 | 0.05 | 0.04 0.03 0.02 | 0.02
Vs =8 TeV

1/8 0.375 | 0.400 | 0.425 | 0.450 | 0. 475 | 0.500 | 0.525

1.175 7.84 | 477 | 3.13 | 2.11 1.43 1.03 | 0.82
1.200 3.92 | 238 | 1.56 | 1.05 0.71 0.52 | 0.41
1.225 2.00 | 1.21 | 0.80 | 0.54 0.37 0.27 | 0.21
1.250 1.04 | 0.63 | 041 | 0.28 0.19 0.14 | 0.11
1.275 0.55 | 0.33 | 0.22 | 0.15 0.10 0.07 | 0.06

results for low and high mass multiply charged HSCPs. For (I,s, 1/8) = (0.525, 1.175), the
low mass cross section reaches are enhanced while the high mass ones are degraded. Given
that low mass HSCPs are already excluded with 1/ selection of 1.200 and that lower cross
section reach for high mass HSCPs would yield a higher mass reach, it was decided use the
final selection of (I,s, 1/8) = (0.500, 1.200).

Ratios of expected cross section reaches for 95% CL exclusion as well as 50 discovery for
two selections of (I,s, 1/8) = (0.375, 1.275), and (0.500, 1.200) are shown in Fig. 6.2 for
Vs = 8 TeV. For @ > 2e, cross section reaches are essentially unchanged for high masses
while several-fold increase is seen for low masses. The reach in expected cross section limits
is slightly degraded for low mass, singly charged HSCPs. Given other dedicated analyses for
singly charged HSCPs, this is not a problem. Expected reaches for some high-Q), low-mass
HSCPs could not be evaluated for the higher 1/ selection due to limited available signal
MC resulting in them being absent in Fig. 6.2.

A feature of using a common final selection for all charges and masses is that it resides
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Figure 6.2: Ratios of expected cross section reaches using two sets of 1,5 and 1/ selections,
namely (I,s, 1/8)=(0.375, 1.275) and (0.500, 1.200) at /s = 8 TeV. Ratios of cross section
reaches for 95% CL exclusion is shown in left while that for 5o discovery is shown in right.

in the far-tail of the 1/8 distribution for high-@, low mass HSCPs. These signals have
relatively small online and offline selection efficiencies and using a final 1/8 selection in
their tail region further contributes to their low overall acceptance. For HSCP with ) = 8e
and mass of 100 GeV, none of the HSCP candidates within the available /s = 7 TeV MC
sample pass the final selection (meaning signal acceptance < 5.2 x 1079).

Numbers of predicted background candidates and observed data candidates for (I, 1/3)
= (0.5, 1.2) are listed in Tab. 6.3 for /s = 7 and 8 TeV. No statistically relevant excess
over prediction is observed in data.

Devoid of any statistically significant excess over prediction, 95% CL upper limits on
HSCP signal cross sections were computed for both /s = 7 and 8 TeV. As is common
practice within the CMS collaboration, we used a CLs approach [64-66] that uses lognormal
pdfs [67, 68] to integrate over the nuisance parameters. The latter are the integrated

luminosity, the signal acceptance and the expected background in the signal region. Results
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Table 6.3: Numbers of predicted background candidates, observed data candidates, and
significance for final selection of (I,s, 1/5) = (0.5, 1.2) for /s = 7 and 8 TeV.

NG 7 TeV 8 TeV
Number of predicted background candidates | 0.15 4+ 0.04 | 0.52 £+ 0.12
Number of observed data candidates 0 1
Significance 0.0 0.6

of \/s = 7 and 8 TeV limits are combined to set limits on the signal strength u (= o /o).
With limited available MC, statistical uncertainty on the number of events that pass the
final selection is also taken into account in the limits computation.

The expected and observed cross section limit values for all multiply charged HSCP
signals are listed in Tabs. 6.4-6.7, as well as the signal acceptances with their respective
systematic and statistical uncertainties. Observed cross section limits vary from 0.001 to
140 pb for /s = 7 TeV and from 4.1 x 10=% to 20 pb for /s = 8 TeV. Lower and higher
ends of this range are obtained from low and high charge HSCPs respectively. Theory and
observed cross section limits for muliply charged HSCPs with Q = 1 to 8e are shown in
Fig. 6.3 as a function of their mass.

We compared cross section reaches obtained by using a common final selection with
those of optimization. Ratios of cross section reaches in the two approaches are shown in
Fig. 6.4 for 50 discovery as well as 95% CL exclusion. For most signals, cross section reach
for 50 discovery scenario with a common final selection is within a factor of two of that
obtained with optimization. Contrary to the expectation that optimization should yield
the selection with the lowest cross section reach, it is observed that the reach improves
for few signals (ratio < 1.0). This happens because the optimization algorithm uses an
approximation, in that it computes the cross section that can yield close to, but not exactly
a bo excess. Optimized selection for most of the signals have predicted background of
~ 1073 as compared to ~ 107! in the case of the chosen common final selection. This
results in slightly lower cross section for 95% CL exclusion using the chosen common final

selection than through optimization.
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Figure 6.3: Theory and observed cross section limit curves for /s = 7 TeV (top left) and
8 TeV (top right). For combined 7 and 8 TeV results (bottom), observed limits on signal
strength p is shown.
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Figure 6.4: Ratios of cross section reaches for common final selection of (I,s, 1/5)=(0.5,
1.2) and optimization selection. Ratios of cross section reaches for 50 discovery (top) and
95% CL exclusion (bottom) are shown for /s =7 TeV (left) and /s = 8 TeV (right).
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Table 6.8: Mass limits for multiply charged HSCPs with different charges at /s = 7 TeV,
/s = 8 TeV and combination of /s = 7 and 8 TeV.

Q| (e) | /s=TTeV | /s=8TeV | 7 and 8 TeV combined
1 > 390 > 500 > 517
2 > 544 > 682 > 687
3 > 593 > 757 > 752
4 > 612 > 784 > 791
5 > 598 > 789 > 798
6 < 197, > 568 > 780 > 778
7 < 200, > 479 > 761 > 753
8 - > 730 > 724

The point of intersection between the theory and observed curves in Fig. 6.3 yields a
mass limit. For combined 7 TeV and 8 TeV results, all masses with p < 1 are excluded. All
mass limit values are listed in Tab. 6.8. With the chosen final selection, the observed cross
section limit values are higher than theory cross section values for HSCPs with Q) = 6e, Te
and mass of 100 GeV and for all masses of HSCPs with Q = 8¢ at /s = 7 TeV. However,
all high-@, low mass HSCPs can be excluded at /s = 8 TeV. Overall, multiply charged
HSCPs with Q = 1,2,3,4,5,6,7,8¢ are excluded below masses of 517, 687, 752, 791, 798,
778, 753, and 724 GeV, respectively, in the considered Drell-Yan-like model. Mass limits for
@ = le can be compared with dedicated singly charged HSCP analysis. The Tracker+TOF
analysis places a mass limit of 574 GeV for Q = le HSCPs in the considered Drell-Yan-
like model (Ref. [51]). Summary of mass limits for multiply charged HSCPs with different
electric charges from various ATLAS [38], and CMS [51, 63] results performed using data

collected during Run I of the LHC is shown in Fig. 6.5.
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Figure 6.5: Summary of mass limits for multiply charged HSCPs from ATLAS [38], and
CMS [51, 63] results using data collected during Run I of the LHC.
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CHAPTER 7

CONCLUSIONS

7.1 Summary

The LHC delivered 5 fb~! and 24 fb~! of proton-proton collision data at 7 TeV and
8 TeV center of mass energies, respectively, to the CMS detector in 2011 and 2012. We have
searched for multiply charged HSCPs in data recorded with the CMS detector. Energy loss
measurements in the inner tracker and timing measurements in the muon system were used
to identify highly ionizing and slow moving particles, respectively.

Several aspects of multiply charged HSCPs make this analysis unique compared to others
carried out within the CMS collaboration. Ionization energy loss of multiply charged HSCPs
is often larger than the dynamic measurement range resulting in saturation effect. SM
particles can radiate d-rays and mimic signal-like behaviour. Larger bending in the magnetic
field results in under-measurement of pr and search sensitivity for multiply charged HSCPs
is degraded with increasing charge. For this reason, pr is not be used as a search variable.
Slow, multiply charged HSCPs can fail the timing requirements of the online selection.
Large % along their path slows them down even more. This work describes how each of
these challenges were studied and met.

Data recorded with the CMS detector have been determined to be consistent with SM
expectations. Upper limits on the production cross section of multiply charged HSCPs in

the Drell-Yan-like model have been computed for various scenarios of electric charge and
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mass. The cross section limits have been translated into limits on the mass of multiply
charged HSCPs with various charges. These results constitute the most stringent limits for
multiply charged HSCPs to date. This multiply charged HSCP search is a new component

to the various HSCP searches that have been pursued by the CMS collaboration [51].

7.2 Perspectives

The LHC is expected to commence Run II operations in 2015 at a higher center-of-mass
energy and increased instantaneous luminosity. Both these features will allow the current
multiply charged HSCP analysis to explore lower production cross sections. Bunch spacing
between successive proton bunches in Run II operations will be reduced to 25 ns which
will require narrower timing requirements and reduce the sensitivity of the analysis to slow
particles as compared to Run I operations.

The current search strategy can possibly be improved in multitude of ways. Online
selections based on large % in the silicon tracker can be used to directly trigger on multiply
charged HSCPs. Cluster shape studies of singly charged particles can be expanded to
multiply charged ones, thereby providing a better % and mass measurement. Timing
measurements using ECAL can also be used to identify multiply charged HSCPs.

With large energy loss and bending in the magnetic field, search sensitivity for multiply
charged HSCPs that might not reach the muon system can be improved by using only the
inner sections of the CMS detector. Online selections can be done using % triggers. The
numbers of highly ionizing hits can be used to separate multiply charged HSCPs from SM
particles. With more than 20 inner tracker measurements, CMS has good resolution for
the high-end tail of minimum ionizing particles, which can help identify multiply charged
HSCPs. In the future, data collected with the CMS detector will be able to improve on
the results presented here through a combination of higher center-of-mass energy, larger
luminosity, and additional improved analysis techniques.

The Monopole and Exotics Detector at the LHC (MoEDAL) project plans a future
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search for exotic particles. The MoEDAL detector consists of an array of plastic Nuclear
Track Detectors (NTDs) and is to be placed around the interaction point of the LHCb
detector (Sec. 2.1). The large energy loss of a highly charged particle will cause permanent
damage to the NTDs, while the motion of SM particles will not result in any visible degra-
dation. With this clean signature, highly ionizing particles can be uniquely identified. Only
a few such events are enough to confirm their passage. Also, being a passive signature, there
are no constraints on the trigger and reconstruction requirements. The MoEDAL detector is
well placed to search for exotic particles such as magnetic monopoles and multiply charged

HSCPs.
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APPENDIX A

PYTHIA PARAMETERS

Pythia settings used in the generation of signal samples are given below. These settings are
also used to calculate theory cross section of signal samples (App. B). Meaning of the vari-
ous settings are mentioned in paranthesis next to them. In the modified Drell-Yan process,
coupling of the Z to multiply charged HSCPs is changed. To differentiate the new Z from
the regular one, it is denoted as Z’.

MSEL = 0 (user defined processes)

MSUB (141) = 1 (turn on coupling of fermions to v*/Z/Z")

MSTP (44) = 5 (only v*, Z', and their interference included)

PMAS (32,1) = 91.187 (mass of Z" (GeV))

PMAS (32,2) = 2.4952 (width of Z/ (GeV))

CKIN (1) = 100.0 (minimum +/s (GeV), same as mass of 7/)

CKIN (2) = -1 (no maximum +/s)

MSTP (1) = 4 (4" generation process)

KCHG (17,1) = -24 (Q of 7/ in units of ¢/3, sign is important in order to get the coupling
correct)

PMAS (17,1) = 100.0 (mass of 7 (GeV))

MDCY (17,1) = 0 (set 7 to be stable)

MWID (17) = 0 (set 7/ width to be 0)

MDME (289,1) = 0 (forbid Z’ decay into dd)
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MDME (290,1 forbid Z' decay into uu)

) =
MDME (291,1)

forbid Z' decay into s3)

MDME (292,1) forbid Z' decay into c¢)

MDME

293,1 forbid Z’ decay into bb)
MDME (294,1

2 forbid Z' decay into tt)

forbid Z' decay into e~ e™)

MDME

3,
4,

298,1
MDME (299,1

2 forbid Z’ decay into p = u

MDME (300,1

forbid Z' decay into v, v,
MDME (301,1

0
0
0
0
0
0
0
0
0
0
0

(
(
(
(
(
MDME (297,1
(
(
(
(
(

)
Up)
forbid Z’ decay into 77 771)
)

MDME (302,1 forbid Z’ decay into v, vy

)
)
)
)
)
)
)
)
) =

MDME (303,1

(
(
(
(
(
(
(forbid Z' decay into v, 7)
(
(
(
(
1 (force Z' decay into 7/~ 7/")
)

PARJ (192) = (24/3)*0.92 (vector coupling with no SU(2) interactions)
PARJ (193) = 0.0 (axial coupling with no SU(2) interactions)
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APPENDIX B

THEORY CROSS SECTION VALUES

Cross section values of multiply charged HSCPs in the Drell-Yan-like model (Sec. 4.1) are

listed here.
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APPENDIX C

OFFLINE SELECTION EFFICIENCY

Candidate efficiency of multiply charged HSCPs with (2 = 1-8e and mass of 100-1000 GeV
for various offline selections (Sec. 4.2.2) at /s =7 and 8 TeV are listed here. Offline selections
are listed in the order in which they are applied. Efficiency for global muon selection is
relative to the number of HSCP candidates that pass the online selection. For all other
offline selections, the efficiency is relative to the number of HSCP candidates that pass all

previous offline selections. Overall offline selection efficiency is also listed.
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APPENDIX D

INDIVIDUAL SYSTEMATIC UNCERTAINTIES

Systematic uncertainties due to various sources (Sec. 5.2) are shown for multiply charged

HSCPs of (Q = 1-8e and mass of 100-1000 GeV.
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Figure D.1: Individual systematic uncertainties due to various sources and their total for
multiply charged HSCPs with @ = le for /s =7 TeV (left) and /s = 8 TeV (right). Error
bar on total uncertainty represents the statistical uncertainty on signal acceptance.

CMS Preliminary {s=7TeV,L=5.0fb*
T T T T T T T T T T
— Trigger Pile-up
— dE/dx —— Reconstruction
— 1B Material Budget
- —P; o Total

CMS Preliminary Vs =8 TeV, L =18.8 fi*
T T T T T T T T T T
— Trigger Pile-up
— dE/dx — Reconstruction
— 1B Material Budget
- —P; o Total

o
ul
o
ol

e mm o

o
ol
T
|
1
o
ul
T
|

Relative Systematic Uncertainty
.'T\ o
{
\
Relative Systematic Uncertainty
o
i

1
T
|

| | | | | | | | | | | | | | | | | |
200 400 600 800 1000 200 400 600 800 1000
Mass (GeV) Mass (GeV)

=
o

=
3

Figure D.2: Individual systematic uncertainties due to various sources and their total for
multiply charged HSCPs with @ = 2e for /s =7 TeV (left) and /s = 8 TeV (right). Error
bar on total uncertainty represents the statistical uncertainty on signal acceptance.

141
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Figure D.3: Individual systematic uncertainties due to various sources and their total for
multiply charged HSCPs with @) = 3e for /s =7 TeV (left) and /s = 8 TeV (right). Error
bar on total uncertainty represents the statistical uncertainty on signal acceptance.
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Figure D.4: Individual systematic uncertainties due to various sources and their total for
multiply charged HSCPs with @ = 4e for /s =7 TeV (left) and /s = 8 TeV (right). Error
bar on total uncertainty represents the statistical uncertainty on signal acceptance.
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Figure D.5: Individual systematic uncertainties due to various sources and their total for
multiply charged HSCPs with @ = 5e for /s =7 TeV (left) and /s = 8 TeV (right). Error
bar on total uncertainty represents the statistical uncertainty on signal acceptance.

CMS Preliminary {s=7TeV,L=5.0fb* CMS Preliminary Vs=8TeV, L =188 fb*

Z\ T T T T Z\ T T T T T
£ — Trigger Pile-up £ — Trigger Pile-up
9 — dE/dx — Reconstruction 9 — dE/dx — Reconstruction
o — 1B Material Budget o — 1B Material Budget
8 0.5 —n, o Total n 8 05 —n, o Total 7
] ]
L L
- I SN
E O + e & o E 0 ;’—o ¢ ¢ ¢ ¢ ¢ o
o W o
17 17
» o
[} ‘05 | ] [} '05 | ]
2 2
ks ks
Q Q
x 1 _ x g _
l 5 | L | L | L | L | 1 5 | L | L | L | L |
' 200 400 600 800 1000 ' 200 400 600 800 1000
Mass (GeV) Mass (GeV)

Figure D.6: Individual systematic uncertainties due to various sources and their total for
multiply charged HSCPs with @ = 6e for /s =7 TeV (left) and /s = 8 TeV (right). Error
bar on total uncertainty represents the statistical uncertainty on signal acceptance.
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Figure D.7: Individual systematic uncertainties due to various sources and their total for
multiply charged HSCPs with @ = 7e for /s =7 TeV (left) and /s = 8 TeV (right). Error
bar on total uncertainty represents the statistical uncertainty on signal acceptance.
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Figure D.8: Individual systematic uncertainties due to various sources and their total for
multiply charged HSCPs with @ = 8e for /s =7 TeV (left) and /s = 8 TeV (right). Error
bar on total uncertainty represents the statistical uncertainty on signal acceptance.
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APPENDIX E

FULL RESULTS OF OPTIMIZATION

Complete results of optimization for multiply charged HSCPs with () = 1-8e and mass of
100-1000 GeV at /s =7 and 8 TeV are listed here.
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