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Abstract

While not yet experimentally verified, many theoretical models of new physics allow for
the existence of massive, long-lived particles exhibiting electric charges, @), in excess of
the elementary charge of the electron, e. A search for such multi-charged heavy stable
charged particles (mHSCPs), specifically those characterized by charges in excess of e
by integer multiples was performed utilizing /s =13 TeV data from the Compact Muon
Solenoid (CMS) detector at the Large Hadron Collider (LHC). mHSCPs display distinct
signatures in the detector due to their slow speeds and large ionization energy depositions.
Time of flight information was measured using the muon system, and ionization loss
in the inner tracker. Due to readout saturation, techniques (cluster cleaning and cross
talk inversion) have been developed to compensate for potential under-measurement of
particle ionization. The objective of this investigation was to both place limits on mHSCP
cross-sections, as well as to explore the effectiveness of cluster cleaning and cross-talk
inversion. Experimentation resulted in cross section limits that increase with particle
charge. Cluster cleaning and cross talk inversion together impose tighter cross section
limits, suggesting a beneficial impact on the analysis as a whole, and warranting further

investigation into other combinations of their applications.
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1 Introduction

From antiquity through contemporary time mankind has zealously pursued a better
understanding of the constituents of the world we they inhabit. Modern endeavors into
this matter conducted under the field of particle physics are driven by two core tenets:
All matter can be reduced to fundamental particles, and it is the interactions of those

fundamental particles that dictate the evolution of the universe.

The Standard Model (SM) of particle physics serves as the current mathematical de-
scriptor of the aforementioned, and agrees excellently with experimental data produced
by the Large Hadron Collider (LHC) through high-energy proton-proton (pp) collisions.
However, several disparities exist between reality and SM predictions, necessitating the
advent of physics Beyond the Standard Model (BSM). Furthermore, the SM excludes the
gravitational interaction altogether, suggesting a clear need for extension and refinement of
the model. Many BSM theories that seek to remedy these disparities predict the existence
of exotic particles, prime examples of which are multiply Charged Heavy Stable Charged
Particles (mHSCPs) and Heavy Stable Charged Particle (HSCPs). The primary goal of
this thesis is to conduct a search for mHSCPs, while refining data quality improvement

techniques known as cluster cleaning and cross-talk inversion.

It is imperative that the validity of scientific models be experimentally verifiable and

BSM theories are no exception. The LHC and its connected experiments allow for direct



1 Introduction

verification or exclusion of some theorized particles and interactions. By combining
information from the various detector modules, signatures of possible mHSCP existence
can be observed with the CMS detector. For the ensuing analysis, a heavily data-driven
approach is utilized. Chapter 2 lays a basic BSM background. Chapter 3 describes the
LHC and the CMS detector. Chapter 4 delves deeper into a discussion of calculated and
observed variables of interest. Chapter 5 is dedicated to the offline (post data taking)
analysis to search for mHSCPs both with and without cluster cleaning and cross-talk
inversion turned on. Chapter 6 displays the results of the analysis and its potential

implications.



2 Beyond the Standard Model

In order to adequately understand extensions to the Standard Model, it is necessary to
present a working-knowledge explanation of the SM. The SM describes three of the four
fundamental interactions known to man: electromagnetic, strong, and weak; with the
excluded interaction being gravitational. All of matter is described in terms of these
fundamental interactions, and the particles that mediate and experience them. A summary

of these particles is given in Fig. 2.1.

2.1 Standard Model

Fermions, or matter particles with spin 1/2 interact by exchanging bosons, the spin 1
force carrier particles. The most well-known of these is the photon, the quanta of the
electromagnetic interaction. There exist three “generations” of fermions, each with four
particles: two leptons and two quarks. Oddly enough, it is only the first generation of
these particles that constitutes all ordinary matter [1]. Each generation is characterized
by different lifetimes, decay modes, and masses. Further, while many higher-generation
particles will decay into lower generation ones (e.gthe 7), some, such as the neutrinos,
have no experimental evidence verifying decay of any kind. Any particle in the SM is

also characterized by multiple quantum numbers including electric charge, color (strong
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2 Beyond the Standard Model

charge), and Isospin (weak charge). Further, each lepton in the SM has a corresponding

anti-particle of opposite quantum numbers.

Conservation of quantum numbers is imperative in determining particle stability. In this
context, a “stable” particle refers to one that can be created and annihilated through
the utilization of quantum mechanical operators. Stable particles must also satisfy the
relativistic relationship between energy and mass: E? = (pc)? + (mc?)? where E is the
total energy of the particle, p is its momentum, m its rest mass, and c is the speed of
light in vacuum. For example, the stability of the electron can be understood as a direct
consequence of conservation of electric charge. The proton, a non-fundamental particle
that is a combination of two up quarks and a down quark, receives its stability from
conservation of baryon and lepton number [2]. Particle lifetime on the other hand can be
heavily influenced by kinematic constraints alone. The neutron, for example, maintains a
long lifetime due to a combination of the weakness of the interaction responsible for its
decay, and the small difference in the masses of the proton and the neutron [3]. It would
be sensible then to hypothesize that some new quantum number could be responsible for

the stability of newly discovered, BSM particles.

2.2 HSCP & MCHSCP

BSM theories, Supersymmetry (SUSY) as an example, allow for Heavy Stable Charged
Particles (HSCPs) as well as multi-charged HSCPs (mHSCPs). However, constraints are
imposed on HSCPs based on experimental data and SUSY theory. The primary theoretical
constraint comes in the form of a new SUSY quantum number known as R-parity, defined

as:

R-parity = (—1)2538+L (2.1)
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with S being the particle spin, B its baryon number, and L its lepton number. Conservation
of this quantum number leads to a stable particle, commonly referred to as the Lightest
SUSY Particle, or LSP. The LSP must be neutral due to lack of observed electromagnetic

interactions with non-SM properties. Thus, an HSCP can not be the LSP.

This search for HSCPs is most sensitive to particles with lifetimes on the order of
microseconds to milliseconds. Muons traveling at roughly the speed of light take more
than twenty nanoseconds to reach the muon system. Slower-moving HSCPs would therefore
need to be much longer-lived in order for this analysis to be sensitive to them. A possible
explanation for long HSCP lifetime is, at least in the hadron-like case, a consequence of it

being in a bound R-hadron state.

While we have now established the feasibility of detecting HSCPs, we have yet to identify
a mechanism by which they come into being. There are two primary types of HSCP:
lepton-like, which exhibit electromagnetic and weak interactions but not strong, and
hadron-like, involving supersymmetric quark and/or gluon bound states [4]. Q-balls, an
example of the former, is a generic term for a large variety of baryonic and leptonic bound
states. It is possible that they were created in the early universe through fluctuations
resulting in aggregation of net charge in a spatial region, the smallest of which could be
observed today in a detector as large as the CMS [3]. The latter is exemplified nicely by
what is referred to as R-hadrons, formed as a consequence of the colored HSCPs which
precipitate them. Shortly after a hadron-like HSCP is formed, the strong interaction (as
this type of HSCP is colored) will cause it to hadronize, forming mesons (quark anti-quark
bound states), baryons (three quarks), or glue-balls (bound gluon states devoid of quarks).
More specifically though, R-hadrons consist of SM partons along with one heavy exotic
parton, such as a gluino, g. Many BSM models assume that the exotic parton acts as
a spectator during hadronic interactions with the detector, behaving as a reservoir for
kinetic energy and leaving only a small fraction of the total energy available available for

hadronic interaction. Therefore, both types of HSCP can be highly penetrating, leaving
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detector signals strongly resembling those of muons [4]. When detected though, HSCPs
will be identified in a by a small 3 = 2 (i.e. speed much slower than typically expected of

SM particles.



3 Experimental Apparatus

The hardware utilized in this search consists of the LHC and the CMS detector. Counter-
rotating proton beams in the LHC are accelerated to high energies and forced to collide at
various interaction points around the main ring. Each interaction point is surrounded by a
detector specifically designed to record particles from the interactions. Energy, momenta,
and position are also measured as particles propagate through the detector material. By
combining information from the detector segments concerning the precipitates of the
initial interactions, the identity and properties of the initial reaction products can be

discerned.

3.1 Large Hadron Collider

The LHC at CERN serves the primary purpose of accelerating counter-rotating proton
beams to a nominal center-of-mass energy (y/s) of 13 TeV [7]. The frequency of proton-
proton interactions made possible by the LHC is roughly 10° per second, with a time-
separation between proton bunches in the beam of roughly 25ns. The main ring of
the LHC is roughly 27km in circumference, and housed in a tunnel up to 175 meters

underground on the Franco-Swiss border.

Figure 3.1 depicts the overall layout of the CERN facilities. While it should be noted that
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the protons are accelerated through several stages as shown near the bottom of Fig. 3.1, it
is enough for the purposes of this analysis to recognize that by the time they reach their
interaction points in the various detector, they are at the desired center-of-mass energy
of 13 TeV. A more concise depiction of the LHC main ring and its attached detectors is
shown in Fig. 3.2. Superconducting magnets cooled to 1.9 K by liquid helium as well as
non-superconducting magnets are used to control the beams. Specifically, dipole magnets
are used to keep the beams circulating in the beam pipes, and quadrupole magnets are

used to focus them. Further specifications and technicalities can be found in [9] and

[10].

Low B (pp)
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L umag
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J X .(I/,r‘o ] %;\_
e & _\
Low B (lons) ATLAS |r Low B &
" kcli |\1:_\-.|L'-.IJ

Low B (pp)
High Luminosity

%

Figure 3.2: Schematic diagram of the LHC main ring [9]

A more complete description of the LHC is available in [10, 8]

The Compact Muon Solenoid (CMS) and A Toroidal LHC Apparatus (ATLAS) are
general-purpose detectors capable of studying a wide range of physics, and marked by
superb energy and position resolutions [11][12]. They are located in Octants 5 and 1,
respectively, on Fig. 3.2. The granularity of these detectors, along with the synergy among

their various components enable searches for BSM physics.

10
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3.2 Compact Muon Solenoid Detector
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Magnetic field  :3.8T
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ne

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 3.3: Schematic diagram of the CMS experiment [13]

The CMS detector has been specifically designed to maximize four criteria [11]: transverse
momentum resolution(p;), energy resolution (F), particle identification, and particle
reconstruction. Depicted in Fig. 3.3, the CMS detector is a modular, solenoid-shaped
detector 21.6 m long, and with a 14.6 m diameter. Ironically, although it is much smaller
than the ATLAS detector (25m, 7000 tons) in size, it weighs nearly twice as much
(roughly 12500 tons). A 3.8 T superconducting solenoid provides sufficient bending power
to accurately measure the momentum of high-energy particles based on their curvature.
Further, combined information from the specialized detector segments allows for the

accurate tracking and identification of incident particles.

11
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3.2.1 Coordinates

Beginning with a Cartesian basis, the CMS coordinate system is measured from the
nominal interaction point and has the z-axis pointing toward the center of the main LHC
ring (Fig. 3.2), the y-axis pointing straight up orthogonal to the plane of the LHC, and

the z-axis pointing along the beam line in the counterclockwise direction.

As is the case when describing a majority of physical systems, a Cartesian basis is not
entirely useful, nor convenient for calculations. Further, it offers no conveniently calculable
invariant for position that can be applied when boosting to different frames of reference.

As such, it is more practical to utilize so called n (eta) ¢ (phi) coordinates.

We define the azimuthal angle, ¢, to be the angle formed between the z-axis in the
xy plane and the radial coordinate, r, projected into the plane. The radial coordinate
corresponds physically to the particle’s distance from the beam axis, z. The polar angle,

0, is measured from the positive beam (z) axis. The pseudorapidity, 7, is defined as

=—In tang
o 2

which is an angular measure that is invariant under Lorentz boosts along the beam axis,

as desired [14]. The n coverage of various segments of the CMS detector are depicted in

Fig. 3.4.

Based on this coordinate system, it is useful to define a few physics variables of interest.
Transverse momenutm, pr = p'sin(f) is the component of momentum in the transverse
(ry) plane. Similarly, transverse energy is defined as Er = E'sin(f), where F is the
deposited energy in the detector. Er, pr, 1, and ¢ together with an assumed le electric
charge provide a complete description of the propagation of any particle through the CMS

detector.

12
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Figure 3.4: Schematic view of the CMS detector. The top figure (a) displays a longitudinal
view of one quarter of the detector. The bottom figure (b) shows a transverse
view at z = 0. The barrel muon detector elements are denoted as MBZ/N/S,
where Z = —2, ...+ 2 is the barrel wheel number, N = 1...4 the station number
and S = 1...12 the sector number. Similarly, the steel return yokes are denoted
YBZ/N/S [15]

13



3 Experimental Apparatus

3.2.2 Design/Layout

NOTE: Each of the following detector segments is visible in Fig. 3.5.

Figure 3.5: View of the CMS detector parallel to the beam axis

As displayed in Fig. 3.6, the CMS detector consists of cylindrical layers of sub-detector
systems. Beginning with the closest component to the interaction point and branching
out radially the detector is composed of the inner tracker, the electromagnetic calorimeter
(ECAL), the hadronic calorimeter (HCAL), the superconducting solenoid magnet, and
the muon detectors. The distinct feature of the CMS is its 3.8 T solenoid magnet of
roughly 6m internal diameter. All of the aforementioned components lie within the
magnet, save for the muon system, which is embedded within the steel return yoke of
the magnet. The inner tracking system consists of silicon pixel and strip detectors, and
measures the trajectories of charged particles, and thus their curvature in magnetic field.
Using this radius information, the ratio of transverse momentum to charge of the particle

can be calculated. Each of the calorimeters are built from dense material designed to

14
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Figure 3.6: Component-labeled diagram of the CMS experiment [16]

cause electrons and photons in the ECAL, and hadrons in the HCAL in conjunction
with the ECAL, to deposit all of their energy within the calorimeters. As the detector
name suggests, a special muon system is also in place to measure the momentum and

and position of minimum ionizing muons, or in this case, potential HSCPs. A depiction

typical particle trajectories through the CMS modules is depicted in Fig. 3.7.

3.2.3 Inner Tracker

The inner tracker accomplishes two primary goals: the measurement of charged particle
tracks along with their corresponding vertices (points of origin), as well as the measurement
of the amount of energy deposited by a particle with the silicon detector [17]. Both of

these capabilities are invaluable to the search for MCHSCPs, as well as to the general

measurement and identification of electrons and muons.

15
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Figure 3.7: Transverse slice of the CMS detector with illustrated, typical charged particle
propagation
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The tracker is constructed entirely of silicon material due to its radiation tolerance, as well
as its low atomic density which mitigates the scattering of the particles whose position it
is tracking. The inner tracker consists of two systems: the pixel tracker located closest
to the interaction point and the most granular of the two, and the strip tracker, which

makes up the majority of the tracking system.
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Figure 3.8: Schematic view of one quarter of the silicon tracker in the rz plane. The
positions of the pixel modules are indicated within the hatched area. At larger
radii within the lightly shaded areas, solid rectangles represent single strip
modules, while hollow rectangles indicate pairs of strip modules mounted
back-to-back with a relative stereo angle [18].

The strip tracker system is composed of silicon micro-strip detectors of varying size and
shape, due to the inverse proportionality between particle flux and distance from the
interaction point at the vertex. Hence, the strip area is increased with r. An alternative
would be to simply use more strips of the same size as the radius is increased, but
this would pose the problem of adding more readout channels. To mitigate this, strip

length/area are increased as mentioned.

The system is composed of three sub-systems: the Tracker Inner Barrel (TIB) and Disks
(TID), the Tracker Outer Barrel (TOB), and the Tracker EndCaps (TEC). In the barrel,
a cylindrical layer of strip trackers is formed by placing individual strips parallel to the

beam axis, giving r¢ coverage. Likewise, the strips form a disk in the endcaps due to their
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radial placement, yielding coverage in z¢. Thus, position measurements can be acquired

through the exploitation of strip tracker information in r¢ and z¢.

In the search for HSCPs, the tracking system is also used to gather ionization energy
loss information. As charged particles traverse the strip detector, they ionize the silicon,
resulting in electron-hole pairs. Ideally, all of the ionization energy will be deposited in a
single strip, or a single strip plus a direct neighbor. This, however, is not always the case. A
constant electric field is used to collect the ionized charge, which is subsequently processed
by readout electronics and converted into Analog to Digital Converter (ADC) counts.

For a minimum ionizing particle, the energy loss corresponds to roughly 3 MeV cm ™!, or

in terms of counts, approximately 300 ADCmm™".

These counts are restricted to the
dynamic range of roughly three times the energy deposition of a minimum ionizing particle,
due to the 8-bit nature of the ADC. Theoretically, the ADC is capable of measurements
in the range of 0 to 255 counts. Experimentally, noise in the strip detector dominates the
energy range corresponding to ADC counts from 4 to 9, inclusively. A non-linear response
of the ADC to deposited energy serves to further limit the effective, measurable range of
energies [19]. The range is further limited on the high-end by the reservation of bits 254
and 255 for energy loss in the inclusive range of 254 to 1024 counts, and greater than 1024

counts, respectively. The combination of these limitations, although primarily the latter

involving bits 254 and 255, are collectively referred to as the saturation effect [17].

The actual calculation of ionization energy deposited by a single particle involves combined
information from multiple silicon strips. As aforementioned, an ideal scenario corresponds
to a charged particle depositing the majority of its energy in a single strip, or two
neighboring strips. Offline (post-data taking) reconstruction necessitates the creation of
strip clusters, using those strips with a signal to noise ratio greater than 3 as seeds. Once
a seed has been selected, neighboring strips are serially searched for signal to noise ratios

greater than 2. If this is true, the strip is included in the cluster.
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Energy deposited in the seed strips will likely be shared with the neighboring strips.
Experimentally, it has been shown that further sharing can occur with a factor of 10™"
to neighboring strips, where n = 1 is the seed strip direct neighbor [20]. There exist
restrictions on clusters even after they are created, as noise fluctuations in strips could
mimic a viable HSCP, or even SM signature. The primary restriction dictates that the
total signal size of the cluster must be larger than 5 times the square root of the sum of the
Root Mean Squared (RMS) noise, squared, of its constituent silicon strips. Once a strip
cluster passes all of the necessary prerequisites, information regarding the particle that
nominally created it may be acquired. The cluster charge is calculated as the un-weighted
sum of the charges in the individual strips making up the cluster. The total energy loss,
i—f is defined as the charge deposited per unit path length, and is therefore calculated
by dividing the cluster charge (AFE) by the geometric path length (Ax). Az is defined
by Az = L/ cos 6, where L is the module thickness, and 6 the angle between the track of

interest and the normal to the strip module of interest [20].

3.2.4 Electromagnetic Calorimeter

The CMS ECAL is a hermetic and homogeneous, crystal-based scintillating calorimeter,
whose primary function is the accurate energy measurement of electromagnetic particles
(i.e. electrons and photons). Its hermeticity is characterized by its constituent barrel (EB)
and two sealing endcaps (EE). The ECAL contains 61200 PbWO, scintillating crystals
mounted in the EB, with each EE containing 7324 crystals [11]. The choice of PbWO,
ensures the compactness of the detector with a radiation length of approximately 0.85 cm,
and Moliere radius on the order of 2.19 cm, which further ensures the radiation hardness
necessary to cope with the harsh environment at the LHC [21]. Pseudorapidity coverage
in the ECAL extends to |n| < 2.5. In conjunction with the silicon tracker ( Sec. 3.2.3) and
solenoid magnet ( Sec. 3.2.2), the ECAL is used to reconstruct the momentum of charged

particles, especially electrons and photons to which it exhibits the highest sensitivity
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21].

3.2.5 Hadronic Calorimeter

The main function of the HCAL is, as its name implies, to accurately measure the energy
and direction of hadrons ( Sec. 2.2) [22]. The HCAL is a sampling calorimeter consisting
of alternating layers of brass and/or steel absorber, and plastic scintillator. Geometrically,
it has a much larger pseudorapidity coverage (|n| < 5.3) than does the ECAL that it

surrounds.

Like the ECAL, the HCAL consists of a barrel (HB) and endcap (HE). In addition to
these, the HCAL also contains outer (HO) and forward (HF) components, which in
conjunction with the ECAL further increase the hermeticity of the detector as a whole.
Unlike the ECAL which generally stops electromagnetic particles within its confines, it is
not uncommon for hadrons to breach the HCAL. As such, the solenoid itself is also used

as an absorber, along with the outer HCAL segment which is placed just outside of it.

3.2.6 Muon System

Although the muon system is not surrounded by the solenoid as the tracker, ECAL, and
HCAL are, the magnetic field is still channeled through it and retained by the usage of
iron plates. As such, the momentum of muons and/or HSCPs can be measured in both
the solenoid as well as the muon system. This is imperative, as similar to muons, HSCPs
are minimal ionizing and will likely not be stopped within the ECAL or HCAL. While the
momentum signatures of HSCPs and muons are not necessarily readily distinguishable,
their time of flight signatures are, and it is by making this measurement possible that the

muon system serves as a crucial piece of this investigation [23].
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Figure 3.9: Longitudinal layout of one quadrant of the CMS detector. The four DT
stations in the barrel (MB1-MB4, green), the four CSC stations in the endcap
(ME1-ME4, blue), and the RPC stations (red) are shown [24].
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The muon system records both arrival time and position information for traversing
particles. Muons will be traveling at roughly the speed of light, ¢, whereas HSCPs can be
expected to have significantly lower speed (and therefore later arrival times) compared
to muons. Thus, time of flight information can be exploited as a means of identifying
HSCP candidates. As depicted in Fig. 3.9, the muon system is comprised of three gaseous
detector components: Drift Tube chambers (DT), Cathode Strip Chambers (CSC), and
Resistive Plate Chambers (RPC) [23]. While the RPC and CSC are important to the

CMS experiment as a whole, this analysis relies most heavily on the DT.

Insulator strips
Anode wire Electrode strips /
o d \ rd F 44
/ : /
=4 < Cathode strip
13 mm EE‘-— o
|-| 42 mm "|

Figure 3.10: Layout of a DT cell, showing the electric field lines in the gas volume [15]

The drift tube system is located within the barrel of the detector, where muon rates are
low, and the return magnetic field is relatively uniform and weak[23]. Each tube is 4 cm
wide, and contains a stretched wire within a gaseous volume. A schematic cross section of
a DT is depicted in Fig. 3.10. To avoid edge-effects and enable the determination of the

particle path relative to the central wire, DTs are staggered by half of their size.

As charged particles pass through the gaseous volume, they ionize the contained gas,
knocking electrons off of these atoms. These electrons are accelerated by an electric field
(Fig. 3.10) to the positively charged wire within the tube. Two-dimensional position
reconstruction is made possible by combining signal amplitudes from multiple tube wires.
Further, timing information can be obtained if one knows the average drift velocity of

electrons in the gas. Thus, both trajectory and time of flight measurements may be made
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within the muon system.
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The multiply charged analysis utilizes ionization energy deposition and time of flight
information to search for HSCP candidates. These candidates are distinguished from

typical SM signals through a calculated discriminator.

Note: The following sections display plots with cluster cleaning and cross-talk measures
being turned on and off. For a description of these processes, refer to Sec. 5.2.1 and

Sec. 5.2.2, respectively.

4.1 Momentum

Particle reconstruction in the CMS experiment is conducted under the assumption that
all particles are singly charged (|Q| = le). Reconstructed momentum is calculated based
on the curvature of a particle track of electric charge ¢ within a homogeneous magnetic

field as follows:

= quBsinf
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where Fpy represents the total electromagnetic force acting on the particle, E represents
the electric field which is zero in the region of momentum measurement, B represents the
magnetic field, and @ represents the velocity of the particle. The motion the particle is
helical in nature. With the magnetic force from Eq. 4.1 acting as a centripetal force we

have that

quB = (mv) (vr™")

qB =pr!

p=qDBr (4.2)

where p represents the magnitude of the reconstructed track momentum. Eq. 4.2 shows a
linear dependence of the reconstructed momentum magnitude p on both the charge of the
particle and the radius of its trajectory. Multiply charged particles will therefore have
their momentum misreconstructed by a factor of inverse charge. This is demonstrated in
Eq. 4.3 by taking the ratio between reconstructed momentum assuming a unity elementary
charge, e, and a mHSCP with charge of some integer, o, times e. Figure 4.1(a) displays
reconstructed particle momentum as a function of generated particle momentum for
varying particle charges. The distributions of the momenta ratios agree with the plotted

inverse charge lines.

pr _ eBr
Dg "~ aeBr
pr 1
by «
p
pr= Eg (4.3)

Correcting the reconstructed momenta (p,) by multiplying by the respective a (Eq. 4.3)
yields Fig. 4.1(b), where the correction indeed results in a 1:1 correspondence between

generated (p,) and reconstructed momenta.

Figures 4.2 and 4.3 display a shift in transverse momentum distributions with increasing
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Figure 4.1: Distributions of reconstructed momentum versus generated momentum for
Vs = 13 TeV simulated mHSCPs. Unaltered reconstructed momenta are
displayed in plot (a), while scaling by a factor of o (Eq. 4.3) is performed in
plot (b).

mass for HSCPs, as well as a shift pseudorapidity towards the central region (n = 0).

4.2 Pseudorapidity

As the mass of interacting particles increases, the reconstructed 7 distribution shifts
toward the central region. This corresponds to a larger polar angle, #, and therefore a
reaction plane tending towards orthogonality with the beam axis. Figure 4.4 displays
this trend, with the reconstructed mHSCP 7 distributions tending towards the central
region as the particle mass increases. The discrepancy between the SM simulation and
experimental observation stems from the fact that there are processes that occur that are

not included in the simulation, which is limited to Drell-Yan— upu processes.
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Figure 4.2: Distributions of reconstructed transverse momentum for /s = 13 TeV simu-
lated mHSCPs and SM, as well as data. Plot (a) displays data and simulation
with cluster cleaning and cross talk inversion both turned on, while plot (b)
shows the same data and simulation with cleaning and inversion turned off.

4.3 Discriminator

In order to distinguish HSCP signal from typical SM background, it is desirable to have a
mathematical construct that is sensitive to particles with ionization significantly greater
than that of a minimally ionizing particle. Further, it will be useful for this measure
to overcome the effects of saturation described in Sec. 3.2.3. The primary discriminator
used in this investigation is the Asymmetric Smirnov-Cramer-von Mises (/,5), which is
a custom extension of the Smirnov-Cramer-von Mises discriminator made to be more
sensitive to higher-than-MIP ionization [3][4][25]. Essentially, any discriminator seeks
to measure the difference between an empirical and observed probability distribution
function (PDF). In the case of the HSCP search, the PDF of a minimum ionizing particle
(MIP) is assumed to be known. Specifically for this search, the discriminator seeks to
measure compatibility between a set of AE/Ax measurements and the MIP PDF. I, is
designed to be sensitive to incompatibility with the MIP hypothesis for extremely large

ionizations, i.e. the characteristic regime of parameter space for a mHSCP characterized
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Figure 4.3: Distributions of reconstructed momentum vs pseudorapidity with both cluster
cleaning and cross talk inversion turned on from /s = 13 TeV mHSCP
simulation . Masses of 200 (a), 400 (b), 600 (c), 800 (d), and 1000 (e) GeV
are displayed.
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Figure 4.4: Distributions of reconstructed pseudorapidity for /s = 13 TeV mHSCP and
SM simulation, as well as data. Left (a) has both cluster cleaning and cross-talk
inversion turned on, while right (b) has both turned off.

by high mass or charge. If a candidate track is compatible with the MIP hypothesis, it
will have an I,s close to zero. Similarly, a candidate track with greater ionization will
have an [, closer to one. Figure 4.5 display increasing I,; as a function of mass for
mHSCP simulation. Each mass exhibits higher values of I, associated with lower values
of momentum, signifying increased ionization. These stand in stark contrast with the
data and SM simulation displayed in Fig. 4.6, each of which is characterized by both low

momenta and low calculated discriminator values, signifying minimum ionization.

The formula for the discriminator is given by

3 2 —1\°
I“NX<12N+Z Px(i_ N )D

where N is the number of dE/dx measurements taken, and P; is the probability for the

i" measurement that a MIP would have the same or a lesser AE/Ax. Figure 4.7 shows

the sensitivity of the discriminator to high mass, elementary charged particles. The

Standard Model simulation and data have low (s < 0.4) values of the discriminator,
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Figure 4.5: Distributions of calculated discriminator vs reconstructed momentum for
Vs = 13 TeV mHSCP simulation and data with both cluster cleaning and

cross-talk inversion turned on. Masses of 200 (a), 400 (b), 600 (c), 800 (d),
and 1000 (e) GeV are displayed.
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whereas the mHSCP simulation exhibits discriminator values ranging up to 1, signifying

incompatibility with the MIP hypothesis.
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Figure 4.7: Distributions of calculated I 4 for /s = 13 TeV mHSCP and SM Simulation.
Left (a) has both cluster cleaning and cross-talk turned on, while right (b) has
both turned off.

4.4 lonization Energy Deposition

mHSCPs will experience increased ionization energy loss due to their increased charges.
The mean rate of energy loss by moderately relativistic charged heavy particles is governed

by the Bethe-Bloch equation [28]

dE s 9 9Z 1 [1. 2m.®B*Y°Traz o 0(B7) 5
_ <%> = 4T NArimec 'z ZE 5111 72 — p° = 5 X Q) (4.4)
where N, is Avogadro’s number, . is the classical electron radius, m,. is the mass of the
electron, ¢ is the speed of light vacuum, z is the electric charge of the particle (in e/3), Z
is the absorber atomic number, A is the absorber mass number, (3 is the ratio of particle

speed to the speed of light (¢), 7 is the Lorentz factor v = \/11?, Tnae is the maximum

kinetic energy that can be imparted on a free electron in a single collision, I is the mean
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Figure 4.8: Distributions of dE/dz estimator (Ij,) versus momentum for the 2012, 8 TeV
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inversion turned on.
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excitation potential, §(5v) is Fermi’s density correction, and @ is the electric charge of
the particle. In general, ionization energy loss of a charged particle in a material can be
qualitatively described by the following: energy loss reaches a minimum at relativistic
speed (87 ~ 2), and beyond this energy loss is roughly constant until radiation effects
dominate. For non-relativistic speeds (0.1 < 87 < 2), the energy loss is proportional to
%. Finally, there is an overall Q? dependence on the charge of the particle, displayed by

the formation of and separation between visible bands in Fig. 4.8.

Due to the highly probabilistic nature of ionization energy deposition, large fluctuations in
individual AE/Ax measurements are observed [5]. Specifically, the fluctuations follow a
Landau distribution for charged particles in a thin medium [28]. As such, it is necessary to
utilize an estimator that describes the most probable energy loss for the track of interest,
based on all of the individual AF/Az measurements obtained. The estimator of choice
for this investigation is known as the harmonic mean, I,. Qualitatively, the harmonic
mean is defined as the number of terms divided by the sum of the terms’ reciprocals [19].
Mathematically, I}, is defined by
N N\

I, = (% ; <%>> (4.5)
where specifically, the squared harmonic mean (kK = —2) has been utilized due to its
useful property of suppressing higher individual IE values. As such, a typical SM particle
with a few randomly high IE fluctuations will be readily distinguishable from a true
HSCP or mHSCP, both of which would be characterized by several large individual TE

measurements. Figure 4.9 corroborates this claim by displaying a far larger fraction of

HSCP tracks with higher I}, as compared to SM simulation and data.
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Figure 4.9: Distributions of estimated ionization (I) for /s = 13 TeV mHSCP and
SM simulation, and data. Left (a) has both cluster cleaning and cross-talk
inversion turned on, while right (b) has both turned off.

4.5 Time of Flight

Due to their increased mass, HSCPs and mHSCPs will, for a given momentum, tend to
move slower than typical SM particles (f ~ 1). Thus, time-of-flight information can be
used to identify potential HSCP candidates. As described in Sec. 3.2.6, drift tubes in the
muon system are used to calculate TOF information based on the known propagation

times of electrons within the ionized gas of the tubes.

4.5.1 Drift Tube Time Measurements

As charged particles traverse the DTs, the gas within the tubes becomes ionized. Due to
an electric field between the anode and cathode within the tube, electrons are accelerated
towards the central anode wire, transmitting amplitude and time information to readout

instrumentation. The time of flight calculation therefore depends on four independent
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timing measurements: the time of flight of a SM charged particle from the interaction
point to the muon system (t.), the drift time of the electrons in the tubes (known from
muon calibration [24]), the propagation time of the signal along the central wire (t,,), and

an off-time correction for delayed particles (dt) (Sec. 3.2.6).

Due to the staggered placement of the drift tubes, initial timing information from ¢,, and
t. can be used to reconstruct a preliminary trajectory in two dimensions for an assumed
SM particle. Different values of dt are then iterated over until the timing measurements
in the DT cells have been matched. A positive value of dt has the effect of shifting the
reconstructed particle trajectory towards the central wire of the cell in question, whereas
negative values will shift it towards the edge. Once the best dt value has been determined,

it can be used to calculate the inverse § (time of flight) of the traversing particle.

4.5.2 Inverse [

The 0t quantity is equal to the difference in travel time to the drift tube between a particle
with speed fc¢, and a SM particle traveling at approximately the speed of light, c¢. Letting
L be the distance from the interaction point to the muon system, and noting that travel

time is equal to the distance traveled divided by the speed we have that

L L
575:%—2 (4.6)

and rearranging to solve for inverse § we get

1 cot
Gl (4.7)

where now, an inverse § measurement can be taken in each individual drift tube, and an

average value calculated. A weighted average is used, with the weight for the i'* drift
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tube given by
—2) L?
w= "2 L (45)

n Opr

where n is the number of measurements in the DT chamber used to constrain 6t and
opr = 3ns is the DT time resolution. The "T’Q factor accounts for the fact that the 0t
values are calculated using two parameters of a straight line, determined from the same
n measurements. In general, average time of flight and therefore inverse g will increase
with particle mass. This is evidenced by Fig. 4.10. Further, the HSCP simulation exhibits

larger TOF values than do either the SM simulation or the data.
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Figure 4.10: Distributions of calculated time of flight (%) for /s =13 TeV mHSCP and
SM simulation, and data. The left plot (a) has both cluster cleaning and
cross-talk inversion turned on, while the right plot (b) has both turned off.
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5 Multiply Charged HSCP Analysis

The multiply charged HSCP analysis searches for mHSCPs that are observed in both the
tracker and the muon system. Slow moving and highly ionizing particles are identified
based on time of flight measurements in the muon system as well as ionization energy
loss in the inner tracker. Stable, multi-charged supersymmetric tau particles were created
using PYTHIA version 6 [29]. The propagation of the signal samples through the CMS
detector systems was simulated using the GEANT4 framework [30]. Information on the

behavior of the simulated particles is given in Chapter 4.

Online selection criteria describing missing transverse energy and efficiency triggers can

be viewed in Ref. [3].

5.1 Data Selection

The analysis relies on ‘fi—f and time of flight measurements from the tracker and muon

systems, respectively. The first offline selection criterion involves matching a reconstructed

track within the tracker system to one in the muon system. The resulting match is known

as a global muon. The global muon track must have no fewer than six % measurements

in the strip detector in order to ensure reliable calculation of <%>, with the number of

measurements being equal to the number of strip and pixel measurements minus the
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Figure 5.1: Effects of various offline selection criteria applied to 13 TeV data and SM
simulation, as well as mHSCP simulation with cluster cleaning and cross-talk
applied in the left plot (a) and absent in the right plot (b).

number of cluster cleaned measurements. Similarly, at least 8 time of flight measurements
must be made in the muon system layers with a minimum of 6 existing exclusively in
either the DTs or CSCs in order to ensure a reliable estimate of (1/4). This average must
be greater than 1.075, signifying a non-relativistic particle. Further, the uncertainty on
(1/5) must be below 15%. To maximize the reliability of a global muon track fit, quality
and x?/NDF requirements are also applied. A quality requirement of greater than 1
is imparted on all candidates, with a quality of 2 representing a perfectly “pure” track.
A x?/NDF limit of no more than five as well as a relative error cut on the transverse

momentum measurements (o, /p;) of no more than 25% are imparted as well.

Pseudorapidity in the offline selection is confined to |n| < 2.1, reflecting the geometric
boundary of the muon system. The global muon track fit is required to have a minimum
of 8 degrees of freedom, as well as a at least 8 hits in the inner tracker. These hits can
come from a combination of pixel and strip hits, but at least two hits must come from the
pixel detector exclusively. At least 80% of the layers of silicon between the first and last

that measure the reconstructed track should have measurements pertaining directly to
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that track. Further, the global muon track must not exceed a distance of 0.5 cm in either

the transverse (xy) or beam (z) directions from its associated primary vertex.

A minimum was placed on the dE/dx estimator (I, > 1 MeV/cm) that is below the
average ionization energy deposition of 3 MeV/cm for a speed of light, SM particle.
Increasing this minimum would simply reduce the number of SM MIPs stored, but would

have no effect on highly ionizing mHSCPs.

Tracker isolation is defined as the sum of transverse momentum from all tracks (excluding
the candidate track) within a cone of AR = \/m < 0.5 along the candidate track
direction, and is restricted to values below 50 GeV. Calorimeter isolation is also possible,
but not utilized in the multiply charged analysis. Defined as the ratio of summed HCAL
and ECAL energy in a cone of size AR = \/m < 0.5 along the global muon
track momentum direction to the track momentum, this cut is too sensitive to the scaling
of reconstructed momentum with inverse charge, as well as increased energy loss with
charge squared for mHSCPs. The effects of applying the various offline selection criteria
are given in Fig. 5.1, displaying a steady decrease in efficiency for all signal types as the

applied cuts become more rigid.

Table 5.1 displays the effects of applying the global and offline selection criteria in the
order of application. The efficiency for data to pass all of the selection for CC and CT
both turned on is 0.01273%, and for CC and CT both turned off is 0.01023%.

5.2 Data Quality Improvement

Ionization information is obtained from the tracker strip clusters and pixel detectors. Upon

reconstruction, clusters are formed from individual strips with their centroids located at
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Table 5.1: Tabulated global and offline selection criterion for the multiply charged analysis
as applied to /s = 13 TeV data. Cuts are given in order of application, with
the relative efficiency in percentage for that cut. Within each cell, the top value
corresponds to having both cluster cleaning and cross-talk inversion turned
off, while the bottom value corresponds to both cluster cleaning and cross-talk
inversion turned on.

Total number of tracks for CC and CT turned off/on: 3.91 x 10*/3.93 x 10*

Cut Description Cut Value Tracks Passing Cut (x10%) Efficiency (%)
Global Muon Hits in Strip Detector > 5 24518 gg?g
Number of TOF Measurements > 7 gig }88
Global Muon Track DOF > 7 gg;’ Z?ﬁ)g
Global Muon Track Quality >=2 ggg 188
Global Muon Track x? < 5.0 ggg 33;2
Global Minimum p, (GeV/c) 55.0 }gé 222(2)
Global Minimum TOF Error (%) <15 %38 gg?é
Global Muon Track Azy (cm) <9 1;8 188
Tracker Isolation (GeV) <50 182 gggg
Relative p; Error (%) <25 }82 gggg
Global Muon Track Az (cm) <5 %83 gggi
Selection I > 0.075 8818; 183;
Selection TOF > 1.125 8888? gggg

Overall efficiency with cluster cleaning and cross-talk turned off/on: 0.01023%,/0.01273%
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the highest-charged (largest signal) strip. Clusters typical of Standard Model particle
ionization are ideally characterized by an unsaturated centroid, with Gaussian falloff in
the neighboring channels of the cluster. Cluster cleaning and cross-talk inversion are
corrective measures that attempt to remove mismeasurement effects caused by non-deal

cluster shapes characteristic of mHSCPs.

5.2.1 Cluster Cleaning

Overlapping MIP tracks and nuclear interactions from SM particles in the silicon strips of
the tracker can result in undesired ionization contributions. Signal tracks will produce
strip clusters with one maximum, with 10% and 4% of the signal being shared with nearest
and next-to-nearest neighboring strips, respectively due to cross-talk effects. Cluster
cleaning rejects all clusters with multiple charge maxima, as well as those with more than

two consecutive strips having both high and comparable charge [31].

5.2.2 Cross-Talk Inversion

Cross-talk inversion exploits the charge/signal distribution in well-behaved signal clusters
in order to obtain the correct total energy from those with saturated maxima. Saturated
maximas are beyond the dynamic range of the readout electronics, and therefore only a
charge threshold can be acquired from direct utilization of the maximum. As described
in Sec. 5.2.1, cross-talk effects result in roughly ten percent of the cluster charge being
deposited in the direct neighbors of the cluster centroid, and four percent in the next-to-
nearest neighbors. The true charge within the saturated centroid can then be determined

by taking an average of the the charges given from the 10% and 4% neighbors.
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5.3 Background Prediction

As mentioned in Sec. 4.2, simulation is not always perfect in predicting background SM
processes. As such, the multiply charged analysis employs a data-driven background pre-
diction method that mitigates potential uncertainties inherent in simulation. The method
is predicated on the notion that there exist certain variables which, while uncorrelated
for SM background, are correlated for mHSCP signal. Thus, the distribution of data
candidates in one region of phase space defined by cuts on these variables can be used to

predict the expected number of SM candidates in another region of phase space. This

method is known as the ABCD method.
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Figure 5.2: Distributions of 1/ for varying regions of I,s with cluster cleaning and cross-
talk applied in the left plot (a) and absent in the right plot (b).

The multiply charged analysis exploits a lack of correlation between time of flight (1/7)
and discriminator (1,s) in typical SM particles. Figure 5.2 displays the similarity in form
of 1/ distributions in varying ranges of /,;. For each range of discriminator, the 1/
distributions remain quite similar, within uncertainties. These provide evidence that there
is negligible correlation between 1/ and I, for SM particles. Therefore, time of flight and

discriminator serve as suitable variables to use for background prediction. Cuts on each
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are used to create regions within the 1/5 — I,s parameter space, as depicted in Fig. 5.3.

Region A corresponds to the portion of phase space in which the contained data passes
neither the time of flight, nor the discriminator cuts. Region B contains data passing
the time of flight cut, but not the discriminator cut. Region C contains data passing the
discriminator cut, but not the time of flight cut. Region D represents data passing both
the time of flight and discriminator cuts, and therefore tentatively the mHSCP signals of
interest. Region A is expected to contain virtually nothing but SM background with no

mHSCP signal leakage.
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Figure 5.3: Distributions of 1/ against I, with ABCD regions marked [3].

Due to the lack of correlation between 1/5 and I, it is true that

Ny  Ne
Npg Np
NyN
Np ]AV & (5.1)
C

where N; for i € {A, B,C, D} corresponds to the number of SM background measurements

44



5 Multiply Charged HSCP Analysis

in region 7. An approximately equal to symbol has been included due to a strict equality
being predicated on the notion that there is no signal whatsoever in any of the defined

regions. The statistical uncertainty on Np is given by

NpNe\ > Ng\> Ne\ 2

The number of experimentally observed candidates in region D is then compared to the
predicted number from (5.1), where a statistically significant excess could signify the

presence of mHSCPs.
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Figure 5.4: Plots of the number of predicted and observed candidates in region D with
cluster cleaning and cross-talk turned on in the left plot (a) and off in the
right plot (b). Uncertainty includes both statistical (5.2) and systematic (20%)
contributions.

To test the validity of the Np prediction, we apply loose I,; and 1/5 cuts to define
the ABCD regions, which ensure that all regions are dominated by SM contributions.
Predicted and observed candidates are displayed in Fig. 5.4, where acceptable agreement

is shown between SM observation and prediction.

45



6 Results & Conclusions

ABCD method background estimation gives central values of 3+ 1 and 6 + 1, and SM
particles in the signal region for CC and CT both turned off and on, respectively. These
ranges are obtained from the application of statistical and systematic uncertainty (Sec. 5.3)
to the predicted values given Table 6.1. The number of observed events present in the
signal region falls into the expected range for both CC and CT turned on, and off. Thus,

there is no definitive observation of leptonic mHSCPs.

95% confidence level limits on mHSCP cross sections and the effects of cross talk inversion
and cluster cleaning are determined. The 95% confidence level cross section limits are
summarized in Fig. 6.1, which depicts limits on various cross sections for various charges
of mHSCP, as a function of mass. A trend emerges involving the consistent increase of
cross section limits with particle charge. The apparent crossing of the charge 8e and 9e
lines is a graphical artifact resulting from a missing 400 GeV/c? sample in the analysis.
The same results are tabulated in Table 6.2, confirming an increasing cross section for a
given mass as charge is increased. The tabulated data also allows for direct comparison
between the multiply charged analysis with and without cluster cleaning and cross talk

inversion applied.

Consistently, having cluster cleaning and cross-talk inversion activated result in a tighter

(lower) limit on the cross section for a mHSCP of a given mass and charge. The sole
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Figure 6.1: Plots of observed, 95% confidence level cross section limits on /s = 13 TeV

mHSCP-like particles. The top plot (a) has both cluster cleaning and cross-talk
inversion turned on, while the bottom plot (b) has both turned off.

47



6 Results & Conclusions

Table 6.1: Tabulated numbers of observed tracks satisfying I, and 1/ cuts for various
regions pertaining to the ABCD method of section 5.3, using the cuts provided
in Table 5.1. The top entry in each cell corresponds to the number of entries
observed with both cluster cleaning and cross-talk inversion turned off, while
those on the bottom of the cell correspond to having cluster cleaning and
cross-talk inversion turned on. The ABCD method predicted number of SM
background in region D for CC and CT both off/on are, respectively, 3 and 6

after rounding.

Region Cut Correspondence

Data in Region

A ]as

<0.075 & 1/8 < 1.125

4820
4800

B Ios

> 0.075 & 1/8 < 1.125

44
103

C Los

<0.075 & 1/8 > 1.125

279
277

D Ios

> 0.075 & 1/8 > 1.125

4
)

mass/charge combination that does not adhere to this trend is the 400 GeV, ¢ = 10e

mHSCP. This is likely due to extreme saturation effects that were either not cleaned or

inverted properly, or simple statistical fluctuations. Overall, the application of cluster

cleaning and cross-talk inversion do improve the analysis in the sense that tighter cross-

section limits are placed. Further study into the asymmetric combinations of cleaning

and inversion should be conducted to quantify their respective individual effects.
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Table 6.2: Experimentally observed 95% confidence level cross section limits for mHSCPs
of varying mass and charge. For a given mass and charge combination, the
top entry in the cell corresponds to the cross section limit resulting from
analysis conducted with no cluster cleaning or cross talk inversion. The bottom
entry in a given charge-mass cell corresponds to the analysis with each of the
aforementioned turned on. The cross sections are reported in units of fb for

mHSCP Mass (GeV/c?)

readability.
mHSCP Charge
2e 3e 4e 5e 6e Te 8e 9e 10e
200 GeV /c? 6.986 10.440 17.150 32.160 67.798 129.543 301.977 337.976 N/A
6.168 9.384  15.029 28.162 61.613 122.503 260.343 334.539 N/A
400 GeV /2 5.120 5.555  6.170 8235 10.834 17.011 N/A 33.551  55.805
4.680 4.937 5685 7.247 9.640 14.530 N/A 30.758  57.320
600 GeV /c? 4.998 5.174 5422 6.276 7.884 11.133 13.456  20.775  29.602
4.385 4.619 4.754 5740 6.744  9.285 11.719 19.379  29.277
800 GeV /c? 5.119 5.109 5.275 5.732 7.171 8.382 11.204  15.452  19.456
4.579 4574 4519 5.243 6.292 7.747 9.686 14.222 18.687
1000 GeV /2 5.958 5.569 5821 5.993 7.086 8.250 10.379  13.334  21.256
5299 4.845 4996 5.348 6.047  7.409 9.334 12.102  20.512
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