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Abstract

A search is presented for long-lived charged particles that decay within the CMS
detector and produce the signature of a disappearing track. A disappearing track
is an isolated track with no associated hits in the muon detectors, small associated
calorimeter energy deposits, and missing hits in the outer layers of the silicon tracker.
The search uses 38.4fb~! of proton-proton collision data collected by the CMS detec-
tor in 2015 and 2016, at a center-of-mass energy of 13 TeV at the CERN LHC. The
results of the search are interpreted in the context of anomaly-mediated supersym-
metry breaking. The observation is consistent with the background-only hypothesis,
and limits are set on the product of the cross section of direct chargino production
and the branching fraction to a neutralino and a pion in terms of the chargino mass
and lifetime. At 95% confidence level, charginos with masses less than 715 GeV are

excluded for a lifetime of 3 ns.
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Chapter 1: Introduction

The standard model (SM) of particle physics [37, 70, 64] is a quantum field theory
concerning the electroweak and strong interactions that, together with the general
theory of relativity describing gravitational interactions, represents the most fun-
damental picture of nature that humanity has achieved. However, there are several
reasons to believe the standard model is not a complete theory of the electroweak and
strong interactions. Thus, there is a wide variety of candidate theories for beyond-
the-standard-model (BSM) physics that have been proposed.

In this chapter, we will give a brief overview of the content of the SM, followed
by a description of some of its known shortcomings. This will be followed by an
introduction to supersymmetry, including the phenomenology of anomaly-mediated
supersymmetry breaking (AMSB), which will be used to interpret the results of the
search presented later. The experimental testing of BSM theories such as AMSB is
one of the primary purposes of building and running high-energy particle colliders
like the Large Hadron Collider (LHC). In Chapter 2, we will describe the LHC and
the Compact Muon Solenoid (CMS) detector, one of the general purpose detectors at
the LHC. Data from the CMS detector is then used in Chapter 3, in a search for one
particularly striking experimental signature of BSM physics, “disappearing tracks”.

Finally, our conclusions will be presented in Chapter 4.
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1.1 Standard model

The SM is a gauge theory based on the symmetry group SU(3), x SU(2), x U(1)y.
Under SU(3)., (anti-)quarks transform as (anti-)triplets, while all leptons transform
as singlets. All left-handed fermions transform as doublets under SU(2)r,, whereas
the right-handed quarks and charged leptons transform as singlets. There are no
right-handed neutrinos in the SM. Finally, weak hypercharge (Y') is defined via the

Gell-Mann—Nishijima formula:

1

where () is the electric charge and T3 is the third component of weak isospin.

For each of the twelve generators of SU(3). x SU(2), x U(1)y, there is a gauge
field, corresponding to twelve physical gauge bosons. There are eight gluons, which,
due to the non-abelian nature of SU(3)., carry color charge and interact with them-
selves as well as with the quarks. Since SU(3). is an unbroken symmetry, these eight
gluons are indistinguishable from one another. There are W* and W~ bosons, which
are the electrically charged components of the four electroweak gauge fields. After
electroweak symmetry is spontaneously broken down to U(1)ey (see Section 1.1.1),
the neutral electroweak gauge fields, W3 and B are rotated, yielding the physical

photon () and Z boson:

v\ [ cosbyw sinbyw B (1.2)
Z) \—sinfw cosby /) \W3)’ '

where Oy is the Weinberg, or weak mixing, angle. The photon is the gauge boson
of the U(1)ey, symmetry group. A summary of the particle content of the SM, along

with each of their observed masses, electric charges, and spins, is shown in Figure 1.1.



Figure 1.1: Particle content of the standard model.
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1.1.1 Electroweak symmetry breaking

A general feature of gauge theories such as the SM is that explicit mass terms
for the gauge fields are forbidden. The reason for this is that such terms would not
be gauge invariant, since when we introduce the gauge fields in order to impose the

gauge symmetry, we require them to transform as
a a 1 a abc
Wi — Wi — Eﬁua + W, (1.3)

under an infinitesimal transformation, where Wj are gauge fields with group index a
and coupling g, a® = o () are the group transformation parameters, and f¢ are
the structure constants of the group. Thus, mass terms of the form Wi are not
invariant. This is a problem because explicitly breaking a gauge symmetry with such
terms leads to a theory that is not renormalizable [69].

Worse still, since the symmetry group of the SM is chiral, i.e., left-handed and
right-handed fermions transform differently, explicit masses for Dirac fermions are

also forbidden. Consider a mass term for a Dirac fermion in the Lagrangian such as

ff = fufr, +Irfr, (1.4)

where f is some Dirac field, f = f4Y is its Dirac adjoint, and the L and R subscripts
denote its left-handed and right-handed projections, respectively. Such a term mixes
left-handed and right-handed fields and cannot be gauge invariant in the case of a
chiral symmetry group. Since we observe the W* and Z bosons to have nonzero mass,
we can therefore conclude that SU(2);, x U(1)y is a broken symmetry. Since breaking
this symmetry explicitly would leave the SM nonrenormalizable, it must be broken

spontaneously.



1.1.2 Higgs mechanism

One possibility for spontaneous electroweak symmetry breaking is the Higgs mech-
anism [28, 40, 43, 42, 44, 51]. With the Higgs mechanism, two complex scalar fields

that transform as a doublet under SU(2);, are added to the theory,

b — (f;) . (1.5)

The potential for the scalar doublet is given by
V (910) = 4231 + A (d1d)” (1.6)

with A > 0 to ensure that it is bounded from below.

The potential V' ((IDTCID) is responsible for breaking electroweak symmetry. This
can be seen by analyzing the classical vacuum expectation value (VEV) of the theory.
The classical VEV is obtained by minimizing the potential with respect to ®. For
u? > 0, there is a unique minimum located at ¢+ = ¢ = 0. This vacuum is invariant
under SU(2)y, so the symmetry is unbroken. But for x? < 0, the potential has a circle

of minima in the ¢*-¢" plane (see Fig. 1.2) at

2 2

tp— O
ofd : oy (1.7)

The classical VEV will lie at a single point along this circle. Since the vacuum in this
case is not invariant under SU(2)r, even though the Lagrangian still is, we say that
the symmetry is spontaneously broken.

Now, as discovered by Nambu in the context of the Bardeen-Cooper-Schrieffer
(BCS) theory of superconductivity and subsequently generalized by Goldstone, the
spontaneous breaking of continuous global symmetries is associated with massless
bosonic states, one for each generator that is broken [56, 38, 39]. These are called
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Figure 1.2: The scalar potential in the ¢*-¢° plane in the case of spontaneous sym-
metry breaking (u? < 0). The directions of the massless Goldstone bosons, ¢, and
the massive Higgs boson, H, are indicated by the arrows [59].

Goldstone bosons. It turns out that essentially the same thing happens when a gauge
symmetry is broken. In this case however, instead of the Goldstone bosons remaining
in the physical spectrum, the associated degrees of freedom are absorbed by the gauge
bosons, becoming the degrees of freedom corresponding to the longitudinally polarized
states of the now-massive gauge bosons. This is often described as the gauge bosons
“eating” the Goldstone bosons.

In the case of electroweak symmetry breaking, the gauge group SU(2)p, x U(1)y
has four generators. Three of the generators are broken when the scalar doublet, with
four degrees of freedom, acquires a nonzero VEV. Thus, three of the gauge bosons,
the W*, W~ and Z bosons, become massive with one real scalar from the doublet
remaining as a massive physical particle, the Higgs boson. The remaining gauge
boson, 7, stays massless. The same Higgs mechanism can also be used to give mass
to fermions in a gauge invariant way by introducing Yukawa interactions between the

fermions and the scalar doublet.



1.2 Hierarchy problem and supersymmetry

Although the SM has been incredibly successful at explaining the results of hun-
dreds of experimental analyses over the past half century, several problems with the

theory have been identified. These problems fall into three categories:

e phenomena not explained in the SM, such as gravity and dark matter

e experimental results that contradict the SM, such as the anomalous magnetic

dipole moment of the muon [58]

e theoretical issues that, although not technically problems with the theory, likely

indicate a lack of understanding

Of particular relevance to us is the hierarchy problem, which falls into the third
category. Although it is entirely possible that the hierarchy problem is simply a
feature of nature with no resolution, the history of science shows that it most likely
indicates a presently unknown underlying symmetry that would at least partially
mitigate the problem. The hierarchy problem and one such underlying symmetry

known as supersymmetry are briefly described in the following sections.
1.2.1 Hierarchy problem

The introduction of a scalar Higgs boson to spontaneously break electroweak sym-
metry turns out to be problematic [71, 35, 67, 68]. Like other massive particles in the
SM, the square of the bare Higgs boson mass, m#, receives quantum corrections from
each particle with which it interacts, including the Higgs boson itself. Examples of

the lowest order of such corrections are shown in Figure 1.3.



Figure 1.3: One-loop corrections to the Higgs boson mass via its interaction with a
fermion (left) and with a scalar (right) [53].
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The problem comes from the fact that in a generic quantum field theory, such
corrections to the mass of a scalar field are roughly proportional to the square of
an ultraviolet cutoff scale, A%y, which is introduced to regularize the loop integrals.
This cutoff scale can be thought of as the scale at which some form of BSM physics
would become relevant. Thus, naively, one would expect myg ~ Ayy.

However, we know that the mass of the Higgs boson is ~125GeV [8, 21, 15, 9],
while experiments at particle colliders such as the LHC have discovered no sign of
BSM physics up to ~1TeV. At the very least, we expect BSM physics to exist at
the Planck scale, Mp = (87G)1/2 ~ 2.4 x 10'® GeV, where the quantum effects of
gravity become important, and it becomes difficult to explain why the Higgs boson is
so much less massive compared to Mp without some sort of cancellation of the large

quantum corrections to m.

1.2.2 Supersymmetry

In order to achieve this cancellation of the quantum corrections to m¥, first note
that fermion loop diagrams and boson loop diagrams, such as the two in Figure 1.3,

correct m¥ with opposite signs, suggesting that some sort of symmetry between



fermions and bosons could provide the necessary cancellations. This is exactly what
supersymmetry provides in a systematic fashion, to all orders in perturbation the-
ory [53]. A supersymmetry transformation turns fermionic fields into bosonic fields
and bosonic fields into fermionic fields. Thus, any theory that posits that supersym-
metry is a symmetry of nature predicts spin-0 bosonic partners for every SM fermion
and spin-1/2 fermionic partners for every SM boson. These partners are called super-
partners or sparticles. In this way, every quantum correction to m% coming from loop
diagrams with SM particles is canceled by a correction coming from loop diagrams
with the corresponding sparticles.

Supersymmetry is only an exact symmetry if each sparticle has the same mass as
the corresponding SM particle. Since we have not observed sparticles at the same
masses as the SM particles, we can conclude that supersymmetry, if a symmetry of
nature, is broken. Unfortunately, if we include soft supersymmetry-breaking terms
in the Lagrangian for even the minimal extension of the SM that includes supersym-
metry, known as the minimal supersymmetric standard model (MSSM), this leads
to the introduction of over 100 new parameters, including masses, phases, and mix-
ing angles. Without any further assumptions, these parameters are all independent
and would, in principle, each have to be measured in experiments, in the event that
supersymmetry were discovered.

This enormous level of arbitrariness can be mitigated by assuming a high-energy
mechanism for supersymmetry breaking. There are several such possible mechanisms
that have been proposed, but for our purposes, we will focus on AMSB [36, 61], which
yields a particularly striking experimental signature, a “disappearing track”, which

is described in the next section and which will be the target of the search presented



in Chapter 3. We note now that AMSB is not the only theory that could yield this
experimental signature [47, 41, 14, 13, 23], and indeed the search presented in Chap-
ter 3 is designed to target this signature, as opposed to being heavily optimized with
respect to AMSB in particular. Nonetheless, the results of the search will be inter-
preted within the context of AMSB, so we discuss some of the salient phenomenology
here.
1.2.3 Phenomenology of anomaly-mediated supersymmetry
breaking

The most important consequence of AMSB with respect to particle collider phe-
nomenology is the mass spectrum that results for the gauginos, the superpartners
of the SM gauge bosons. Within AMSB, the masses of the gauginos are, at leading
order, proportional to the beta functions of the corresponding gauge couplings [34,
30, 45, 31]:

M; = &m:s/% (1-8)

)

where i = 1,2, 3 corresponds to the U(1)y, SU(2)r,, and SU(3). gauge groups, respec-

tively; g; are the gauge couplings; [; are the beta functions, defined as

0g;

Bi(g:) = 9oz Q' (1.9)

which give the dependence of the coupling constants on an energy scale Q; and g3/,
is the mass of the gravitino, the superpartner of the graviton, the supposed gauge
boson that mediates gravity. Plugging in the beta functions calculated to one-loop,

we get [34]
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M= ——F+—
' 47 cos? Ow Ms/2
«
My= —— 1.10
> 4rsin? Ow ma/2 ( )
30,
M3 = — An ms32,

where a = v4me and a, = \/4mwg, are defined in terms of the elementary electric
charge e and strong coupling constant g, and tacitly depend on the energy scale at

which they are measured. Thus, the mass ratios of the gauginos are

(1.11)

. 20
My« | M|+ [Ms] = (11 tan® ) : 1 <M) :

«

or, using the approximate values near the Z mass of a ~ 1/128, oy =~ 0.12, and

sin? Oy ~ 0.22 [27, 58], we get
|My| 2 |[Ms] @ | M|~ 3.1:1:10. (1.12)

What this means is that the triplet of winos, the superpartners of the SU(2)y,
gauge fields, are the lightest sparticles (LSP), as opposed to the more conventional
bino, the superpartner of the U(1)y gauge field, which is often the LSP in other forms
of gravity-mediated supersymmetry breaking such as mSUGRA [16, 53]. The mass
eigenstates that would be observed in an experiment are superpositions of the neutral
wino or bino, in the case of the neutral state, or of the charged winos, in the case of
the charged states. The lightest of the neutral states, referred to as neutralinos, is
therefore wino-like in AMSB, and is nearly mass-degenerate with the lightest of the
charged states, referred to as charginos.

Indeed, detailed studies of the mass splitting, AM, = m_+ — myo, between the

X1

lightest neutralino, ¥, and lightest chargino, ¥, show that typically AM, ~ mgx,
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where m,+ ~ 140MeV is the mass of the charged pion [34]. This can be seen in
Figure 1.4 for a variety of choices of parameters. With this near degeneracy, and
assuming R-parity, YT can only decay into final states with ¥, which, being the LSP,

is stable.

Figure 1.4: Mass splitting between the lightest neutralino and lightest chargino as
a function of M, for tan 8 = 2 (left) and tan 5 = 10 (right). The solid curves from
top to bottom are for p = 2Ms, p = 3Ms, p = 5Ms,, and pu = oo, where p is the
mass parameter for the superpartners of the Higgs fields. The dashed curves are the
same but where p has the opposite sign. The dot-dashed line shows the mass of the
charged pion [34]
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The limited phase space available for the decay of ¥ implies two features that re-
sult in a particularly striking experimental signature [16]. First, the chargino acquires
a relatively long lifetime, such that it may have a macroscopic decay length, as seen in
Figure 1.5. For AM, ~ m,=+, the decay length can be on the order of ~1m. Second,
the charged particles produced in the i decay will be very soft, i.e., they will have
very little momentum. Inside the strong magnetic fields used in collider detectors,

such soft charged particles will follow very tightly curved trajectories. Combined with

12



their origin being displaced from the usual point of production by ~1m, this means
that the charged particles from the ¥i decay are not reconstructed by the standard

tracking algorithms used in such experiments.

Figure 1.5: Lifetime, 7, of the lightest chargino as a function of the mass splitting,
AM,,, between the lightest chargino and lightest neutralino [16].
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The decay mode that dominates for m,+ < AM, < 700 MeV is ¥ —xi7® [16].
The ¥?, being neutral and not carrying color charge, will escape a collider detector
undetected. Therefore, if a Y7 is produced and decays within the inner tracker after
traveling for ~1m, neither the Y9 nor the 7% will be detected, and the resulting
track will appear to disappear as illustrated in Figure 1.6: a “disappearing track”.
This unusual signature is very rare within the SM, except via detector inefficiencies,

mistakes of the reconstruction algorithms, or certain inelastic interactions of charged

13



particles with detector material such as charge exchange interactions like 7*n—7p.

It thus makes a promising, although challenging, target for a search for BSM physics.

Figure 1.6: Event display of a simulated pp—Y)XT event with an initial-state radia-
tion (ISR) gluon jet.

CMS Experiment at LHC, CERN
CMS Data recorded: Wed Dec 31 19:00:00 1969 EST 7\

Run/Event: 1/39
< \ Lumi section: 20
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Chapter 2: Large Hadron Collider and Compact Muon

Solenoid detector

The search for BSM physics has led physicists to construct enormous particle
accelerators capable of colliding particles at high energies. By analyzing the products
of high energy particle collisions, we are able to explore ever higher energy scales,
and hopefully glimpse signs of new physics. In this chapter, we briefly describe the
LHC, currently the most powerful particle collider in the world, and give a thorough
overview of the CMS detector, one of the detectors at the LHC. Data from CMS
is used in the analysis described in Chapter 3. Full details on the LHC and CMS

detector can be found in [29] and [19], respectively.

2.1 Large Hadron Collider

The LHC is currently the largest and most powerful particle collider in the world.
It occupies a circular tunnel spanning the French-Swiss border near Geneva that is
27km in circumference and up to 175 m below the surface. The LHC is designed to
collide beams of either protons, with energy up to 7TeV, or lead ions, with energy
up to 2.76 TeV per nucleon. The LHC was run with a beam energy of 3.5TeV in
2010 and 2011, followed by a run at 4 TeV in 2012. From 2013-2014, the LHC was

shutdown to allow for upgrades and maintenance to the machine and detectors. It
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was restarted in 2015 with a beam energy of 6.5 TeV, and was run at this energy
during 2016 and 2017.
The beams are made to collide at four interaction points, which are instrumented

with seven detectors:
e CMS and ATLAS are general purpose collider detectors
e LHCD specializes in flavor physics
e ALICE specializes in heavy ion physics

e TOTEM shares an interaction point with CMS and is designed to measure the

total proton-proton cross section, as well as elastic and diffractive scattering

e LHCf shares an interaction point with ATLAS and measures neutral pions in

an effort to understand the origin of cosmic rays

e MoEDAL shares an interaction point with LHCb and is designed to search for

magnetic monopoles and other highly ionizing particles

Figure 2.1 shows a schematic of the LHC showing the approximate locations of the
large detectors relative to one another. In this brief description of the LHC, we
will focus exclusively on the proton-proton operation, especially as it relates to the

high-luminosity interaction points of CMS and ATLAS.
2.1.1 Injection chain

A series of accelerators are used to take protons from a bottle of hydrogen gas (see
Figure 2.2) gradually up to an energy of 450 GeV before being injected into the LHC.

The first step in the chain is the Linear accelerator 2 (Linac 2), which began operation
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Figure 2.1: Schematic of the LHC showing the approximate locations of the large
detectors relative to one another [29].
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in 1978, replacing Linac 1. Protons are extracted from the hydrogen bottle in pulses
of up to 100 us. After being ionized by an electric field, the resulting protons enter the
accelerator, where radiofrequency (RF) cavities accelerate them to 50 MeV. Linac 2
is planned to be replaced by Linac 4 in 2020, in preparation for the high-luminosity

upgrade of the LHC [12].

Figure 2.2: The red bottle contains hydrogen gas that is used to supply protons to
the Linac 2, and ultimately, the LHC.

A PROTON SOURCGE

The next step in the injection chain is the Proton Synchrotron Booster (PSB).
Prior to the startup of the PSB in 1972, protons were injected directly from the
linac into the Proton Synchrotron (PS) at 50 MeV. However, the low injection energy
greatly limited the number of protons the PS could accept. Thus, the PSB, composed

of four superimposed synchrotron rings, was built to accelerate protons from the linac
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to 1.4 GeV before they are received by the PS, allowing 100 times as many protons
to be accepted.

The PS began accelerating protons in 1959 as CERN'’s flagship accelerator and
first synchrotron. At the time, it was the highest energy accelerator in the world.
Over its nearly six decades of operation, it has undergone many upgrades, with the
intensity of its proton beam increasing a thousandfold. As well as protons, it has
accelerated antiprotons, electrons, positrons, and helium, oxygen, and sulfur nuclei.
As part of the LHC injection chain, protons from the PSB are received in the 628 m
synchrotron, and accelerated up to 25 GeV.

Protons from the PS are injected into the Super Proton Synchrotron (SPS), where
they are accelerated up to 450 GeV in the nearly 7km circumference synchrotron,
which is CERN’s second largest accelerator and the last stop for protons destined
for the LHC. After beginning operation in 1976, the SPS has provided beams for a
wide variety of experiments. Most notably, operating as a proton-antiproton collider
(called SppS), its beams provided data for the discovery of the W= and Z° bosons by
the UA1 and UA2 experiments in 1983. Currently, the SPS provides protons for the
NAG1/SHINE and NA62 experiments, and the COMPASS experiment, as well as the

LHC.

2.1.2 Magnets

The LHC itself is composed of eight arcs in which the trajectories of the beams
are curved by superconducting dipole magnets. Each arc is made up of 23-106.9 m
long arc cells, each of which consists of six 15m-long dipole magnets, along with

the associated cryostat and higher-order magnets. The higher-order magnets include
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quadrupoles, used to keep the beams focused, as well as sextupole, octupole, and
decapole magnets used to correct the magnetic field at the extremities of the dipoles.
There are 1104 dipole magnets within the arcs, comprising most of the length of the
LHC.

Because the LHC collides two proton beams, separate magnetic fields, pointing in
opposite directions, are required for the two counter-rotating beams. Due to space
limitations in the tunnel housing the collider and cost considerations, a so-called
two-in-one design was chosen, where the two beam pipes, separated by 194 mm, and
associated superconductor windings are contained in a common cold mass with a
common cryostat. This design is illustrated in the cross section of one of the dipole
magnets in Figure 2.3.

Between each arc are eight straight sections, each approximately 528 m long, cor-
responding to the four interaction points, two collimation systems, the RF system,
and a beam dump insertion. The two high-luminosity interaction points correspond-
ing to the locations of CMS and ATLAS are identical except that the beams cross in
the horizontal plane in CMS and in the vertical plane in ATLAS. The high-luminosity
at each point is generated by a so-called inner triplet assembly, consisting of three
superconducting quadrupole magnets that squeeze the incoming beams from 200 pum
to 16 um in diameter. The beams share a common beam pipe within the inner triplet,
which can be seen as magnets Q1-3 in the schematic of the magnets to the right of
the ATLAS detector in Figure 2.4. Outside of the inner triplet are a pair of dipole
magnets, one superconducting and one conventional, that separate/recombine the

beams from the single beam pipe of the inner triplet assembly to the two used in the
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Figure 2.3: Cross section of a superconducting dipole magnet used in the arcs of the
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arcs. Finally, there is a series of quadrupole magnets that match the straight sections

to the arcs.

Figure 2.4: Schematic of the magnets to the right of the ATLAS detector. Each
quadrupole and dipole magnet is labeled with a Q and D, respectively [29].
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All of the superconducting magnets in the LHC are made using NbTi cables. In
total, approximately 600t of superconducting cables are used. At the design beam
energy of 7 TeV, the dipole magnets must operate at 8.33 T, which necessitates cooling
the superconducting cables to 1.9 K with liquid helium, with only a ~1.5 K margin
between the operating and critical temperatures, above which the magnets would
cease being superconducting and would quench. A current of 11850 A is required to

generate this high magnetic field.
2.1.3 Radiofrequency system

The LHC uses superconducting RF cavities to accelerate the proton beams from
the injection energy of 450 GeV to a design energy of 7TeV. Klystrons, which are
vacuum tubes that use linear beams of electrons to amplify radio waves, are used

to deliver high-power, oscillating electric fields to superconducting RF cavities. As
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illustrated in Figure 2.5, the cavities are arranged in series such that the direction
of the electric field alternates from cavity to cavity, and the field direction in each
cavity oscillates forward and backward at a frequency of 400 MHz. This has two
effects on the protons passing through the cavities. First, protons passing through
at very specific times that match the frequency of the cavities will experience a net
acceleration in the beam direction. Second, protons that are out of sync with the
frequency of the cavities will be accelerated or decelerated such that the protons

accumulate in tightly packed groups referred to as bunches.

Figure 2.5: Illustration of protons from the LHC passing through a series of RF
cavities [5].
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With an RF frequency of 400 MHz, the time window in which each bunch fits,
referred to as a bucket, is 2.5 ns. Since the protons in the LHC, even at the injection

energy of 450 GeV, are traveling at very nearly the speed of light, each bucket occupies
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~75cm in space, resulting in ~37 000 buckets around the entire circumference of the
LHC. However, not every bucket is filled with a proton bunch. There is a 25ns
separation between bunches, meaning only one in ten buckets is filled with a bunch
and that the bunch crossing frequency inside the detectors is 40 MHz, as well as a
nearly 3 us abort gap in each beam that allows for the requisite magnets to switch on
when the beams are dumped. The maximum number of buckets filled with bunches
is 2 808.

On each orbit of the LHC, each beam is accelerated by eight RF cavities, each with
a voltage of 2 MV at the design beam energy of 7 TeV. These cavities are grouped into
so-called cryomodules, each housing four cavities cooled to 4.5 K using liquid helium.
One such cryomodule is shown in Figure 2.6. The cavities are composed of copper
sputtered with a thin layer of superconducting niobium. This superconducting layer
minimizes RF power losses in the cavity walls so that nearly all the power is delivered
to the beams. The four cryomodules, two per beam, and associated sixteen klystrons,
one for each cavity, are located in the straight section just counterclockwise of the

CMS interaction point.

2.2 Compact Muon Solenoid detector

The CMS detector is one of the large general-purpose collider detectors at the
LHC, and collected the data used in the analysis presented in Chapter 3. CMS is
composed of subdetectors that fall in two general categories: tracking detectors and
calorimeters. Tracking detectors are designed to record the trajectories of charged

particles while minimally interacting with them. On the other hand, calorimeters are
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Figure 2.6: Cryomodule containing four superconducting RF cavities [29].

designed to measure the energy of charged and neutral particles by stopping them
and measuring the energy of the resulting particle shower.

Typical of modern collider detectors, CMS has an inner tracker, simply referred to
as the tracker in the following sections, closest to the interaction point of the colliding
beams and a muon tracking system, typically referred to as the muon system, on
the outermost part of the detector. Between the two is the calorimeter, composed
of an electromagnetic (ECAL) and hadron (HCAL) calorimeter, as well as the large
solenoid magnet, the magnetic field of which provides the curvature of the trajectories
of charged particles necessary to measure their momenta. A cutaway illustration of the
CMS detector is shown in Figure 2.7. Each of these subdetctors, as well as the magnet,
is described in the following sections after an introduction of the coordinate system

of CMS and several variables that will be used throughout subsequent chapters.
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2.2.1 Coordinate system and common variables

CMS uses a right-handed coordinate system with the origin at the nominal interac-
tion point inside the detector. The x-axis points horizontally toward the center of the
LHC, and the y-axis points vertically upward. Thus, the z-axis points in the direction
of the counterclockwise rotating beam. Along the z-axis is the longitudinal direction,
and in the z-y plane is the transverse direction. The polar angle 6 is measured from
the positive z-axis, and the azimuthal angle ¢ is measured from the positive z-axis in
the x-y plane. The radial coordinate in the z-y plane is r = \/:L’Qi—i-y2 . Occasionally,
we will also use the pitch angle A = 7/2 — 6, which is the angle from the z-y plane.

Momentum, energy, and mass will generally be denoted by p, E, and m, respec-
tively. The components of momentum along the z-, y-, and z-axis will be called
Dz, Dy, and p, respectively, and the magnitude of momentum will be denoted by p.
Since, in a given proton-proton collision, the longitudinal momenta of the initial state
partons is unknown, we often make use of the transverse momentum pr = p, £ +p, 9
with magnitude pr. And since the transverse momenta of the initial state partons
is always very nearly zero, we also define, for a given event, the missing transverse
momentum as

==Y pr, (2.1)
i
where the sum is over all the visible final state particles in an event. For an event with
no invisible particles, such as neutrinos, the magnitude of this vector, pss, should
vanish. We will make extensive use of pii* in Chapter 3.

In collider physics, it is common to use the pseudorapidity n = — In[tan(0/2)]
instead of the polar angle 6. This is useful because, for massless particles, n for a
given particle is equal to the rapidity, y, needed to boost an observer in the lab frame
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to a frame in which the particle moves only in the z-y plane. This can be seen by

rewriting 7 in the following way:

1-— 1-— 1
n = —In [tan 0 :—lnﬂﬂ:—ln i/p:_ln}%sz' (2.2)
2 1+ cosf l+p./p 2 p—p.

Then if m =0, p= F, and

1. E+p.
7725111

= . 2.3
By =Y (2.3)

Therefore, in the limit of massless particles, differences in 7 are Lorentz invariant

under boosts along the z-axis. Distances between objects in the n-¢ plane,

AR = /(An)* + (Ag)?, (2.4)

will frequently be used to discuss the separation between objects produced in the

collisions.
2.2.2 Solenoid magnet

The solenoid magnet is the central feature of CMS, around which the rest of the
detector was designed. It is the largest superconducting magnet ever constructed,
with a diameter of 6 m and length of 12.5m (see Figure 2.8). This is large enough
to fit the entire tracker and calorimeters inside the bore of the magnet. Designed to
reach a magnetic field of up to 4 T, this equates to a stored energy of 2.6 GJ at the full
current of 19.14kA. This current is provided through cables of NbTi superconductor,
which is cooled with liquid helium. In order to provide the number of ampere-turns
required for a 4T field, the winding is made up of 4 layers, a cross section of which
can be seen in Figure 2.9.

The solenoid magnet in CMS is also one of the thinnest magnets in a collider
detector relative to the large energy stored in its magnetic field (see Figure 2.10).
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Figure 2.8: Artistic view showing the cold mass of the solenoid inside its cryostat
(left), and photograph of the solenoid during initial construction of CMS (right) [19,

Figure 2.9: Cross section of the cold mass of the solenoid magnet, showing the 4-layer
winding [19].
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This is important for physics reasons, as the magnet is dead material, and could
cause excessive particle scattering and absorption if it were too thick. However, this
poses an obvious mechanical dilemma, as the powerful magnetic field exerts a large
hoop stress (130 MPa) on the magnet. To deal with this stress, the magnet winding
is reinforced with aluminum, as can be seen above in Figure 2.9, so that it serves a

mechanical function in addition to carrying current.

Figure 2.10: Ratio of stored energy to cold mass versus stored energy for various
solenoid magnets used in collider detectors. Gray indicates magnets that are no longer
operational, and hollow markers indicate magnets for proposed experiments [58].
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2.2.3 Tracker

CMS is the first collider experiment to use silicon technologies throughout its
entire tracker. With a length of 5.8 m, diameter of 2.5m, and a total active area of
~200m?, it is the largest silicon tracker ever built. Closest to the interaction point,
where the particle fluence is highest, silicon pixel modules are used in order to keep
the occupancy at reasonable levels. These are arranged in three cylindrical barrel
layers and two forward disks at either end. Farther out from the interaction point,
where the particle flux is lower, silicon microstrips are used, organized into three
subsystems: the Tracker Inner Barrel and Disks (TIB/TID), composed of four barrel
layers and three forward disks at either end; the Tracker Outer Barrel (TOB), made
up of six barrel layers; and the Tracker Endcaps (TEC), which have nine disks on
either end. A schematic of the tracker layout is shown in Figure 2.11. The individual
modules of the tracker are supported on various carbon fiber composite structures
and cooled to —10°C with CgFi4. The next two sections contain a more detailed

description of each of the pixel and strip subdetectors.

Pixel tracker

The basic layout of a pixel module is shown in Figure 2.12. There is a silicon sensor
that traversing charged particles ionize. This sensor is bump bonded to a readout
chip (ROC), which amplifies and transmits the resulting charge collected from the
sensor. The pixel pitch is 100 x 150 pm? in the 7-¢ and z directions, respectively, with
each pixel attached to a pixel unit cell on the ROC via an indium bump. Each ROC
is connected to 52 x 80 pixels in this way, and each module consists of several ROCs

(as many as 16 in the barrel, and as few as 2 in the forward disks). A total of 768
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Figure 2.11: Schematic layout of the tracker in the r-z plane [19].

-1.5 -1.3 -1.1 -0.9 -0.7 -0.5 -03 -O.InTO.S 0.5 0.7 0.9 1.1 1.3 1.5
s ~ ~ AN AN \ \ \ | | / / / / / e —~ .
~~ 1200 _—
Bt N I O T e I O A =
2.1 T T TOoB— — —
2o || L LT ——————— ||| ] —
29 — e ‘H ‘H ‘H ‘H I ‘H ‘H ‘H ‘H H‘ H‘ H‘ H‘ I H‘ H‘ H‘ H‘ — 23
| == ——— | —°
T:ZZ ! “ ” “H “H “H le“\\ z:;:;ﬂ’gj:i:::: \ *d \" HM HM ')
r (mm)
0 TEC- - == PIXEL TEC+
-200 _— = = =
w | VT TRESTBEZE R by e
Sl H N (N H [
wooo (|| | | | ——————|II[ ][]

-1200
-2600 -2200 -1800 -1400 -1000 -600  -200 200 600 1000 1400 1800 2200 2600
z(mm) ———»

modules are mounted in the barrel layers, and 672 are mounted in the forward disks.

The silicon sensors of the pixel tracker utilize the so-called n-on-n concept. Each
pixel consists of a highly doped n*-type implant in a high-resistance n-type substrate.
The p-n junction is then placed on the backside of the sensor. Photographs of the
pixels in disk and barrel sensors are shown in Figure 2.13. Although this type of sensor
is significantly more expensive to produce because of the double-sided processing
required, it was chosen because it can continue to be operated at moderate bias
voltages even after high doses of radiation. One of the effects of such radiation in a
silicon sensor is damage to the silicon crystal lattice caused by non-ionizing energy

loss, which causes the substrate to change from n-type to p-type over time. But after
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Figure 2.12: Basic layout of a pixel module [3].

this type inversion, an n-on-n sensor can still be operated partially depleted without
excessively high bias voltages.

The ROC is a custom ASIC that is fabricated using a commercial 250 nm CMOS
process. Its main purpose is to amplify and transmit the charge collected after a
charged particle traverses the sensor. The encoded address of each pixel that receives
a signal above a certain configurable threshold and the pulse height of the signal is
transmitted via an analog link. This analog pulse height enables an improvement of
the hit position resolution via charge sharing. The pixel modules are oriented in such
a way as to enhance the Lorentz drift of the charge carriers in the sensors, so that
the signal from a traversing charged particle is typically collected by more than one
pixel in a module. By interpolating the signals collected, a hit position resolution as

good as 15 um can be achieved.
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Figure 2.13: Photographs of pixels in a disk (left) and barrel (right) sensor [19].
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Strip tracker

The strip tracker relies on the same basic principles of operation as the pixel
tracker. Instead of pixels, the silicon sensors here are based on microstrips with a
typical length of 10 cm and pitch ranging from 80 pym in the TIB, up to 184 pm in the
TEC. Due to the less intense radiation environment compared to that of the pixel
detector, the sensors are of the more typical, and less expensive, p-on-n type. During
irradiation tests, the full depletion voltage of these sensors was observed to increase
with fluence, as expected from type inversion of the n-type substrate, but stayed below
the maximum tolerable voltage for the sensors of 500 V. In the first two layers of the
TIB, TID, and TOB, and in certain sections of the TEC, each module is mounted
back-to-back with a second module at a stereo angle of 100 mrad. This allows for
a two-dimensional measurement of the position of charged particles traversing these
modules, similar to the measurements in the pixel detector.

Each p*-type implant is covered with an aluminum strip with an insulating layer

of silicon oxide and nitride between. The aluminum strips are then wire bonded to
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the ROC. Thus, the sensor is capacitatively coupled to the ROC, which helps protect
it from the high leakage currents expected after irradiation. A fully assembled module
can be seen in Figure 2.14. As in the case of the pixel detector, the ROC is a custom
ASIC fabricated with a 250nm CMOS process. To optimize the spatial resolution

using charge sharing, the full analog signal from the sensors is read out.

Figure 2.14: Fully assembled strip tracker module from the TEC [19].
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2.2.4 Electromagnetic calorimeter

The ECAL is a hermetic homogeneous calorimeter composed of lead tungstate
(PbWOy,) crystals with 61200 mounted in the barrel and 7324 mounted in each
endcap. Lead tungstate has several features that make it ideal for use in the ECAL
of CMS. The scintillation in the crystals is fast with 80% of the light emitted within
the LHC bunch crossing time of 25ns. The Molire radius is small (2.2cm) and
the radiation length is short (0.89cm), resulting in a fine granularity and compact

calorimeter. The crystals are also sufficiently radiation hard to survive the particle
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fluxes expected from the LHC. Ionizing radiation tends to decrease light transmission
via the formation of color centers in the crystals. However, even with the maximum
radiation damage expected during the lifetime of the detector, the induced light
attenuation length will remain greater than three times the length of the crystals.
Photographs of crystals from the barrel and endcaps are shown in Figure 2.15 coupled
with their respective photodetectors.

Each crystal in the barrel is coupled to two avalanche photodiodes (APD), each
with an active area of 5 x 5mm? and quantum efficiency of 75% at 430 nm (approx-
imately the peak wavelength of scintillation light emitted by PbWO,). Each APD
consists of a silicon p-n diode operated with a reverse bias close to the breakdown
voltage, leading to an intrinsic gain. The APDs are operated at a gain of 50 and the
pair on each crystal is read out in parallel. In the endcaps, where the more intense ra-
diation environment makes the use of APDs untenable, vacuum phototriodes (VPT)
are used instead. VPTs are essentially photomultipliers with a single gain stage. The
bialkali photocathode has a quantum efficiency of 22% at 430 nm and is operated at
a gain of 10. The lower quantum efficiency and gain compared to the APDs in the

barrel are compensated by the much larger active area of 280 mm?.
2.2.5 Hadron calorimeter

The HCAL is a hermetic sampling calorimeter composed of brass and steel ab-
sorber plates interspersed with plastic scintillator tiles or quartz fibers. As with the
ECAL, there is a cylindrical barrel part (HB) and two endcaps (HE), covering the
pseudorapidity ranges |n| < 1.3 and 1.3 < |n| < 3, respectively. In addition, there are

1-2 layers of scintillator outside of the solenoid in the barrel (the outer calorimeter
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Figure 2.15: Photographs of crystals from the ECAL barrel (left) and endcaps (right)
coupled with their respective photodetectors [19].

or HO), which help to improve the containment of the HB and measure late-starting
hadronic showers. There are also additional calorimeters at |z| = 11.2m (the for-
ward calorimeters or HF), which extend the pseudorapidity coverage to || = 5.2.
Figure 2.16 shows the layout of the different components of the HCAL.

Within the HB, HE, and HO, the absorber plates are composed mostly of brass,
some of which was recycled from over a million World War II artillery shells from
the Russian Navy, with stainless steel plates used in certain locations for structural
support. A photograph of one of the partially assembled HE calorimeters is shown in
Figure 2.17. The plates range in thickness from 50.5 mm in the HB to 79 mm in the
HE, with a total calorimeter thickness, including the ECAL, of 10 \; in the HE but
only 6.92\; at n = 0 in the HB. This is the motivation for the HO, which consists
of a single layer of scintillator just outside the solenoid magnet except in the region

closest to n = 0 where two layers on either side of a 19.5 cm thick piece of iron are
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Figure 2.16: Layout of the components of the HCAL in the r-z plane [19].
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used. The HO increases the minimum thickness of the total barrel calorimeter to
11.8 \;.

Interspersed in the layers of absorber of the HB, HE, and HO are tiles of plastic
scintillator. Most of these tiles are 3.7mm thick with thicker tiles of 9mm used
in a few places of the HB and HE and throughout the HO. The scintillation light
is collected with wavelength-shifting (WLS) fibers embedded in grooves in the tiles
(see Figure 2.18). These WLS fibers have a diameter of 0.94 mm and shift the blue-
violet scintillation light to a green light that is carried by clear optic fibers to hybrid
photodiodes (HPD). These consist of a photocathode held approximately 3.3 mm from
a pixelated silicon photodiode. Photoelectrons from the photocathode are accelerated
by a strong electric field into the photodiode, resulting in a gain of approximately

2000. Figure 2.19 shows a photograph of a cross section of an HPD.
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Figure 2.17: Partially assembled HE calorimeter before installation. Scintillator trays
can be seen inserted in one of the azimuthal wedges [19].
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Figure 2.19: Cross section of an HPD [19].
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Because of the extreme radiation environment to which the HF is exposed, differ-
ent technologies are required. The absorber of the HF is entirely composed of steel
plates that are 5mm thick and arranged in a cylindrical structure of radius 130 cm.
Quartz fibers are inserted into grooves within these plates. These fibers are 800 ym
in diameter and were chosen over plastic scintillator due to their superior radiation
hardness. These fibers are coupled to more conventional 8-stage photomultiplier tubes
(PMT), which can be used here instead of HPDs due to the smaller magnetic field.
Charged particles within hadronic particle showers generate Cherenkov light as they

traverse the quartz fibers. This signal is then read out by the PMTs.
2.2.6 Muon system

The muon system constitutes another tracking detector that is mounted in the
steel flux return yoke, outside of the calorimeters and magnet. As the name implies,
the muon system is designed to identify and measure the momenta of muons, since
they are the only standard model particles that can reliably penetrate the calorimeters

and magnet and traverse through the flux return yoke. The muon system consists
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of three types of gas chamber. Drift tubes (DT) are used to provide precise muon
tracking in the barrel, covering |n| < 1.2. In the endcaps, where the muon and
background rates are much higher and the magnetic field is large and less uniform,
cathode strip chambers (CSC) are used, with coverage between 0.9 < |n| < 2.4.
Resistive plate chambers (RPC) are used in both the barrel and endcaps, out to |n| <
1.6, to provide fast, unambiguous bunch crossing assignments to muon candidates
for the purposes of triggering. The layout of the muon chambers in one quarter of
CMS is shown in Figure 2.20. Altogether, the muon system contains approximately

25000 m? of detectors.

Figure 2.20: Layout of one quarter of the CMS detector, with the muon system
detailed. The DT stations are in beige, the CSC stations are in green, and the RPCs
are blue.
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The drift tubes consist of aluminum tubes with a cross sectional area of 13 X
42 mm? with a 50 um diameter gold-plated stainless steel anode wire running down
the middle of each tube, as illustrated in Figure 2.21. The field electrodes and cath-
ode strips consist of aluminum tape insulated from the grounded aluminum walls of
the tube by a layer of mylar tape. Charged particles traversing a tube ionize the
Ar/CO, gas mixture inside, with the liberated charges collected and read out on the
electrodes. Each DT chamber consists of two superlayers (SL) of four layers of tubes
each, arranged parallel to the beam axis, with an additional SL arranged perpendic-
ular to the beam axis in all but the outer DT station. Thus, most of the chambers
can provide orthogonal position measurements in the r-¢ and z directions. There are
four DT stations, each consisting of 60-70 chambers arranged in concentric cylinders

(see Figure 2.22).

Figure 2.21: Ilustration of the cross section of a drift tube [19].

Muon

Each CSC is trapezoidal, with those in the inner rings covering 10° in ¢ and those

in the outer rings covering 20° in ¢ (see Figure 2.23). Within each chamber are
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Figure 2.22: Photograph of one of the endcaps of CMS through two of the barrel
sections of the flux return yoke during installation. The partially installed gray DT
chambers, arranged in four concentric stations, can be seen interspersed in the red
return yoke.
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seven panels onto which cathodes strips are milled such that they lie along the radial
direction. Gold-plated tungsten anode wires are wound azimuthally around three of
the panels, except in the innermost ME1/1 chambers. Since ME1/1 sits just inside
the solenoid magnet and is exposed to a strong and uniform magnetic field, its anode
wires are tilted to compensate for the Lorentz drift of the electrons. When a charged
particle ionizes the Ar/CO2/CF, gas mixture inside the chamber, the r coordinate
of the particle is read out by the nearest anode wire, while the ¢ coordinate is given
by interpolating the induced mirror charges read out on nearby cathode strips. This

principle of operation is illustrated in Figure 2.24.

19].

Figure 2.23: CSCs installed on one wheel of an endcap
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Figure 2.24: Schematic illustrating the principle of operation of a CSC [19].
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The RPCs consist of two pairs of parallel bakelite electrode plates, with each pair
separated by a 2mm gas gap. The plates are operated in avalanche mode, such that
when a charged particle traverses the gas gaps, the electrons from the ionized gas
are accelerated sufficiently to produce an avalanche. This charge is then read out by
strips between the two pairs of plates. An exploded view of one of these gas gaps and
the read-out strips can be seen in Figure 2.25. This double-gap structure allows the
chambers to be operated at a lower gas gain and with higher efficiency than would be
possible with a single gap. These double-gap modules are rectangular in the barrel
region, with four layers of chambers accompanying the DT chambers, with the readout
strips aligned parallel to the beam axis. In the endcaps, the modules are trapezoidal,
with four layers of chambers interspersed among the CSCs (see Figure 2.26). The
strips in these chambers are aligned radially. Except for the mechanical differences,

the RPCs in the barrel and endcap are identical.
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Figure 2.25: An exploded view of one gas gap and the read-out strips in an RPC.
Each RPC consists of two such gas gaps on either side
Detescting Sirips - T DTS .

plata

HV Al foll .

Figure 2.26: RPCs installed on one wheel of an endcap [19].
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2.2.7 Trigger system

The LHC collides proton bunches every 25ns, corresponding to a bunch crossing
rate of 40 MHz. At design luminosity, each bunch crossing yields an average of 20
inelastic proton-proton interactions, leading to an interaction rate of 800 MHz. This
exceeds, by several orders of magnitude, the rate and amount of data that is possible
to read out, store, and process. Furthermore, the majority of these interactions involve
well-understood physics that is not relevant to the understanding of the Higgs boson
and the search for BSM physics, the primary physics goals of CMS. Thus, a system
for quickly selecting events that are relevant to these goals for permanent storage has
been developed. This system is called the trigger.

The trigger in CMS was developed as a two-tiered system. The level 1 (L1)
trigger is implemented in custom hardware and reduces the event rate from 40 MHz
to 100kHz. The high level trigger (HLT) is implemented in software that runs on a
computing farm consisting of over 10 000 commodity processors. Only events accepted
by the L1 trigger are further processed by the HLT, which reduces the event rate to
1kHz. The reconstruction algorithms used in the HLT are generally very similar to
those used for offline physics analysis. We will discuss the HLT paths used in the

search presented in Chapter 3 and will not discuss the HLT further here.

L1 trigger
For the purposes of flexibility, the L1 trigger is implemented using field-programmable
gate arrays (FPGA) where possible, but custom ASICs and programmable memory

lookup tables (LUT) are also used where speed and radiation hardness demand it.

The system comprises both on-detector electronics, as well as electronics located in
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the underground control room, approximately 90 m from the experimental cavern.
The maximum allowed latency for the L1 trigger is 3.2 us. Since this is greater than
the 25 ns time between bunch crossings, the data from multiple bunch crossings is
stored in a pipeline and processed in parallel to avoid deadtime.

The architecture of the L1 trigger system is illustrated in Figure 2.27. Only infor-
mation from the calorimeters and muon system is used and each system works using
three stages. At the lowest level are trigger primitive generators (TPG), which pro-
duce local calorimeter trigger towers and track segments, in the case of the calorime-
ters and muon system, respectively. At the next level are regional triggers that com-
bine the trigger primitives into trigger objects in limited spatial regions. These trigger
objects represent physics objects such as electrons and muons. The global calorimeter
and muon triggers then determine the highest-rank objects across the entire detector,
where the rank is based on energy or momentum as well as the level of confidence
in the measurements. Finally, the global trigger (GT) determines whether to issue
an L1 accept (L1A) based on algorithms using the highest-rank objects, as well as
the readiness of the subdetectors and data acquisition (DAQ) as determined by the
trigger control system (TCS). This L1A causes the event to be processed further by
the HLT and is passed to the subdetectors by the timing, trigger, and control (TTC)

system.
2.2.8 Physics object reconstruction

CMS uses a so-called particle flow (PF) algorithm to reconstruct the physics ob-

jects produced in the collisions [65]. The idea of particle flow is to combine information
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Figure 2.27: Architecture of the L1 trigger [19].
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from all of the subdetectors in a consistent way in an effort to reconstruct every par-
ticle in the final state of every event. This list of particles, or PF candidates, is then
used as input to reconstruct composite objects, such as hadronic jets and missing
transverse momentum.

Each PF candidate is identified as one of five types: muon, electron, photon,
charged hadron, or neutral hadron. Muons are identified by linking tracks in the
silicon tracker with compatible hits in the muon system. The track is then refit,
including the muon system hits, to produce what is known as a “global muon”.
Electrons are reconstructed by matching tracks in the silicon tracker with compatible
deposits of energy in the ECAL. In order to correctly reconstruct the energy of the

electron, energy deposits consistent with bremsstrahlung from the track are added to
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the main deposit produced when the electron itself encounters the ECAL. Photons are
reconstructed from similar deposits of energy in the ECAL, but where no associated
track is found to be compatible. Likewise, charged (neutral) hadrons are reconstructed
from energy deposits in the HCAL, with (without) a compatible track in the silicon
tracker. A summary of the basic ideas of how each type of particle is reconstructed

is shown in the transverse slice of CMS in Figure 2.28.

Figure 2.28: Transverse slice of the CMS detector, with illustrations showing how
each type of particle is reconstructed by particle flow, using information from all the
subdetectors.
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Reconstructed tracks are also clustered into primary vertices, meant to represent
the locations of each inelastic pp interaction in a bunch crossing, using a sophisti-
cated deterministic annealing algorithm [22]. In a hadron collider like the LHC, it is
common for multiple inelastic interactions to occur within a single bunch crossing,
resulting in multiple primary vertices per event, as can be seen in the event display
in Figure 2.29. This phenomenon is known as pileup. Whenever a single primary
vertex needs to be selected within an event, the reconstructed vertex with the largest
value of summed physics-object p% is taken to be the primary pp interaction vertex,
where the physics objects are the objects returned by a jet finding algorithm applied
to all tracks associated with the vertex, plus the corresponding associated missing
transverse momentum. The transverse and longitudinal impact parameters of a track

with respect to this primary interaction vertex are defined as

dyy = — (v — 2)py + (vy — Y)Ps and d, = (v, — 2) — (ve — @)ps + (vy — Y)py ) &’

br pr pr
(2.5)

respectively, where (v, vy, v,) is the point of closest approach on the track to the CMS
origin, and (z,y, z) are the coordinates of the primary interaction vertex. We will
occasionally also make use of the longitudinal impact parameter of a track with respect
to the CMS origin, 2o, which is defined as d, above, but with (z,y, z) = (0,0,0).
Hadronic jets are reconstructed by running the anti-kr clustering algorithm with
a distance parameter of R = 0.4 [17], implemented in FASTJET [18], on the list of
PF candidates for each event with charged hadron subtraction applied. Charged
hadron subtraction is a technique used to reduce the likelihood of reconstructing jets
coming from pileup, and consists of removing any charged PF candidates that are not

consistent with originating from the primary vertex from the list of PF candidates that
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Figure 2.29: Display of an event in the y-z plane from the 2016 run illustrating the phenomenon of pileup. Each red dot is
a reconstructed primary vertex, corresponding to an inelastic proton-proton interaction. The green lines are reconstructed
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is used as input to the jet clustering algorithm. Several levels of jet energy corrections
(JEC) are also applied to the resulting jets. These corrections are designed to remove
the energy from pileup interactions, make the jet response uniform over pr and 7,
and to correct for any remaining small differences in the jet response in data and
simulation [50].

Missing transverse momentum is calculated as

P =~ ZﬁT,i, (2.6)

miss

where the sum is over all PF candidates. As with jets, this p7™* is corrected, this time
using so-called type-1 corrections. Type-1-corrected p=s replaces the pr of all the
particles that can be clustered into jets with the pr of the jets with the standard JECs
applied. In the analysis presented in Chapter 3, we will also typically use ps with
the pr of all reconstructed muons counted as invisible, which we denote as pi*>"*#
This is done so that the offline p is consistent with the calorimeter-based pfpss
used in the triggers, both at L1 and HLT.! In addition to the type-1 corrections, we
apply a set of p* filters designed to remove events with badly reconstructed pfiss.

The effect of these filters on the acceptance of simulated signal events was found to

be negligible.?

ISee Appendix D for more details on this issue.

2See Appendix C.
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Chapter 3: Search for disappearing tracks

This chapter presents a search for long-lived charged BSM particles that decay
within the volume of the silicon tracker and produce the signature of a disappearing
track. As discussed in Chapter 1, such a signature could be produced in AMSB,
and we benchmark the search in terms of the chargino mass and lifetime in AMSB,
although as noted before, there are many other BSM scenarios that produce the
disappearing track signature.

Because no tracking is currently done in the L1 trigger of CMS, events are collected
with triggers based on L1 p2is seeds, where the ps is produced by the recoil of the
BSM particles against initial-state radiation (ISR). To select candidate disappearing
tracks, we first require events to contain an isolated, high-pr track. Next, this track is
required to not be consistent with a charged lepton. Finally, candidate tracks are re-
quired to have small associated energy deposits in the calorimeter, and to have several
missing outer hits in the silicon tracker, the distinctive features of disappearing tracks
from signal processes. By contrast, tracks from background standard model processes
typically have few missing outer tracker hits or have large associated calorimeter en-

ergy deposits, as illustrated in Figure 3.1. Standard model processes only produce

the disappearing track signature if some aspect of the reconstruction fails, e.g., if
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the electromagnetic calorimeter does not reconstruct all of the energy of an electron.
These background contributions are estimated with data-driven techniques.

A previous CMS analysis [49] searched for disappearing tracks in 19.5 fb™* of 8 TeV
pp collisions. It excluded at 95% confidence level direct electroweak production of
charginos with a mass less than 505 GeV for a mean proper lifetime of 7ns. Two main
improvements with respect to the 8 TeV search have been implemented for the 13 TeV
search. A new dedicated trigger has been added, which accepts events that pass a
minimal p requirement and contain an isolated high-pr track. Also, the method
used to estimate the backgrounds from standard model leptons has been modified
to be fully data-driven, which makes the search more robust against changes in the
reconstruction software and the detector performance and simulation.

The rest of the chapter is organized as follows. Section 3.1 lists all data samples
used for this search. The triggers used to collect events are described in Section 3.2,
and Section 3.3 details the offline selection requirements used to identify candidate
signal tracks. Section 3.4 describes the methods used to estimate the backgrounds.
Corrections made to the simulated signal samples are described in Section 3.5. In Sec-
tion 3.6, the systematic uncertainties are evaluated, and finally, Section 3.7 presents

the results of the search and their interpretation.
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Figure 3.1: Associated calorimeter energy versus number of missing outer hits for
selected tracks from a control region dominated by electrons, the largest background
to the search. The data collected by CMS in 2016 is shown as colored bins, while
a simulation of AMSB chargino production is shown as black boxes, with the size
of each box indicating the relative size of the contents in that bin. The particular
signal model shown here has a chargino with a mass of 700 GeV and a lifetime of
ct = 100 cm. Associated calorimeter energy and number of missing outer hits are
the primary variables used to distinguish signal from background in the search, as an
obvious separation between the two is seen in this plane.
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3.1 Samples of experimental and simulated data

3.1.1 Experimental data

The search is performed with data collected by the CMS detector in 2015 and
2016 from pp collisions at /s = 13 TeV corresponding to an integrated luminosity
of 38.4fb™*. All of the data used was certified to be of sufficient quality for physics

analysis.
3.1.2 Simulated signal events

As mentioned previously, we use AMSB as a benchmark for evaluating the sensitiv-
ity of the search. We simulate direct chargino production via the processes pp—Xi X7
and pp—X'Xi. The mass spectrum of the sparticles in AMSB is determined by four
parameters: the gravitino mass ms/,, the universal scalar mass mg, the ratio of the
VEVs of the Higgs fields tan 5, and the sign of the higgsino mass term sign(u). Of
these, only ms/, has an appreciable impact on the mass of the chargino. Thus,
by varying this parameter, we calculate the sparticle mass spectrum using ISAJET
7.80 [57] for chargino masses between 100 and 900 GeV in intervals of 100 GeV. The
supersymmetry parameters for each mass point are listed in Table 3.1. The cross sec-
tions for chargino production are calculated as a function of chargino mass and are
listed in Table 3.2. They are calculated at NLO+NLL using the RESUMMINO code
from [32, 33] with ¢TEQ6.6 [55] and MSTW2008NLO9OCL [52] parton distribution
function (PDF) sets.

For each mass point, we generate samples corresponding to lifetimes of 10cm/ec,
100cm/e, 1000cm/c, and 10000cm/c.  Although in AMSB, the mass spectrum,

specifically the mass splitting between the chargino and neutralino, determines the
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Table 3.1: Supersymmetry parameters used to generate simulated signal samples for
each of the chargino masses we consider. The large mass scale of the squarks is
indicated by m(a), the mass of the down squark. For each point, mg, tan 3, and
sign(u) are not varied and are set to 1500GeV, 5, and +1, respectively. These
parameters are described in the text.

ma [TeV] m(X7) [GeV] Am [GeV] m(d) [GeV]

35.1 100.0 0.189 1649
68.9 200.0 0.174 2019
103.7 300.0 0.172 2494
139.0 400.0 0.173 3018
174.4 500.0 0.173 3561
210.3 600.0 0.173 4121
246.4 700.0 0.173 4686
282.9 800.0 0.174 5261
320.2 900.0 0.174 2845

Table 3.2: Cross sections for chargino production calculated at NLO+NLL. The cross
sections for pp—Xi X7 and pp—XIXT are listed separately, along with the total cross
section, which is the sum of these two contributions.

m(x7) [GeV] o(pp—XixT) [pb] o(pp—xIX7) [pb] total o [pb]

100 11.61 £ 0.52 22.67+0.97 343+£1.1

200 0.903 £ 0.054 1.81 +£0.1 2.71£0.11

300 0.19£0.013 0.387 £ 0.026 0.577 £ 0.03

400 0.0586 £ 0.0047 0.121 £ 0.0096 0.18 £0.011

500 0.0221 £ 0.0019 0.0464 £ 0.0042 0.0685 £ 0.0046
600 0.0095 £ 0.00091  0.0201 £ 0.002 0.0296 £ 0.0022
700 0.00444 4 0.00046  0.0095 £ 0.001 0.0139 £ 0.0011
800 0.00221 = 0.00025 0.00476 4= 0.00056 0.00697 4= 0.00062
900 0.00115 = 0.00014  0.0025 £ 0.00031  0.00365 £ 0.00034
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chargino lifetime, by treating the lifetime as a free parameter, we are able to evaluate
the sensitivity of the search to a broader range of models.

With just this selection of lifetimes, we are also able to study intermediate chargino
lifetimes via lifetime reweighting. If we wish to reweight a sample generated with mean

lifetime 74 to a target mean lifetime of 744, then we define a weight,

<L€—Ti/7dst)

Tdst

) ) 1
wT H ( 1 eiTi/Tsrc>’ (3 )

where 7; is the actual lifetime of the i-th chargino in the given event (i = 1,2 for

a pp—XiXT event and i = 1 for a pp—¥)XF event). This weight is calculated and
applied to each event, reshaping the distribution of actual chargino lifetimes with
mean Ty to that expected for a lifetime of 744, as shown in Figure 3.2. The target
lifetimes used and the original lifetimes of the samples from which they are reweighted

are listed in Table 3.3.3

Table 3.3: Target chargino lifetimes achieved via lifetime reweighting and the original
lifetime of the sample from which they are reweighted.

original lifetime [cm/c] target lifetimes [cm/c]

10 2,3,4,5,6,7,8,9, 10
100 20, 30, 40, 50, 60, 70, 80, 90, 100
1000 200, 300, 400, 500, 600, 700, 800, 900, 1 000

2000, 3000, 4000, 5000, 6000, 7000,

10000 8000, 9000, 10000

3The reweighting is always applied such that 74y < Tere SO that events on the tail of the distri-
bution of actual chargino lifetimes are never weighted up.
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Figure 3.2: Distributions of actual chargino lifetime at generator level. Both plots
come from a sample generated with a mean chargino lifetime of 100 cm/c. The left
plot is with no lifetime reweighting applied, while the right plot is reweighted to a
target lifetime of 50cm/c. The red curve in both cases is the result of fitting the
distribution with an exponential function.
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The events are generated with PYTHIA 6.4.26 [66], using the CTEQ6L1 [60] PDF
sets. Interactions with the detector and decays of long-lived particles, including the
decays of the charginos, are simulated with GEANT4 10.0 patch-02 [10, 11]. The
effects of pileup are simulated by mixing in random events from samples of simulated
minimum bias events during the subsequent digitization and reconstruction of the
simulated signal samples. This is done twice, resulting in two separate sets of samples,
one with simulated pileup conditions matching the conditions observed during the

2015 run, and one matching the conditions observed during the 2016 run.
3.1.3 Simulated background events

The methods used to estimate the backgrounds for the search use only experimen-
tal data. However, samples of simulated background events are used to study and
validate these methods. These samples are also used to assign systematic uncertain-
ties to the expected signal yields. The names of these samples are listed in Tables 3.4
and 3.5 and their cross sections and equivalent integrated luminosities are given in
Tables 3.6 and 3.7.

The above samples were produced using conditions designed to match the data
taken during 2015 and using the software used to reconstruct the data taken during
2015. Unless otherwise stated, the samples of simulated background events used in
any study are from the above lists. In order to verify that the different conditions
present during the 2016 run do not affect the conclusions drawn from the above
samples, we also occasionally utilize samples produced to match the conditions of the
2016 run. These samples are listed in Table 3.8 and their cross sections and equivalent

integrated luminosities are given in Table 3.9.
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Table 3.4: Names of the samples of simulated non-QCD multijet background processes
used to study and validate the background estimation methods.

composite constituent

name of the sample

sample  sample
711 My € [10,50) GeV DYJetsToLL_M-10t050_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8
My € [50, 00) DYJetsToLL_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8
s-channel ST_s-channel_4f_leptonDecays_13TeV-amcatnlo-pythia8_TuneCUETP8M1
. t-channel ST_t-channel_4f_leptonDecays_13TeV-amcatnlo-pythia8_TuneCUETP8M1
single top
tW ST_tW_top_5f _NoFullyHadronicDecays_13TeV-powheg_TuneCUETP8M1
tW ST_tW_antitop_5f NoFullyHadronicDecays_13TeV-powheg TuneCUETP8M1
tt tt TT_TuneCUETP8M1_13TeV-powheg-pythia8
Wry WGToLNuG_TuneCUETP8M1_13TeV-madgraphMLM-pythia8
Zry ZGTo2LG_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8
. WW-—=lrqq WWToLNuQQ-13TeV-powheg
diboson
WW—=lvly WWTo2L2Nu_13TeV-powheg
WZ WZ_TuneCUETP8M1_13TeV-pythia8
77 727 _TuneCUETP8M1_13TeV-pythia8
inclusive WJetsToLNu_TuneCUETP8M1_13TeV-madgraphMLM-pythia8
Hrt € [100,200) GeV  WJetsToLNu_HT-100T0200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8
W—ly Hr € [200,400) GeV  WJetsToLNu_HT-200To400_TuneCUETP8M1_13TeV-madgraphMLM-pythia8
Hrt € [400,600) GeV  WJetsToLNu HT-400To600_TuneCUETP8M1_13TeV-madgraphMLM-pythia8
Hr € [600, 00) GeV WJetsToLNu HT-600ToInf TuneCUETP8M1_13TeV-madgraphMLM-pythia8
Hry € [100,200) GeV  ZJetsToNuNu HT-100T0200-13TeV-madgraph
7 Ht € [200,400) GeV  ZJetsToNuNu HT-200T0400_13TeV-madgraph
12%
Hrt € [400,600) GeV  ZJetsToNuNu HT-400To600-13TeV-madgraph
Hr € [600, 00) GeV ZJetsToNuNu HT-600ToInf_13TeV-madgraph
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Table 3.5: Names of the samples of simulated QCD multijet background processes
used to study and validate the background estimation methods.

composite constituent sam- name of the sample
sample  ple

pr € [5,10) GeV QCD_Pt_5t010_TuneCUETP8M1_13TeV_pythia8
pr € [10,15) GeV QCD_Pt_10to15_TuneCUETP8M1_13TeV_pythia8
pr € [15,30) GeV QCD_Pt_15t030_TuneCUETP8M1_13TeV_pythia8
pr € [30,50) GeV QCD_Pt_30t050_TuneCUETP8M1_13TeV_pythia8
pr € [50,80) GeV QCD_Pt_50t080_TuneCUETP8M1_13TeV_pythia8
pr € [80,120) GeV QCD_Pt_80t0120_TuneCUETP8M1_13TeV_pythia8
pr € [120,170) GeV QCD_Pt_120t0170_TuneCUETP8M1_13TeV_pythia8
pr € [170,300) GeV QCD_Pt_170t0300_TuneCUETP8M1_13TeV_pythia8
QCD pr € [300,470) GeV QCD_Pt_300t0470_TuneCUETP8M1_13TeV_pythias
pr € [470,600) GeV QCD_Pt_470t0600_TuneCUETP8M1_13TeV_pythia8
pr € [600,800) GeV QCD_Pt_600t0800_TuneCUETP8M1_13TeV_pythia8
P € [800, 1000) GeV QCD_Pt_800t01000_TuneCUETP8M1_13TeV_pythiag

pr € [10007 1400) GeV QCD_Pt_1000t01400_TuneCUETP8M1_13TeV_pythia8
pr € [1400, 1800) GeV QCD_Pt_1400t01800_TuneCUETP8M1_13TeV_pythia8
pr € [1800,2400) GeV QCD_Pt_1800t02400_TuneCUETP8M1_13TeV_pythia8
pr € [2400,3200) GeV QCD_Pt_2400t03200_TuneCUETP8M1_13TeV_pythia8
pr € [3200, 00) GeV QCD_Pt_3200toInf_TuneCUETP8M1_13TeV_pythia8
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Table 3.6: Cross sections and equivalent integrated luminosities of the samples of
simulated non-QCD multijet background processes used to study and validate the
background estimation methods.

composite constituent cross section x BR [pb]  equiv. int. lumi. [pb™"]
sample  sample
My € [10,50) GeV 18610 3398
=l e oce 6025.2 1481
s-channel 3.36 183 245
. ] t t-channel 7069 104 514
SIS TPy 19.418 278 205
tw 19.418 274 340
tt tt 831.76 104 184
Wy 489 9811
Zy 117.864 14 437
diboson  WWolvad 49.997 125488
OO Wl 12.178 137111
Wz 47.13 16 091
77 16.523 56 001
inclusive 61 5267 607
Hrp € [100,200) GeV 1345 6 656
W-=ly Hrp € [200,400) GeV ~ 359.7 12434
Hr € [400,600) GeV ~ 48.91 33531
Hry € [600,00)GeV  18.77 54 572
Hr € [100,200) GV 280.35 14909
70 Hrp € [200,400) GeV  77.67 65 399
Hr € [400,600)Gev  10.73 64 367
Hy € [600,00)Gev  4.116 230939
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Table 3.7: Cross sections and equivalent integrated luminosities of the samples of sim-
ulated QCD multijet background processes used to study and validate the background

estimation methods.

composite constituent sam-

cross section X BR [pb]

equiv. int. lumi. [pb™]

sample  ple
pr € [5,10) GeV 6.101 83 x 10'° 9.282 x 107
pr € [10,15) GeV 5.88758 x 10° 1.059 x 1073
pr € [15,30) GeV 1.83741 x 10? 2.040 x 1072
pr € [30,50) GeV 1.40932 x 108 4.901 x 1072
pr € [50,80) GeV 1.92043 x 107 2.661 x 1071
pr € [80,120) GeV 2.762 53 x 106 1.983
pr € [120,170) GeV 471100 12.37
pr € [170,300) GeV 117276 39.84

QCD b € [300,470) GeV 7823 266.1
pr € [470,600) GeV 648.2 4158
pr € [600,800) GeV 186.9 16 667
B € [800,1000) GeV 32.293 88767
pr € [1000,1400) GeV  9.418 3 247704
pr € [1400,1800) Gev  (0.842 65 295 265
pr € [1800,2400) Gev  0.114.943 1841173
pr € [2400,3200)Gev  0.006 829 81 50978138
P € [3200, 00) GeV 0.000 165 445 1747275530

Table 3.8: Names of the samples of simulated background processes generated during
the 2016 campaign.

composite constituent name of the sample

sample  sample

Z—ll Mj; € [50, 00) GeV DYJetsToLL_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8

diboson = wz—luww WZTo1L3Nu_13TeV_amcatnloFXFX madspin_pythia8
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Table 3.9: Cross sections and equivalent integrated luminosities of the samples of
simulated background processes generated during the 2016 campaign.

composite constituent cross section x BR [pb]  equiv. int. lumi. [pb™]
sample  sample

Z—11 My € [50,00) GeV 6 025.2 23976

diboson = wz—lww 3.05 307 406
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3.2 Triggers

3.2.1 Use of p

Because CMS currently has no tracking at Level 1 (L1), it is impossible to trigger
on tracks alone. Hence, we need to use another object, and we employ the same

miss

strategy as collider searches for dark matter: we trigger on p;'**. Now, our chosen

miss

signal can generate p1'* in one of three ways:

e a Yi can be produced with a XJ with the X+ reaching the muon chambers (see

Figure 3.3, top)

e two Y can be produced with only one reaching the muon chambers (see Fig-

ure 3.3, bottom)*
e the ewkino pair can be accompanied by ISR (see Figure 3.4)

In the first two cases, the ¥i that reaches the muon chambers is reconstructed as a
muon, and therefore contributes visible momentum to PF pi but not to calorimeter-
based p2s. On the other hand, the x{ contributes no visible momentum since it
interacts only weakly. The Y7 that fails to reach the muon chambers also contributes
no visible momentum because, being a track with no calorimeter energy nor muon
chamber hits, it is considered a fake track by particle flow and ignored. Finally, in
the third case, if the ISR is a gluon and has sufficient pr, then it can contribute
substantially to both PF p2* and to calorimeter-based piiss,

4This type of event could be selected using a single-muon trigger. This muon + disappearing
track topology is not pursued in the current search, but is being investigated for future iterations of
this search.
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Figure 3.3: Event displays of simulated signal events, one of pp—¥Xx; (top) and

one of pp—=XiXF (bottom). The PF 2 vector is shown as a red arrow and the
calorimeter-based pii*s vector is shown as a gold arrow.

CMS Experiment at LHC, CERN

CMS,/ |Data recorded: Wed Dec 31 19:00:00 1969 EST

X |Run/Event: 1/19
\ Lumi section: 1

< |Run/Event: 1/ 11
, Lumi section: 1

CMS Experiment at LHC, CERN
Data recorded: Wed Dec 31 19:00:00 1969 EST
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Figure 3.4: Event display of a simulated pp—Y\Xi event with an ISR gluon jet. The
PF pss vector is shown as a red arrow and the calorimeter-based p*s vector is

shown as a gold arrow.

CMS Experiment at LHC, CERN
CMS,/ |Data recorded: Wed Dec 31 19:00:00 1969 EST 7\

Run/Event: 1/ 39

< Lumi section: 20

69



Again because there is no tracking at L1, the only type of pss that can be used
miss miss

at L1 is calorimeter-based pp'®. Therefore, the signal event with p;'® generated by

a high-pp ISR gluon jet is exactly the category of event that we target.
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3.2.2 Triggers used in the search

This search uses data collected with the disjunction of several p2*s triggers. Var-
ious single lepton triggers are also used for the estimation of backgrounds and for
studies of systematic uncertainties. The complete list of triggers used for the data
collected in 2015 is shown in Table 3.10, while that for the data collected in 2016 is
shown in Table 3.11. The single tau trigger used was prescaled during 2015 and 2016,
while all other trigger paths were unprescaled during the entire data-taking period

considered here.

Table 3.10: Triggers used in the search and for background estimation and systematic
uncertainty evaluation for the data collected in 2015. The italicized trigger paths are
those that were only available in the simulated samples but were not included in the
menu during data-taking.

primary data set trigger path

HLT_MET75_IsoTrk50_v*
HLT_PFMET90_PFMHTO0_IDTight_v*

MET HLT_PFMETNoMu90_JetIdCleaned PFMHTNoMu90_IDTight_v*
HLT_PFMETNoMu90_NoiseCleaned PFMHTNoMu90_IDTight_v*
SineleFlectron HLT Ele22_eta2pl WPLoose _Gsf_v*
& HLT Ele22_eta2pl WP75_Gsf v+
SineleMuon HLT_IsoMu20._vx*
et HLT_TsoTkMu20 v+
Tau HLT LooselsoPFTaub0_Trk30_eta2Zpl_vx*

The HLT MET75_IsoTrk50_v* path was developed specifically for this search, and

was monitored throughout the 2015 and 2016 runs. This path consists of three steps:

1. disjunction of L1 p#' seeds (see Table 3.12 below)
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Table 3.11: Triggers used in the search and for background estimation and systematic
uncertainty evaluation for the data collected in 2016.

primary data set trigger path

HLT _MET75_IsoTrk50_v*
HLT_PFMET100_PFMHT100_IDTight BeamHaloCleaned v*
HLT_PFMET120_PFMHT120_IDTight_v*
HLT_PFMETNoMul120_PFMHTNoMul20_IDTight_vx*

MET HLT_PFMET170_HBHECleaned_v*
HLT_MET200_v*
HLT_PFMET300_v*

SingleElectron HLT_Ele25_eta2pl WPTight Gsf_v*

HLT_IsoMu24_vx*

Singleluon HLT_IsoTkMu24_v*

Tau HLT LooselsoPFTaub0_Trk30_etaZ2pl_vx*

2. high-level trigger (HLT) p&' filter, h1tMET75

3. HLT track filter, h1tTrk50Filter

As mentioned in Section 3.2.1, the L1 seeds use calorimeter-based pT*s. As the
LHC met and exceeded its design luminosity during 2016, some of these seeds had
to be prescaled or disabled due to high rates. Thus, additional, higher threshold
seeds were included in the HLT MET75_IsoTrk50_v* path starting with run 2016D, as
shown in Table 3.12. For this reason, when we discuss the methods for estimating
the backgrounds in Section 3.4, we will consider the 2016B+C and 2016D-H data
separately.

At HLT, the p=is filter requires h1tMET > 75 GeV, where h1tMET is the calorimeter-
based pii* calculated in the HLT. The track filter is only processed for events passing

h1tMET75 and requires at least one HLT track to pass the following criteria:
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Table 3.12: L1 seeds for our HLT MET75_IsoTrk50_v* path for different run periods.
run period L1 seeds for HLT_MET75_IsoTrk50_v*
2015 L1 _ETM60 V L1_ETM70

2016B+C  L1_ETM60 V L1_ETM70
L1_ETM50 Vv L1 _ETM60 VvV L1 _ETM70 V L1_ETM80 V

2016D-H L1_ETM90 V L1_ETM100
® D1 > 50 GeV
e track-based isolation < 0.05pr

>5 silicon hits
e no missing inner hits

e no missing middle hits

Inner hits are defined as those closest to the interaction point, and middle hits are
those between the innermost and outermost hit on the track. In other words, the hits
on the HLT track are required to be consecutive, starting in the innermost layer of
the tracker that the track traversed. The track-based isolation is calculated simply as
the scalar sum of the pr of all tracks reconstructed in the HLT down to pr = 50 MeV
within AR < 0.3 of the track in question.’

The details of the calculation of the efficiencies of the triggers listed above are
given in Section 3.5.3; however, for reference when discussing the event selections

miss, 1o 41

below, these efficiencies are plotted as a function of pr. , which is p* calculated

offline with the pr of all reconstructed muons counted as invisible, in Figure 3.5.

5No accounting for pileup was present in the isolation calculation for the 2015 and 2016 runs.
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Figure 3.5: Efficiency of the combination of p® triggers used in the search for
simulated W—lv and experimental data from 2015 (top left), 2016B+C (top right),
and 2016D-H (bottom).
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3.3 Event selections

The search is performed by selecting events passing certain requirements on the
physics objects within each event. These objects were introduced in Section 2.2.8,
and in order to ensure that only reliably reconstructed objects are selected, sets of
standard identification criteria, defined in Appendix A, are further imposed. Objects
passing these identification criteria are then used in the selections defined in the

following sections, which are designed to select events with a disappearing track.
3.3.1 Fiducial track selections

As most signal tracks are produced centrally, especially for higher mass charginos
(see Figure 3.6), we only select tracks with |n| < 2.1. Then in order to avoid selecting
tracks that are missing muon chamber hits and associated calorimeter energy due to
detector inefficiencies, we veto tracks that fall into any of several known regions of

high inefficiency. First, there are three regions in 7| that are vetoed:
e 0.15 < |n| < 0.35: there is a gap here between wheels 0 and 1 of the DT stations

e 1.42 < |n| < 1.65: this is the region where the barrel and endcap sections of the

ECAL overlap

e 1.55 < |n| < 1.85: this is the transition region between the outermost rings and

innermost ring of the CSCs

A schematic layout of one quarter of the CMS detector, in which these three regions
can be identified, is shown in Figure 3.7.

There is also a region of low hit efficiency in the middle of the TOB region of the
strip tracker. In Figure 3.8, one can see that if a track originates from very close to
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Figure 3.6: Pseudorapidity of tracks with pr > 55GeV and within AR < 0.1 of a
generated chargino for various chargino masses.
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Figure 3.7: Layout of one quarter of the CMS detector, with the muon system detailed.
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z = 0 and has a pseudorapidity very close to n = 0, then it will pass through only
the edges of all the modules in the TOB, and potentially have missing hits in all
six layers. Two such tracks were found in the 2015 data before implementing a veto
of this region.® We now veto tracks that have |z| < 0.5cm and |A\| < 1073, where
A = 7 — 0 is the pitch angle of the track, to avoid this poorly instrumented region of
the TOB.

In addition to these fixed fiducial selections, the ECAL channel statuses provided
via a database of run conditions are checked for each run, and tracks that are within
AR < 0.05 of any noisy or dead channels are vetoed. Maps of the noisy or dead ECAL
channels for one run from 2015 and one run from 2016 are shown in Figure 3.9.

6See Appendix B for further details.

7



Figure 3.8: Schematic of the silicon tracker in the p-z plane. Note that the TID and
TEC are noF shown here.
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Figure 3.9: Channels identified as noisy or dead in the ECAL channel status record
provided by a database of run conditions for run 260532 from 2015 (left) and for run
276811 from 2016 (right). Tracks within AR < 0.05 of any of these channels are

vetoed.
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Additional regions of detector inefficiency are identified in the n-¢ plane using a
tag-and-probe study. For the electron reconstruction inefficiency, events are selected
using the requirements in Table 3.13.” The reconstructed electron serves as the tag
and the track is the probe. For this study, if there are more than one possible tags
or more than one possible probes in a given event, only one unique pair is chosen at
random.® Then the electron reconstruction inefficiency is defined as the fraction of

selected tracks for which

min ARtrack,loose electron > 0 15 (32)

is true; i.e., the fraction of selected tracks that are not matched to an electron pass-
ing loose ID.? The muon reconstruction inefficiency is defined similarly, using the

selections in Table 3.14. Again, only one unique tag-probe pair per event is selected.

The reconstruction inefficiency is calculated in bins of size 0.1 x 0.1 in the probe
track n-¢ plane (see Figures 3.10 and 3.11). We then use any bins that are at least
20 above the mean inefficiency to veto tracks in the search. Any tracks within the

radius!® of such a bin is rejected. This is done separately for the 2015 and 2016 data.

"Except for the pr criterion, the selections on the track come from the isolated track selection,
which is defined below in Section 3.3.2.

8 Although we choose one probe track at random from those passing the track selections, only
~(4.657032 x 1073)% of events in experimental data have more than one possible track to choose
from, so this choice of arbitration method should have a negligible effect on the results.

9No fit to the tag-probe invariant mass spectrum in order to separate true Z—ll events from back-
ground is done as the purpose of this study is to identify regions of abnormally high reconstruction
inefficiency, not to measure the actual value of the inefficiency.

104/0.052 + 0.052 = 1/0.005 ~ 0.071
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Table 3.13: Selections used in the tag-and-probe study of electron reconstruction
inefficiency. The requirements are cumulative, with only the objects passing a given
criterion being considered in subsequent criteria. The selected electron is the tag,
while the selected track is the probe.

quantity object selection

event passes SingleElectron triggers

>1 electrons pr > 25 GeV

>1 electrons In| < 2.1

>1 electrons passing tight electron 1D
exactly one passing electron chosen randomly

>1 tracks pr > 30 GeV

>1 tracks In] < 2.1

>1 tracks In| < 0.15 OR |n| > 0.35

>1 tracks In| < 1.42 OR |n| > 1.65

>1 tracks In| < 1.55 OR |n| > 1.85

>1 tracks min A Rirack noisy/dead ECAL ch. > 0.05

>1 tracks |d.| > 0.5cm OR |A| > 1073

>1 tracks number of pixel hits > 3

>1 tracks number of valid hits > 7

>1 tracks missing inner hits = 0

>1 tracks missing middle hits =0

>1 tracks rel. track-based iso. < 0.05

>1 tracks |dyy| < 0.02cm

>1 tracks |d.| < 0.5cm

>1 track-jet pairs ARpackjet > 0.5

>1 track-electron pairs  Mirack electron > 10 GeV

>1 tracks min A Rirack,muon > 0.15

>1 tracks min A Rirack had. tau > 0.15

exactly one passing track chosen randomly
=1 track-electron pairs | Mirack electron — Mz| < 10 GeV
=1 track-electron pairs  Grack * Gelectron < 0
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Table 3.14: Selections used in the tag-and-probe study of muon reconstruction in-
efficiency. The requirements are cumulative, with only the objects passing a given
criterion being considered in subsequent criteria. The selected muon is the tag, while
the selected track is the probe.

quantity object selection

event passes SingleMuon triggers

>1 muons pr > 25 GeV
>1 muons In| < 2.1
>1 muons passing tight muon ID
exactly one passing muon chosen randomly
>1 tracks pr > 30 GeV
>1 tracks In| < 2.1
>1 tracks In| < 0.15 OR |n| > 0.35
>1 tracks In| < 1.42 OR |n| > 1.65
>1 tracks In| < 1.55 OR |n| > 1.85
Z 1 tracks min ARtlrack,noisy/dead ECAL ch. =~ 0.05
>1 tracks |d.| > 0.5cm OR |\ > 1073
>1 tracks number of pixel hits > 3
>1 tracks number of valid hits > 7
>1 tracks missing inner hits = 0
>1 tracks missing middle hits =0
>1 tracks rel. track-based iso. < 0.05
>1 tracks |dyy| < 0.02cm
>1 tracks |d.| < 0.5cm
>1 track-jet pairs ARpackjet > 0.5
>1 track-muon pairs  Miack muon > 10 GeV
>1 tracks min A Ripack electron > 0.1
>1 tracks min A Rirack had. tau > 0.15
>1 tracks Eéfidm < 10GeV
exactly one passing track chosen randomly
=1 track-muon pairs | Mirack muon — Mz| < 10 GeV
=1 track-muon pairs  Qirack * Gmuon < 0
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Figure 3.10: Electron reconstruction inefficiency as measured using the tag-and-probe
study described in the text, for the 2015 data (left) and the 2016 data (right). Bins
that are at least 2 0 above the mean inefficiency are used to veto tracks in the search.
These bins are marked by circles in the plots.
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Figure 3.11: Muon reconstruction inefficiency as measured using the tag-and-probe
study described in the text, for the 2015 data (left) and the 2016 data (right). Bins
that are at least 2 o above the mean inefficiency are used to veto tracks in the search.
These bins are marked by circles in the plots.
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3.3.2 Search region

The selections for the search begin with the basic selection, which defines an event
topology consistent with having a high-pr jet from ISR and a subsequently large
PRk The criteria of the basic selection are listed in Table 3.15. As seen from the
trigger efficiencies in Section 3.2.2, the criteria of pi™"°* > 100 GeV is well below
the point at which the triggers become fully efficient. This is chosen to maximize
the number of potential signal events that are selected. Although the leading jet
pr is largely correlated with pi™"°* for signal events, in experimental data, there

miss, no

are a significant number of high-p; events in which the pr of the leading jet

is low, as seen in Figure 3.12. These are removed by requiring at least one jet with

pr > 110 GeV.

Table 3.15: The criteria defining the basic selection. The requirements are cumulative,
with only the objects passing a given criterion being considered in subsequent criteria.

quantity object selection

event passes MET triggers

>1 primary vertices passing good primary vertex requirements
pissmon pr > 100 GeV

>1 jets pr > 110 GeV

>1 jets In| < 2.4

>1 jets passing tight ID with lepton veto requirements
jet pairs max |Adjet jet| < 2.5
phssnon |AD (leading jet, pp™>"°*)| > 0.5

The angular requirements of the basic selection are designed to remove the large,

very reducible background from QCD multijet events. These enter the selection
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Figure 3.12: Distributions of the leading jet pr vs. p™ " for events in the basic
selection before any jet requirements are imposed. The distribution is shown for the
2016 experimental data (left) and for simulated signal events (right) with a 700 GeV
chargino with a lifetime of 10000 cm. The red dashed line indicates the chosen value

for the jet pr requirement.
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largely in the form of back-to-back dijet events where a mismeasurement of the jet en-
ergy conspires to produce a large value for pi*>"°*. The max |Adje jot| < 2.5 require-
ment targets the dijet topology, while the requirement of | A¢(leading jet, p®>*#)| >

0.5 targets events with badly mismeasured jet energy. Signal events are essentially

flat in the former variable, while being strongly peaked at 7 in the latter, as seen in

Figure 3.13.

Figure 3.13: Distributions of max|Agjejec| (left) and |Ag¢(leading jet, pp*>™")]

(right) for events in the basic selection before the angular requirements on the
jets/pr " are imposed. The red dashed lines indicates the chosen value for the

requirement on each variable.

35.7 o' (13 TeV) 35.7 o™ (13 TeV)
T T T T T T T T

81015* N ! I = 31015? T ! I =
> L. CMS —+— Data 4 3 [ CMS — gzcl:tg N
€ L o [JQcb J € L 300 GeV & (6t = 100 cm £l _
31012; — 300 GeV ¥ (ct = 100 cm) Wl E 51012; X ( ) =:,fv_),v E
[t b B
F [ JZ-w = F CJZ-vw =
= |zl = = |zl =
10° [ Djboson — 10° ) [ Dﬁboson —

L [ Singletop _| L H > [ Single top

A¢, _ (jet pairs) |A¢(6Tiss’ " leading jet)|

Events passing the basic selection are then required to pass the isolated track
selection. As the name suggests, this selection defines an event topology consistent

with having a high-pt isolated track. The requirements of the isolated track selection
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are listed in Table 3.16. This is where the fiducial selections described in the previous

section are applied.

Table 3.16: The criteria defining the usolated track selection. The requirements are
cumulative, with only the objects passing a given criterion being considered in sub-
sequent criteria.

quantity object selection

event passes basic selection

>1 tracks pr > 55 GeV

>1 tracks passing fiducial selections (see Section 3.3.1)
>1 tracks number of pixel hits > 3

>1 tracks number of valid hits > 7

>1 tracks missing inner hits = 0

>1 tracks missing middle hits = 0

>1 tracks rel. track-based iso. < 0.05

>1 tracks |dzy| < 0.02cm

>1 tracks |d.| < 0.5cm

>1 track-jet pairs ARiackjet > 0.5

The track pr requirement is chosen to be approximately at the point at which
the track leg of HLT _MET75_IsoTrk50_v* becomes fully efficient.!! The fiducial track
selections, as well as the requirements on the number of hits and number of missing
hits, are designed so that we are selecting the highest quality tracks possible.

The track-based isolation used in the isolated track selection is calculated as the
scalar sum of the pr of the tracks within a cone of AR < 0.3. This cone size, as well
as the value of the isolation requirement, are chosen to match the requirements made

in HLT_MET75_IsoTrk50_v*. To reduce the contribution to the isolation sum of fake

UThe efficiency of the track leg of HLT_MET75_IsoTrk50_v* can be seen in Figure F.1 of Ap-
pendix F.
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tracks, i.e., tracks that represent pattern recognition errors instead of actual charged
particles, only tracks passing the requirements in Table 3.17 are considered. And to
reduce the contribution to the isolation sum of tracks from pileup, only tracks within

Ad, < 304, of the track whose isolation is being calculated are considered, where

o4, = /0% + 02, (3.3)

0., is the uncertainty on zy resulting from the track fit, and o, is the uncertainty
on the position of the primary vertex in z resulting from the vertex fit. This is
similar to the charged hadron subtraction applied during jet reconstruction, and has
the expected effect of removing the pileup dependence from the isolation sum (see
Figure 3.14). Note that the overall offline selection efficiency for the isolated track
selection increases by only (0.8 £ 0.4)% for the 2016 data with respect to the 2015
data, showing that neither the increasing pileup nor any other difference between the

two data sets has a strong influence on the search at this stage of the selection.

Table 3.17: Criteria used to reduce the contribution of fake tracks from the track-
based isolation sum.

variable selection
x*/ndf <20
pixel layers with hits >2
silicon layers (both pixels and strips) with hits > 5

|dzy| <d0

We show several plots comparing simulated background events to experimental
data below after applying the isolated track selection. This is to indicate the relative
contributions of the different standard model processes at this point in the selection.
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Figure 3.14: Efficiency for the track-based isolation requirement used in the isolated
track selection as a function of the number of primary vertices. The efficiency is
shown with and without the pileup subtraction described in the text, showing that
this subtraction effectively removes the pileup dependence from the isolation sum.
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Since our methods for estimating the backgrounds in the search region rely solely on
experimental data, perfect agreement with the simulation is not required. Kinematic
plots of p*> ™ #* and track pr are shown in Figure 3.15, and plots of AR to the nearest
lepton for selected tracks are shown in Figure 3.16. Finally, the number of missing
outer hits and Eéfzdm for selected tracks are shown in Figure 3.17. As discussed
below, these last two variables define the criteria for a track to disappear. Note that

the poor modeling of the number of missing outer hits is due in part to the so-called

HIP effect, which is not simulated, and we correct for this as described in Section 3.5.

The vast majority of events selected by the isolated track selection are events with
leptons from the decays of gauge bosons. Most are these are removed in the next
phase of the selection, called the candidate track selection, where events with tracks
matched to leptons are rejected. The requirements of the candidate track selection
are listed in Table 3.18. All reconstructed electrons and muons are used during this
matching, in order to reject as many leptons as possible. Hadronic taus for this
matching are identified using the criteria listed above in Table A.11, except that the
isolation criterion.!? The particular choice of AR > 0.15 was motivated by the plots
in Figure 3.16, as this value removes the vast majority of the events in the peaks near
min A Rirack lepton = 0 Tesulting from successfully reconstructed leptons.

Finally, we require the tracks passing the candidate track selection to “disappear”

in the disappearing track selection, which defines the search region. The disappearing

EAR<0.5

track selection is defined in Table 3.19. The calorimeter energy sum, E2,'"°, is

calculated as the sum of all calorimeter towers (from both the ECAL and HCAL)

12The isolation criterion is that where byTightCombinedIsolationDeltaBetaCorr3Hits > 0.5 is
required.
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Figure 3.15: Kinematic distributions from the isolated track selection. The experi-
mental data is from 2015 (2016) in the left (right) column. The rightmost bin in each

plot includes the overflow.
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Figure 3.16: Plots of AR to nearest leptons for tracks selected in the isolated track
selection. Minimum AR to a reconstructed electron, muon, and tau are shown in
the top, middle, and bottom rows, respectively, and the experimental data is from
2015 (2016) in the left (right) column. The rightmost bin in each plot includes the

overflow.
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Figure 3.17: Plots of number of missing outer hits and £

AR<0.5
calo

for tracks selected

in the isolated track selection. The experimental data is from 2015 (2016) in the left
(right) column. The rightmost bin in each plot includes the overflow.
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Table 3.18: The criteria defining the candidate track selection. The requirements are
cumulative, with only the objects passing a given criterion being considered in subse-
quent criteria. All reconstructed electrons and muons are used during this matching,
in order to reject as many leptons as possible. Hadronic taus for this matching are
identified using the criteria listed above in Table A.11, except that the isolation cri-
terion.

quantity object selection

event passes isolated track selection

>1 tracks min ARiack electron > 0.15
>1 tracks  min ARy ack muon > 0.15
>1 tracks min ARiyack had. tau > 0.15

within a cone of AR < 0.5 of the selected track. The sum is then corrected for
contamination from pileup using p, the median calorimeter energy density of the

event, which is simply multiplied by the cone size of 0.5.

Table 3.19: The criteria defining the disappearing track selection. The requirements
are cumulative, with only the objects passing a given criterion being considered in
subsequent criteria.

quantity object selection

event passes candidate track selection
>1 tracks ESE<05 < 10GeV

calo

>1 tracks missing outer hits > 3

The distributions of E4<05 and number of missing outer hits are shown in

Figure 3.18 for tracks in simulation that pass the full disappearing track selection

except for the requirement on the variable being plotted. Very good separation
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between signal and background is seen for both of these variables, and requiring

EAR<O.5

ol < 10GeV and at least three missing outer hits is sufficient to remove all

background within the albeit limited statistical precision of the simulation.

Finally, the cumulative selection efficiency of each selection is shown in Figure 3.19
for simulated signal events with various lifetime hypotheses. Several features of this
plot are worth noting. For the shortest lifetimes, large drops in efficiency are seen
for the requirements on pr, number of pixel hits, number of valid hits, and track
isolation. This is because when the chargino passes through very few layers of the
inner tracker, the resulting track is unlikely to be reconstructed. Thus, the tracks
we select are mostly either fake tracks, and mostly rejected by the requirements on
pr, number of pixel hits, and number of valid hits, or are constituents of the ISR jet,
and mostly rejected by the isolation requirement. Event displays demonstrating the
latter case are seen in Figures 3.20 and 3.21.

For the longest lifetimes, large drops in efficiency are seen for the requirement of
min A Rirackmuon > 0.15, which is designed to reject reconstructed muons. This is
because if the chargino is very long-lived, it may pass through a few muon chambers
before decaying, and be reconstructed as a muon. A large drop for the efficiency of
the final requirement on number of missing outer hits is also seen for a similar reason:
longer lived charginos are more likely to pass through all, or nearly all, layers of the
inner tracker before decaying, and so will be more likely to have fewer than three

missing outer hits.
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Figure 3.18: Distributions of E2f<% (left) and number of missing outer hits (right)
for tracks in simulation that pass the full disappearing track selection except for the
requirement on the variable being plotted.
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13 TeV

The chargino mass in the simulated events is 700 GeV and three lifetime hypotheses are shown: 10cm, 100 cm,

Figure 3.19: Cumulative selection efficiencies for each selection of the disappearing track selection for simulated signal
and 1000 cm.
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3.4 Background estimation

3.4.1 Charged leptons

The dominant source of high-pr, isolated tracks from standard model processes is
charged leptons from the decay of gauge bosons. In order for events with such tracks

to enter our search region, three things must happen:

e the lepton must fail to be reconstructed as such, while still leaving a track in

the silicon tracker

e the resulting p2™"°* must be large enough for the event to pass our offline
PRI POE requirement
e the resulting pt* " must be large enough for the event to pass our triggers
The key point here is that the p™ ™" is correlated with whether the lepton is

reconstructed as a lepton or not. A successfully reconstructed lepton will be present in
the list of candidates produced by particle flow, and thus, in the case of an electron or a
tau, its pr will count as visible momentum when p2™ ™°# is calculated. Conversely, a
lepton that is not successfully reconstructed as such, but which still leaves a track that
passes the selections of our search region, will not be present in the list of candidates
produced by particle flow, and its pr will count as invisible momentum when p?iss’ HoH
is calculated.!® The method used to estimate the background from charged leptons is
based on calculating the probability of the three events listed above, with each lepton
flavor treated independently.

13In principle, the lepton could be misreconstructed as a charged hadron and contribute visible
momentum in that way. However, this is highly unlikely given the requirement that E(:Aaff)<0'5 <

10 GeV: particle flow would have to match a track with pp > 55 GeV to an energy deposit of less
than 10 GeV.
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Probability to pass the lepton veto

The first probability we consider is Py, the probability that the lepton in a single

lepton event is not reconstructed as such:

Pyeto = P(pass lepton veto). (3.4)

The lepton vetoes are defined in Table 3.20. There is a separate veto for each lepton
flavor, and each veto starts with the min ARy ack jepton > 0.15 criterion used in the
candidate track selection. Recall from the definition of the candidate track selection
in Section 3.3.2, that the definitions of min AR ek lepton include all reconstructed
electrons and muons, while hadronic taus passing the selections in Table A.11 with
the exception of the isolation criterion are used. Depending on the lepton flavor, the
min A Riyack lepton Tequirement is highly correlated with certain other criteria from the
search region; e.g., the electron and tau vetoes are highly correlated with the selec-
tion on Eéfffo'? For this reason, other selections are included in the lepton vetoes,
including that of missing outer hits > 3, to account for any possible correlations be-
tween lepton reconstruction and our track selections. Thus, Py, implicitly includes
the probability for a track to have missing outer hits.

To estimate Pyeto, we use tag-and-probe studies. We defined electron and muon
tag-and-probe selections in Section 3.3.1 in Tables 3.13 and 3.14, respectively, when
discussing the method for identifying residual areas of electron and muon reconstruc-
tion inefficiency. The tag-and-probe samples we use here are identical except for the

additional rejection of tracks near the identified areas of reconstruction inefficiency

from that study. We also do not choose only one tag-probe pair per event, but rather
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Table 3.20: Definitions of the lepton vetoes that are studied with the tag-and-probe
samples in Section 3.4.1.

flavor quantity object selection

>1 tracks min A Rack electron > 0.15
electron >1 tracks EAR<05 <10 GeV

>1 tracks missing outer hits > 3

>1 i .
on > tracks m?n 'ARthk,nmlo]{1 > 0.15

>1 tracks missing outer hits > 3

>1 tracks min ARtrack,hadA tau > 0.15
tat >1 track-jet pairs = ARiackjet > 0.5

>1 tracks EAR<05 <10 GeV

>1 tracks missing outer hits > 3

use all unique pairs passing the selections. In addition, there are two tau tag-and-
probe samples: one that attempts to tag the electron from a 7—evr decay, and one
that attempts to tag the muon from a 7—puvr decay. The selections of these two
samples are listed in Tables 3.21 and 3.22, respectively.

We require My (ps, lepton) < 40 GeV to reduce the contamination from W+jets
where the W decays to an electron or muon and a parton fragments into a single
high-pr hadron. This is the same strategy used to reduce this background in the
measurement of the Z—77 cross section at 7TeV [20]. Although there is still sig-
nificant contamination from hadrons not from tau decays, this is acceptable since
isolated hadrons are indistinguishable from hadrons from 7—7*v decays.

Because of the very few numbers of events that pass the lepton vetoes, no fit
to the tag-probe invariant mass spectrum is attempted in order to extract the Z—ll

signal from the background of continuum Drell-Yan events, non-Drell-Yan events,
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Table 3.21: The criteria defining the tau tag-and-probe sample with an electron tag.
The requirements are cumulative, with only the objects passing a given criterion being

considered in subsequent criteria.

quantity object

selection

event passes SingleElectron triggers

electrons

electrons

electrons

electrons

tracks

tracks

tracks

tracks

tracks

tracks

tracks

tracks

tracks

tracks

tracks
track-electron pairs
track-electron pairs

pr > 25 GeV

In| <2.1

passing tight electron 1D

M (p2iss electron) < 40 GeV

pr > 30 GeV

passing fiducial selections (see Section 3.3.1)
number of pixel hits > 3

number of valid hits > 7

missing inner hits = 0

missing middle hits = 0

rel. track-based iso. < 0.05

|dzy| < 0.02cm

|d.| < 0.5cm

min AFitrack,electron > 0.15

min A Riack muon > 0.15

15 GeV < Mz — Mack clectron < 50 GeV

Qtrack * Gelectron < 0
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Table 3.22: The criteria defining the tau tag-and-probe sample with a muon tag. The
requirements are cumulative, with only the objects passing a given criterion being

considered in subsequent criteria.

quantity object

selection

event passes SingleMuon triggers

muons
muons
muons
muons
tracks
tracks
tracks
tracks
tracks
tracks
tracks
tracks
tracks
tracks
tracks
track-muon pairs
track-muon pairs

pr > 25 GeV

In| <2.1

passing tight muon ID

M (p2iss muon) < 40 GeV

pr > 30 GeV

passing fiducial selections (see Section 3.3.1)
number of pixel hits > 3

number of valid hits > 7

missing inner hits = 0

missing middle hits =0

rel. track-based iso. < 0.05

|dzy| < 0.02cm

|d.| < 0.5cm

min Afgtraok,electron > 0.15

min A Riack muon > 0.15

15 GeV < Mz, — Mirackmuon < 50 GeV

Gtrack * muon < 0
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and events with fake tracks. Certainly, there is such background in these tag-and-
probe selections, as seen by the fits to the electron and muon tag-probe invariant mass
spectra shown in Figure 3.22, before the final lepton veto is applied to the probe track.
However, after applying the lepton veto, the Z peak is still clearly visible, as seen in
Figure 3.23. Thus, the values we measure for P37 are fair estimates of the probability
of true leptons to pass the lepton vetoes and are not dominated by this background
contamination.

Nonetheless, in a very simple way, we can subtract the contamination from events
with fake tracks by inverting the requirement in the tag-and-probe selections that the
tag and probe be oppositely-charged. With these same-sign tag-and-probe selections,
one for each of the four nominal tag-and-probe selections, we remove all Z—l1l events
and are left with an estimate of the charge-symmetric component of the background
contamination in the nominal tag-and-probe selections; i.e., an estimate of the con-

tamination from fake tracks in the tag-and-probe selections. This applies both before

and after the lepton veto is applied to the probe track, so that Py, is defined as

veto veto
N,

T&P SS T&P (35)

Pveto == )
Nrgp — Nsster

where Nrgp (NYL2) and Nsstep (N3EW,p) are the numbers of passing tag-probe pairs
from the events in the nominal and same-sign tag-and-probe selections, respectively,
before (after) the final vetoes are applied to the probe track. The values we calculate
for P, in experimental data are shown below in Tables 3.26, 3.27, and 3.28.

Note that although the typical pt of the probe tracks in the tag-and-probe sam-
ples is less than that of the candidate tracks in the search region, there is no sig-
nificant change in P, for tracks with larger pr. This can be seen by performing
a Kolmogorov-Smirnov (KS) test to compare the distributions of probe track pr for
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Figure 3.22: Tag-probe invariant mass spectra for events passing the electron (top)
and muon (bottom) tag-and-probe selections from the 2015 and 2016 experimental
data, before the corresponding lepton veto is applied to the probe track. The data
are fit with the sum of a Breit-Wigner distribution convoluted with a crystal ball
function and the so-called RooCMSShape function, representing the Z—1l signal and
background, respectively.
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Figure 3.23: Tag-probe invariant mass spectra for events passing the electron (left)
and muon (right) tag-and-probe selections from the 2015 and 2016 experimental data,
after the corresponding lepton veto is applied to the probe track.
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the events comprising Nyep and NY$S. These distributions, as well as the p-value
from the test, are shown in Figure 3.24. Although there is some tension between the
probe track pr distributions before and after the veto in the case of electrons, in all
cases, p > 0.05, meaning the null hypothesis that the events are drawn from the same

distribution cannot be rejected at 95%.
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Figure 3.24: Probe track pr distributions before and after the application of the
lepton veto for electrons (upper left), muons (upper right), and taus (bottom center).
The p-value from a Kolmogorov-Smirnov (KS) test of the two distributions in each
plot is also shown.
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miss

Probability to pass the offline p7'*° requirements

We define P,mi,e as the probability of a single lepton event to pass our offline
requirements of p*"°* > 100 GeV and |A¢(leading jet, pa*>™#)| > 0.5 given that

the lepton is not reconstructed as such; i.e.,

miss

P,mine = P(pass offline p™*® cuts|pass lepton veto). (3.6)

To estimate this probability, we use single-lepton control regions that are designed
to count the leptons that could enter the search region, were they to fail to be recon-
structed. Each involves selecting a reconstructed lepton matched to a track passing
the selections of the isolated track selection in an event passing the jet criteria of
the basic selection. The selections of the single-electron control sample, single-muon

control sample, and single-tau control sample are listed in Tables 3.23, 3.24, and 3.25,

respectively. 41

Now, to estimate P,min, the main assumption we make is that if a lepton is

not reconstructed, then it contributes no visible momentum to the event.'® Thus,

miss

for electrons and taus, we introduce modified pi'™s* distributions that represent what

POt would look like if the lepton in these events were not reconstructed:

—miss, no —miss, no + —depton

— Dy D for electrons and taus. (3.7)

4The isolated track selection includes the requirement pr > 55GeV. So although we include a
selection on the lepton pr in these control regions, we later impose a tighter requirement on the
track pr.

15 Although the single-tau control sample is defined using the hadronic tau ID, this sample also
includes isolated hadrons from other sources that are mistaken for single-prong hadronic tau decays.
This is because the pion from a 7—7*v decay is indistinguishable from an isolated hadron from any
other source.

16T practice, an unreconstructed lepton cannot contribute more than 10 GeV in the search region
because we explicitly require the associated calorimeter energy of selected tracks to be under this
threshold. A systematic uncertainty associated with this assumption is calculated in Section 3.6.1.
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Table 3.23: The criteria defining the single-electron control sample. The requirements

are cumulative, with only the objects passing a given criterion being considered in
subsequent criteria.

quantity object selection

event passes SingleElectron triggers
Ele22 eta2pl WPLoose Gsf (2015)
Ele25 eta2pl WPTight Gsf (2016)

>1 electrons pr > 35GeV
>1 electrons || < 2.1
>1 electrons passes tight electron ID

exactly one passing electron chosen randomly
event passes jet criteria of basic selection
event passes track criteria of isolated track selection
track matched to selected electron within AR < 0.1

Table 3.24: The criteria defining the single-muon control sample. The requirements

are cumulative, with only the objects passing a given criterion being considered in
subsequent criteria.

quantity object selection

event passes SingleMuon triggers
IsoMu20 OR IsoTkMu20 (2015)
IsoMu24 OR IsoTkMu24 (2016)

>1 muons pr > 35 GeV
>1 muons |7 < 2.1
>1 muons passes tight muon ID

exactly one passing muon chosen randomly
event passes jet criteria of basic selection
event passes track criteria of isolated track selection
track matched to selected muon within AR < 0.1
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Table 3.25: The criteria defining the single-tau control sample. The requirements
are cumulative, with only the objects passing a given criterion being considered in
subsequent criteria.

quantity object selection

event passes Tau triggers
LooseIsoPFTaub0_Trk30_eta2pl

>1 taus pr > 50 GeV
>1 taus  |n| < 2.1
>1 taus passes hadronic tau ID

exactly one passing tau chosen randomly
event passes jet criteria of basic selection
event passes track criteria of isolated track selection
track matched to selected tau within AR < 0.1

No such modification is necessary in the case of muons since we always count the pr of

muons as invisible. Then, using the events in the single-lepton control regions defined

above, we create two-dimensional distributions of pi™"* vs. | A¢(leading jet, p*> )|

with these modifications to p™"**. These distributions, before and after the modi-

fication to pia*>"°#  are shown in Figures 3.25 and 3.26 for electrons and taus, respec-

tively. The distributions for muons, which receive no such modification to pi*>"*#
are shown in Figure 3.27.

Finally, we estimate P,mi, by counting the fraction of events with p?iss’ nos >
100 GeV and |Ag(leading jet, p™> °")| > 0.5 in these modified p™ "*# distribu-
tions. This is illustrated in Figure 3.28, where Pygi,e is the fraction of events in the

plot that fall within the red shaded region. The values we calculate for P,gime in

experimental data are shown below in Table 3.26, 3.27, and 3.28.
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Figure 3.25: Distributions of pi*"* vs. | A¢(leading jet, po™"°*)| in single electron

events. The left (right) column shows the pi™"°# distribution with the momentum
of the electron counted as visible (invisible). The 2015, 2016B+C, and 2016D-H data

are shown separately on the top, middle, and bottom rows, respectively.
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miss, no p miss, no p

Figure 3.26: Distributions of pr. vs. |Ag¢(leading jet, py )| in single tau
events. The left (right) column shows the pi*>™# distribution with the momentum
of the tau counted as visible (invisible). The 2015, 2016B+C, and 2016D-H data are
shown separately on the top, middle, and bottom rows, respectively.
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miss, no p

Figure 3.27: Distributions of py

vs. |A¢(leading jet, p

miss, no

T )| in single muon

events. The 2015, 2016B+C, and 2016D-H data are shown separately on the top,

middle, and bottom rows, respectively.
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Figure 3.28: Illustration of how P,gi,. is calculated in the case of electrons in 2015.
The fraction of events in the plot that fall within the red shaded region is Pygine-
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Probability to pass the p triggers

We define Pyigger as the probability of a single lepton event to pass the pf'™ trig-
gers used in the search given that the lepton is not reconstructed as such and the event
passes our offline requirements of p'=*>"** > 100 GeV and |A¢(leading jet, pio™"°*)| >

0.5; 1.e.,

miss

Pirigger = P(pass p' triggers|pass lepton veto N pass p'** cuts). (3.8)

To estimate Piigger, We estimate, event-by-event, what the online MET and MHT
used in the HLT would be if the selected lepton were not reconstructed in each of
the single-lepton control regions. This is done by first matching the selected lepton
to a lepton trigger object and a jet trigger object (nearest ones within AR < 0.1)
and adding the pr vector of the trigger object to the pr vector of the nominal online
MET and nominal online MHT, respectively. This is done for each variety of online
MET (calorimeter-based MET, PFMET, and PFMETNoMu) and each variety of online MHT
(nominal PFMHT and PFMETNoMu) used in our search triggers, being careful in the case
of muons to add nothing to the varieties from which muons were already excluded.

Likewise, we estimate what the ETM object used in the L1 trigger would be if the
selected lepton were not reconstructed by matching the selected lepton to a lepton L1
object (nearest one within AR < 0.1) and add its pr vector to the pr of the nominal
L1 ETM. This is done in the case of electrons and taus, but not muons, since the L1
ETM is calculated using only information from the calorimeters.

With these estimates of what the online MET and MHT used in the HLT and
the ETM used in the L1 trigger would be if the selected lepton were not recon-

structed, we then determine if any of our search triggers would have fired. In

115



the case of HLT MET75_IsoTrk50_v*, we also require the event to have passed the
h1tTrk50Filter filter. This properly accounts for the efficiency of the track leg of
HLT MET75_IsoTrk50_v* since we are interested in the behavior of the triggers when
the selected lepton is not reconstructed, but still leaves a track that passes our isolated
track selection.

The efficiency to pass the MET triggers using the above method with modified
trigger objects is shown as a function of |pi™ " 4+ pP'"| in Figures 3.29, 3.30,
and 3.31, for the single-electron, muon, and tau control regions, respectively. As
expected from the prescaling and disabling of the lower-threshold L1 ETM seeds as the
instantaneous luminosity of the LHC increased throughout the run, the turn-on for
the MET triggers moves up in the latter data.

Finally, Piyigeer is simply the fraction of events in each single-lepton control region
passing the online p2* requirements that also fire one of the search triggers according

to the above calculation:

P B N (passes piis cuts N passes MET trigs. with modified trig. objs.) (3.9)
frisser N (passes p™ cuts) T

where N, (p) is the number of events in the single-lepton control region for which p
is true. The values we calculate for Piigeer in experimental data are shown below in

Table 3.26, 3.27, and 3.28.
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Figure 3.29: Trigger efficiency as a function of pi™"°* for events in the single-clectron
control region, using the calculation described in the text using trigger objects.
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Figure 3.30: Trigger efficiency as a function of pi®"* for events in the single-muon
control region, using the calculation described in the text using trigger objects.
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Figure 3.31: Trigger efficiency as a function of p*™* for events in the single-tau
control region, using the calculation described in the text using trigger objects.
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Background estimates

With the probabilities defined above, we can then define the probability of an

event with a charged lepton to enter our search region:

P(enter search region)

miss

= P(pass lepton veto N pass offline pi™ cut N pass p*s triggers)

= Pvetopoﬁ‘lineptriggera

where we use the chain rule of probability to factor the probabilities in the last line.
Finally, we use the single lepton control regions defined above in Section 3.4.1 to
estimate the total numbers of events containing each flavor of lepton, N ;. Recall
that we require the track associated with the lepton in these control regions to have
pr > 55 GeV, the same requirement that we make in our disappearing track selection.
All that remains is to multiply this number by the probabilities calculated above to

get the background expected from charged leptons:

1
N est

= NcltrlpvetopofﬂinePtrigger- (310)

The resulting electron, muon, and tau background estimates are summarized in Ta-
bles 3.26, 3.27, and 3.28, respectively, along with each of the quantities used to

calculate the estimates.
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Table 3.26: Electron background estimates for each run period considered in the
search, along with the quantities used to calculated each estimate. The rightmost
column is simply the product of the middle four columns.

electron background
. 1 .
run period N, Pioto P ine Piigger estimate

2015 58820 +240 (6.1 +4.3) x 10~¢ 0.9024 & 0.0054  0.369 & 0.0043  0.119 & 0.084
2016B+C 156120 £400 (1.95+£0.61) x 10~5  0.8987 £ 0.0033  0.3475+£0.0034  0.95 £ 0.30
2016D-H 470140 £ 690  (1.59 & 0.42) x 10~5  0.9004 & 0.0019  0.2841 + 0.0020  1.91 & 0.50

Table 3.27: Muon background estimates for each run period considered in the search,
along with the quantities used to calculated each estimate. The rightmost column is
simply the product of the middle four columns.

muon background
. 1 .
run period N, Poeto Pine Prigger estimate

2015 64200 +250  (0713) x 1076 0.9057 + 0.0052  0.9257 +0.0078  073:072
2016B+C 145930 £380 (8.8 +£2.6) x 10~ 0.8969 + 0.0034  0.8736 & 0.0063  1.01 % 0.30
2016D-H 555420 + 750  (2.89 £0.98) x 10~¢  0.8932+0.0017 0.7588 +0.0032  1.09 + 0.37

Table 3.28: Tau background estimates for each run period considered in the search,
along with the quantities used to calculated each estimate. The rightmost column is
simply the product of the middle four columns.

tau background
. 1 .
run period N, Peto Pine Piigger estimate

2015 1280+ 120 (871%) x 1075 01240035  0.31£0.28 0.003770:055%
2016B+C  3230+£180 (1.414£0.70) x 10~%  0.26+£0.033  0.274+0.12  0.032 + 0.022
2016D-H  89104+670 (1.04+0.35) x 10~%  0.318 £0.048 0.21+0.13  0.063 + 0.045
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Closure tests in simulated events

We perform a closure test of our lepton background estimation method in samples
of simulated events. Because of the limited event counts afforded by our full search
selection, the test is performed using slightly relaxed selection criteria. These criteria

start with the full disappearing track selection, but with the following modifications:
e all jet-related selections are removed from the basic selection (see Table 3.15)

e for the electron and muon background estimates, the track pr requirement is

lowered from 55 GeV to 35 GeV (see Table 3.16)
e the final selection on missing outer hits for tracks is removed (see Table 3.19)

For the background estimation procedure, the first two modifications are made to

the single lepton control regions used to determine N!

x>, and the missing outer hits

requirement is removed from the vetoes of the lepton tag-and-probe samples (see
Table 3.20). The background estimates thus obtained are then compared to the
results of running the modified search selection on the simulated samples with the
truth information allowing for a comparison of each flavor separately.

The results of this closure test are shown in Table 3.29 for the simulated samples
of W—lv and tt events, which represent the largest sources of events with p# and
high-pr isolated tracks from standard model processes.!” The sample of tt events is

also particularly large, allowing for a more precise test.

17This closure test was performed before the full set of fiducial track selections was finalized. This
is why the estimated and observed numbers of events may seem rather large compared to the current
estimates from experimental data.
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Table 3.29: Results of lepton background closure test in simulated samples with
relaxed selection criteria. The numbers of events are normalized to 2.7fb™!, the
luminosity of the 2015 data set.

Sample flavor Nést Nébs |N(ist - Nébsl
electron 2.6 £0.9 1.9+0.8 0440
W—ly muon 0244017  0F3% 0.57 0
tau insufficient statistics
electron 0.88 +0.33 0.48 £0.10 120
tt muon 0.057 £0.022 0.066 & 0.038 0.200
tau 0.068 £0.030 0.0224+0.022 120

Updated closure test with 2016 simulation

The above closure test was also performed using the samples of simulated back-
ground events produced in 2016, which are listed above in Table 3.8, in order to
verify that the different conditions of the 2016 run do not somehow invalidate the
background estimation method described above. Closure is again achieved, as seen
in Table 3.30, within the albeit limited statistical precision afforded by the available

samples.

3.4.2 Fake tracks

Fake tracks, i.e., tracks that do not correspond to actual charged particles but
rather to errors in the pattern recognition of the tracking software, are an obvious
source of background. Because they do not correspond to actual particles, they are
generally missing associated calorimeter energy and hits in the muon chambers. They
would also be expected to have missing hits in the inner tracker in a random pattern.

Although this contribution to the background should be largely suppressed by our
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Table 3.30: Results of lepton background closure test in simulated samples from the
2016 campaign. The numbers of events are normalized to 35.7 fb™*, the luminosity of
the 2016 data set.

sample flavor N, N, INL, — NL.|
electron  0.049 + 0.019 05 0240
7—1l muon  0.038 4 0.015 0192 0.190
tau 0.111 4 0.051 019 0.53¢0
electron (3.6 £1.6) x 107* 01502 00110
WZ—lvvy  muon (1.64 +0.67) x 107* 0.014+0.014 0.990
tau (9.155) x 107° 010082 0.0029 o

requirements on the impact parameters of the tracks and that the tracks be missing
no inner or middle hits in the inner tracker, we estimate this background to verify
that this is the case.

We use the Z— pupu control selection defined in Table 3.31 as a representative sample
of standard model events.'® Since we can obtain a very pure sample of Z— i events
with this selection, we can be confident that any additional tracks that satisfy our
disappearing track requirements must be fake tracks. In addition, we replace the
usual transverse impact requirement with a sideband selection, designed to further
enhance the likelihood that the tracks we select are fake, since all of the charged
particles in a Z—pup event should be prompt. In particular, we make the following

substitution:

|dyy| < 0.02cm — 0.02cm < |dyy| < 0.1cm. (3.11)

18Tn principle, we could use a different control region, e.g., of Z—ee events. As we will see below in
Section 3.4.2, we do use the basic selection to evaluate the dependence of the fake track background
estimate on the choice of control region. However, as we will see in Section 3.6.1, the fake track
background estimate is dominated by its systematic uncertainty, so that adding more events to the
control region would have little effect on the final results.
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Then assuming this sideband is composed entirely of fake tracks'?, the raw fake track
event probability is defined as

_events from denom. with a dis. trk. with 0.02cm < |d,,| < 0.1cm

- (3.12)
events passing Z—

Table 3.31: The criteria defining the Z—puu control sample. The requirements are
cumulative, with only the objects passing a given criterion being considered in sub-
sequent criteria.

quantity object selection

event passes SingleMuon triggers

=2 muons pr > 25 GeV

= muons In| <2.1

= muons passes tight muon ID
=1 muon pairs  ¢muon * Gmuon < 0

= muon pairs | Miuon muon — Mz| < 10 GeV

To this raw probability, we apply a transfer factor from the d,, sideband in which
P is measured, to the nominal d,, region of the disappearing track selection. This
transfer factor is the ratio of the number of events passing the nominal d,, selection

to the number in the sideband?; i.e.,

Nyd,,|<0.02

zy|<U.UzcIm raw

Pfake = (N— Pfake’ (313)
sideband Nhits=3

The transfer factor is measured using events with tracks with exactly three hits to

ensure we do not suffer from contamination from real tracks, which would highly bias

19The validity of this assumption is explored in Section 3.4.2.

20We assume that each event has only one selected track. Only (0.07 + 0.01)% of events with a
3-hit track have two such tracks. When more than 3 hits are required, no events have more than
one selected track in the entire 2015 and 2016 data set.

125



the shape of d,,. This transfer factor, as well as the raw fake track event probabilities,

is listed in Table 3.32 for each run period.

Table 3.32: Values of the raw fake track event probability and the sideband transfer
factor for each run period.

run period FPgiv sideband transfer factor

2015 (073%) x 1077 0.132 £ 0.022
2016B+C  (44£2.2) x 1077 0.1474 £ 0.0099
2016D-H  (2.17£0.82) x 10°%  0.198 £ 0.0054

With this definition of the fake track event probability, our fake track background
is then

Nike — Py e NDasic, (3.14)

est

where N22%i¢ is the number of events in the basic selection. Table 3.33 shows the

resulting estimate for the fake track background.

Table 3.33: Summary of estimated background event counts resulting from fake
tracks. The uncertainties are statistical only.

run period estimate
) Plake Niie Niske
2015 (0559%) x 107# (1.566 £ 0.001) x 105 507!

2016B+C  (6.50 +3.25) x 107%  (5.890 + 0.002) x 10° 0.383 +=0.193
2016D-H  (4.30 £1.63) x 1078 (2.1230 4 0.0005) x 10" 0.913 £ 0.346

total 1.30 £ 0.40
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Validation of fake track background estimate

The fake track background estimate rests on several assumptions. One is that the
fake track event probability can be taken from the Z— puu control region, or indeed
any control region, and applied to get a background estimate for the signal region.
This assumption is tested by instead calculating Py and the fake track background
estimate in the basic selection. The results are compared in Table 3.34. Excellent
agreement is seen between the two regions, and we have chosen to take the estimate
from the region resulting in the smaller statistical uncertainty, which is the Z—puu

control region.

Table 3.34: Comparison of the fake track event probabilities, P, and fake track
background estimates, Nk obtained from the Z— puu control region and basic se-
lection.

run period Plake Nee .
Z— it basic AT basic
2015 (05:85) % 108 (Ofé'%) %« 107 04_-8.0791 0t8'164

2016B+C  (6.50+£3.25) x 1078 (6.04 £4.27) x 107%  0.383+£0.193  0.356 + 0.254
2016D-H  (4.30+£1.63) x 1078 (3.93+£1.97) x 107% 0.913+0.346 0.835 4 0.419

A second assumption is that the d,, sideband region is dominated by fake tracks.
To verify this, we look at the d,, distributions of tracks in simulated background
events with a track that passes the track criteria of our candidate track selection, but
with the usual d,, selection removed and with various requirements on the number
of hits. Since this is simulation, we also separate real tracks (matched to a generator
particle with AR < 0.1) and fake tracks (AR > 0.1 from any generator particle).
Thus, we get the plots in Figure 3.32.

127



Figure 3.32: Distributions of d,, for tracks from simulated background events pass-
ing the track criteria of the candidate track selection, but with the d,, requirement
removed. The selected track have various requirements on the number of hits: > 7
(top left), 6 (top right), 5 (center), 4 (bottom left), or 3 (bottom right).
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In each plot, we see that the sideband region is dominated by fake tracks. Nu-
merically, the fraction of tracks in the sideband that are identified as fake is shown
in Table 3.35. The relatively low fraction for > 7 hits is likely the result of several of

the individual simulated samples having zero tracks pass the selections.

Table 3.35: Fraction of tracks in the d,, sideband that are identified as fake in simu-
lated background events for various numbers of hits.

number of hits fraction of tracks in sideband that are fake

> 7 (69.9 + 18.5)%

6 (97.7 +1.9)%
(99.7 4 0.2)%
(98.8 & 0.9)%
(99.952 & 0.009)%

LW =~ Ot

Even if there is some slight contamination from real tracks in the sideband region
for > 7 hits, it is clear from the above distributions that this contamination would
disappear by increasing the lower bound on the sideband. However, we see in Fig-
ure 3.33 that the fake track background estimate is quite insensitive to the choice of
this lower bound.

Finally, a third assumption made in the estimation of the fake track background is
that it is valid to evaluate the sideband transfer factor using tracks with 3 hits. From
the d,, distributions in Figure 3.32, it is clear that when we require 3 hits, we select
mostly fake tracks. Then, in Table 3.36 we see that the transfer factor calculated using
only fake tracks from the simulated background samples does not change significantly

going from 3 hits to > 7 hits. Therefore, by evaluating the transfer factor using tracks
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Figure 3.33: Fake track background estimate as a function of the choice of lower
bound on the d,, sideband region for the 2016B+C (left) and 2016D-H (right) run
periods.
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with 3 hits, we indeed are sampling the d,, distribution of predominantly fake tracks,

and this distribution does not change significantly going from 3 hits to > 7 hits.
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Table 3.36: Sideband transfer factor calculated using only fake tracks from the simu-
lated background samples as a function of the number of hits on the track. Both the
transfer factor and the difference from the transfer factor for > 7 hits is shown in the
center and far-right columns, respectively.

num. of hits trans. fact. using fake trks. diff. from trans. fact. with > 7 hits

> 7 0.15+£0.12 0

6 0.056 £ 0.032 0.770
5 0.054 £ 0.022 0.800
4 0.068 4= 0.029 0.670
3 0.049 £ 0.012 0.850
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3.5 Corrections to the simulated signal samples

3.5.1 Pileup scale factors

Pileup scale factors are applied to simulated signal events to correct for differences
in the number of pileup interactions between the simulated and experimental data.
These scale factors are calculated by dividing the PDF for the actual number of
pileup interactions by that used during the production of the simulated events. These
PDFs are shown in Figure 3.34 for the 2015 and 2016 experimental data and the

corresponding simulated data.

Figure 3.34: Distributions of the numbers of interactions for the 2015 (blue) and 2016
(red) data, both experimental (points) and simulated (lines).
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3.5.2 Missing hits corrections

As was discussed in Section 3.3, the selections used in the search utilize the number
of missing middle and outer hits on candidate tracks to discriminate against tracks
from background sources. However, as can be seen in Figure 3.35, taken from the
muon control region of the 2015 data, defined as the candidate track selection without
the muon veto, these variables are not well-modeled in the simulation. The most
obvious feature that is not modeled is a large peak near 6 missing outer hits, which
is caused by a mismodeling of the extrapolation of tracks from the TIB to the TOB,
where tracks in the experimental data are more likely to be missing all of their TOB
hits (the TOB has 6 layers). Additional random missing middle and outer hits are

also more likely in the experimental data, which is related to the HIP effect.

Figure 3.35: Uncorrected distributions of missing middle (left) and outer (right) hits
for tracks selected in the muon control region from both the 2015 experimental data
and the simulation. In the case of the missing middle hits distribution, the usual
criterion of zero missing middle hits in the muon control region is not applied.
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This mismodeling does not affect the background estimates since they are taken
exclusively from experimental data, but it does affect the estimated signal selection
efficiencies, which are taken directly from simulation. Thus, we attempt to correct
the simulation in order to get more realistic estimates of the signal efficiencies. This
is done by randomly removing hits from the nominal hit pattern at a rate that is
determined by fitting the resulting missing middle and outer hits distributions to
those from experimental data.

Because nothing as sophisticated as refitting tracks is done, there are four hit

removal probabilities that must be determined:
e Py = P(missing extra middle hit)
o P erop = P(missing extra outer hits)
e Prop = P(missing all TOB hits)
o Pt rop = P(missing extra outer hits|missing all TOB hits)

The first is determined by fitting the missing middle hits distribution obtained from
the samples of simulated background events to the distribution from experimental
data in the muon control region where the criterion on missing middle hits has been
omitted. This fit is done by correcting the missing middle hits distribution in simu-
lated events for each point in a grid of values for Fy. At each point, the x? difference
between the corrected distribution and the distribution in experimental data is cal-
culated, and the value of Py that minimizes the x? test statistic is chosen.?!

The other three parameters listed above are determined simultaneously by fitting

the missing outer hits distribution in the muon control region where the criterion on

21See Appendix G.1 for details on how the corrected distribution is calculated.
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missing middle hits has been applied. Similar to the procedure used to determine
Py, the fit is performed by correcting the missing outer hits distribution in simulated
events for each point in a grid of values for (Pye-ton, Pros, Ppost-Top) and determin-
ing the values that minimize the x? difference with the distribution in experimental
data.?? The values for these four probabilities are listed in Table 3.37 for the run

periods considered in the search.

Table 3.37: Values for the hit removal probabilities obtained by fitting the missing
middle and outer hit distributions from simulated background events to those distri-
butions from experimental data. These values are used to randomly remove hits from
the nominal hit patterns of tracks in simulated signal events.

run period Fy Prop Ppre-toB  Ppost—TOB

2015 0.018 0.0083 0.0052 0.27
2016B+C  0.039 0.039  0.0066 0.25
2016D-H  0.025 0.030  0.0046 0.28

After correcting the missing middle and outer hits distributions, excellent agree-
ment between the simulated and experimental data is achieved, as can be seen in
Figure 3.36. A systematic uncertainty on the signal selection efficiencies is calculated

to account for any residual disagreement, as discussed in Section 3.6.2.

3.5.3 Trigger efficiency scale factors

Trigger efficiency scale factors are applied to simulated signal events to correct for
differences in the trigger efficiency between simulated and experimental data. One
of the primary sources of difference is the increasing ps> threshold in the L1 trigger

22See Appendix G.2 for details on how the corrected missing outer hits distribution is calculated.
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Figure 3.36: Corrected distributions of missing middle (left) and outer (right) hits for
tracks selected in the muon control region from both the 2015 experimental data and
the simulation. In the case of the missing middle hits distribution, the usual criterion
of zero missing middle hits in the muon control region is not applied.
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throughout 2015 and 2016. The lower-threshold L1 p#' seeds were dynamically
prescaled during each run as the luminosity changed, and this prescaling became
more aggressive over time as the luminosity increased. This results in a rather large
discrepancy in the trigger efficiency between the experimental and simulated data for
the latter part of the 2016 run, since of course, the L1 menu in the simulated samples
did not change.

In principle, since the triggers used in the search select events based on pss and

isolated track pr, it would be logical to bin the trigger efficiencies in pi and track
pr. But, as can be seen in Figure 3.37, signal and standard model events populate

very different regions of this plane, and it is not possible to get trigger efficiencies in

the region relevant to the signal.
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Figure 3.37: Distribution of events in the plane of muon (left) or track (right) pr vs.
pp R for simulated W—lv (left) or simulated signal (right) events. For the signal
events, the chargino has a mass of 700 GeV and a lifetime of 1000 cm.
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However, we are really only interested in the trigger efficiency on the plateau of
the track leg of HLT MET75_IsoTrk50_v* since in the search region, we require track
pr > 55 GeV, which is just on the plateau (see the plots on the right of Figure F.1
in Appendix F). And because we see that the difference between experimental and
simulated data does not change dramatically as a function of track pr on this plateau,

we can marginalize out the track pr from the trigger efficiency:

8(p$iss,rlo,u) — / E(p%liss,no,u,pT) de (315)
55 GeV

Now, the largest source of events from standard model processes with significant
piss and a high-pr, isolated track is W—lv. For this reason, when evaluating the
trigger efficiency, we target W—pur and use events collected with the SingleMuon

triggers listed in Tables 3.10 and 3.11. Offline, we require the events to have a
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well-reconstructed, isolated muon with no missing inner or middle hits in the silicon
tracker. The marginalization of the track pr discussed above is achieved by requiring

this muon to have py > 55 GeV. This base trigger selection is detailed in Table 3.38.

Table 3.38: Base trigger selection used to select events used to measure the efficiency
of the HLT MET75 _IsoTrk50 _v* trigger.

quantity object selection

event passes SingleMuon triggers
1 muons pr > 55 GeV
1 muons |n| < 2.1
1 muons passing tight muon ID (see Table A.9 below)
1 muons missing inner hits = 0
1 muons missing middle hits = 0

The trigger efficiency is then defined as

events from denom. passing combination of p* triggers

() = . (316)

events passing base trigger selection

where the combination of p triggers is that listed in Tables 3.10 or 3.11. The
resulting efficiencies for experimental and simulated data are shown in Figure 3.38.
Finally, the ratio of the trigger efficiencies for experimental and simulated data define
the trigger efficiency scale factors that are used to correct the simulated signal events.
As mentioned above, the p25 threshold in the L1 trigger increased especially in the
latter part of 2016, which can be clearly seen in Figure 3.38.

The effect of the trigger efficiency scale factors for the 2016D-H period on the

simulated signal is shown in Figure 3.39. Only the trigger decision is applied to the
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Figure 3.38: Efficiency of the combination of pis triggers used in the search for
simulated W—lv and experimental data from 2015 (top left), 2016B+C (top right),
and 2016D-H (bottom). The efficiency is plotted only with respect to pi™>™°#, with
the dependence on the track pr marginalized out, as described in the text.
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data in the plots, and the p2™ "** distributions are compared with and without the
scale factors applied. The signal yield passing the triggers is reduced by ~21% in the

case of the 100 GeV chargino and by ~14% for the 700 GeV chargino.

Figure 3.39: Distributions of pi™"°* with and without the trigger efficiency scale
factors for the 2016D-H period applied. Simulated signal events passing the triggers

are plotted, with a 100 GeV chargino in the left plot and a 700 GeV chargino in the
right plot.
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3.5.4 ISR scale factors

Because the search depends on jets from ISR for triggering and the initial basic
selection, we correct for any mismodeling of this feature in the simulation. This is done
by comparing the pr distribution of Z—uu candidates in the Z—upu control region
in simulated data to those in experimental data. The ratio of these distributions

provides scale factors that are used to correct the simulated signal events. Since the
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pr of Z— pp candidates is usually generated by the recoil of the Z off an ISR jet, this
is a way of correcting the modeling of ISR jets that is independent of the uncertainties
on jet energy scale and resolution. The pr distribution of Z— uu candidates is shown

in Figure 3.40 along with the resulting ISR scale factors.

Figure 3.40: Distributions of the pr of Z—puu candidates in the Z— ppu control region
for simulated and experimental data from 2015 (left) and 2016 (right). The ratio
plots shown below are the ISR scale factors applied to simulated signal events.
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Now, the sample of simulated Z—1l events that we use was generated in MADGRAPHSH

with hadronization performed in PYTHIAS with the MLM jet-parton matching scheme.
However, we wish to apply the above scale factors to our samples of simulated signal
events, which were generated in PYTHIAG. Thus, we generate a large sample of Z—11
events in PYTHIAG and compare the generator-level distribution of Z boson pr be-

tween this sample and the nominal Z—1l sample generated in MADGRAPHS. These
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distributions and the ratio of the MADGRAPH5 distribution to the PYTHIAG distribu-
tion, which defines the scale factors, are shown in Figure 3.41. The product of these
scale factors and the scale factors derived above using experimental data is applied

to the simulated signal samples.

Figure 3.41: Generator-level distributions of Z boson pr for Z—1l events generated in
MADGRAPHS5 (circles) and PYTHIAG (filled histogram). The ratio plot below are the
scale factors applied to simulated signal events.
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3.6 Systematic uncertainties

The results of this analysis are subject to systematic uncertainties in the integrated
luminosity, the estimated background contributions, and in the efficiency of the signal.
The uncertainty on the integrated luminosity of the 2015 data is 2.3% [24]. The
uncertainty on the integrated luminosity of the 2016 data is estimated to be 2.5%.
The uncertainties in the background estimates and in the signal selection efficiency

are described in the sections below.
3.6.1 Uncertainties in background estimates

In the following sections, we detail the systematic uncertainties in the fake track
and charged lepton background estimates. Since the background estimates are fully
data-driven, these uncertainties result only from testing the assumptions on which
each background estimation method relies. The assumptions made to estimate the
fake track background were already discussed in detail in Section 3.4.2, in relation
to validating that method, and will be translated into uncertainties on the estimates
below. The assumption that an unreconstructed lepton deposits exactly zero energy in
the calorimeters, used to calculate Pogine and Piyigger in the charged lepton background
estimation method, will be discussed and quantified as uncertainties on the estimates

below in Section 3.6.1.

Systematic uncertainty in fake track background estimate

We assign a systematic uncertainty corresponding to each of the three assumptions
of the fake track background estimation method discussed in Section 3.4.2. First, we

assign the difference between the estimates obtained from the Z— pupu control region
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and basic selection (see Table 3.34), relative to the nominal estimate from the Z—puu
control region, as an uncertainty resulting from potential dependence of Py on the
control region in which it is calculated. This yields a 7.01% (8.58%) uncertainty for
2016B+C (2016D-H). In the case of the 2015 data, where both estimates are zero,
we assign a very conservative 20% uncertainty.

For the potential dependence on the choice of range for our d,, sideband region,
we assign the maximum up and down variations, relative to the central value of
the nominal fake track background estimate, from the plots of the estimate versus
minimum d,, in Figure 3.35 as systematic uncertainties. This gives us uncertainties
of (*150) % for 2016B+C and (F]g7) % for 2016D-H. Again, since the estimate for
the 2015 data is zero, we assign a conservative uncertainty of 50%.

Finally, for the potential variation in the transfer factor going from 3 to >7 hits,
we use the maximum up and down one-sigma variations of the transfer factor, relative
to the central value of the transfer factor for 3 hits, using MC truth fake tracks, as
presented in Table 3.36. This yields an uncertainty of (tg{;i) %, which we apply to
the estimate for each run period we consider.

The systematic uncertainties on the fake track background estimate are summa-

rized in Table 3.39.

Systematic uncertainty in lepton background estimates

The lepton background estimates rely on the assumption that when a lepton is not

reconstructed as such that it contributes exactly zero visible momentum to the event.

iss,no + —lept0n|

We test the impact of this assumption by replacing the nominal |py Dy
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Table 3.39: Summary of systematic uncertainties on the fake track background esti-
mate.

uncertainty source

run period control region sideband region transfer factor total

2015 20% 50% (2219) % (F0") %
2016B+4C  7.01% (H47) % (58 % (“150) %
2016D-H  8.58% (*1o5) % (F213) % (H105) %

distribution used to calculate P,gine and Pijieeer With a “scaled down” version
g8 )

lepton
—miss, no p Pr — 10 GeV epton
Pr +

(3.17)

lepton T ’
T

and recalculating Pomine and Piyigger- In other words, we assume that unreconstructed
leptons contribute 10 GeV of visible momentum to the event. The value of 10 GeV
is chosen because candidate tracks are required to have ECAafZ<O‘5 < 10GeV in the
disappearing tracks search region. A comparison of the nominal and scaled down

distributions is shown in Figure 3.42. 23

Finally, the difference from unity of the ratio

(Poﬂiine Ptrigger ) scaled down

(3.18)

(Potitine Pirigger Jnominal
is taken as the systematic uncertainty. The nominal and scaled down values of the
constituent probabilities, as well as the resulting systematic uncertainties, are listed
in Table 3.40 for electrons and in Table 3.41 for taus.

This uncertainty is not evaluated for muons, since even successfully reconstructed
muons are not expected to contribute substantial visible calorimeter energy to an

23The data in the single-tau control sample were collected with a prescaled trigger as mentioned
in Section 3.1.1, and the effective integrated luminosities reported on the plots include this prescale.
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Figure 3.42: Comparison of the nominal and scaled down versions of the [pf>"# +
PP distribution described in the text for events in the single electron control
sample (left) and the single tau control sample (right) from 2015 (top), 2016B+C
(middle), and 2016D-H (bottom). The mean, p of each distribution is listed in the

legends.

CMS Preliminary 2.67 o (13 TeV) CMS Preliminary 0.23 o™ (13 TeV)
> H‘“le‘””‘””‘”” 2 L e L LA e e s e
g s ﬁ SingleElectron 2015D B g r Tau 2015D b
> + ¢:Q¢ e nominal (u=173.2+0.3) B > r e nominal (L= 109.4 +5.4) 7
§2000 ¢ ’,ﬂ e scaled down (u=163.7+0.3)_| g F ‘ e scaled down (u=99.7 +5.4) -
TR A | & 200 .
I v % ] . ]
% L 1
L o .‘¢‘ B | i
L [ |
*® ) r N
1000~ " QQ. ! 10 _
L .& i
L * [Ty B -
(1) r 1
L]
r o® % B L - 4
¥ N bt
L [ 1
N N A e AR AL e a6 AN
0 100 200 300 400 500 G0 100 200 300 400 500
E * excluding selected electron [GeV] E * excluding selected tau [GeV]
CMS Preliminary 8.31 b (13 TeV) CMS Preliminary 0.79 fo' (13 TeV)
> L B et et B B I B B 10 I e I B B
[ j)
(33000, w SingleElectron 2016BC _ 8 r Tau 2016BC 7
~ o :‘ e nominal (u=174.5+0.3) B -~ r e nominal (u = 124.8 + 8.5) 7
n (Y n
£ F o ¢p © Scaled down (u=165.0+0.3) £ r e scaled down (u = 115.4 + 8.5)
a o[ % % 105 + I 1
= 1 20— 7
2000 KA - L i
L “ 4 L |
°®
L , 4 L i
= o0 o0 1
o L |
[ o® o ] 10— _
1000— o s, | L |
L ~N 4
o ~» L . |
r o® e N ‘
[1d
r o0 — H H ~ .
- S — OHH\HH\H#HHHHHH
0 100 200 300 400 500 0 100 - 200 300 400 500
Er """ excluding selected electron [GeV] Er ™" excluding selected tau [GeV]
CMS Preliminary 27.49 o' (13 TeV) CMS Preliminary 0.55 b (13 TeV)
> L I L L > LA L I L s I O ) L L
[0 [0 - —
o &, SingleElectron 2016DEFGH 1 ¢ Tau 2016DEFGH J
| L]
;8000* ® :. e nominal (u=175.1+0.2) | > r e nominal (u=111.1+6.8) 7
-g L o ‘:. e scaled down (u=165.6 +0.2) | g 15’ e scaled down (u=101.8 £6.8) |
Ll:-l B o o 7 |.|C.l - 4
L - |
6000 o® —

=T
—
T BRI

4000

2000

-e- B

A AR 1 » DR A

0 100 200 300 400 500 0 100 200 300 400 500
E * excluding selected electron [GeV] E7** ™" excluding selected tau [GeV]

T

146



Table 3.40: Pomine and Piigger calculated with the nominal and scaled down versions
of the [P ™" 4 Bl distribution described in the text for events in the single
electron control sample, as well as the resulting systematic uncertainty.

nominal scaled down
run PerlOd Pofﬂine Rrigger Poﬂiine -Ptrigger Sys. unc.
2015 0.904 £ 0.005 0.65540.013 0.851 £0.005 0.6224+0.013 10.6%

2016B4+C  0.916 £0.005 0.479 £0.011 0.869 4+ 0.005 0.446 +0.010 11.7%
2016D-H 0.917 £0.003 0.461 +0.006 0.870£0.003 0.429+0.006 11.7%

Table 3.41: Pymine and Piigger calculated with the nominal and scaled down versions
of the [P "**  FeP*"| distribution described in the text for events in the single tau
control sample, as well as the resulting systematic uncertainty.

nominal scaled down
run perlod Pofﬂine Ptrigger Pofﬁine Ptrigger Sys. unc.
2015 0.508 £0.017 0.476 £0.022 0.420+0.015 0.467+£0.024 18.7%

2016B4+C  0.4924+0.075 0.347£0.079 0.4234+0.068 0.331 £0.081 18.0%
2016D-H 0.488 +£0.093 0.295+0.081 0.417+0.084 0.287 +0.088 16.9%
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event. Furthermore, being the lepton background with the smallest expected contri-
bution to the search region, and with fairly large statistical uncertainties, we do not

assign a systematic uncertainty to the muon background estimate.
3.6.2 Uncertainties in signal selection efficiencies

In the following sections, we detail the systematic uncertainties in the expected
signal yields, which are derived from simulation. The uncertainties related to the
modeling of pileup, ISR, jet energy, and trigger efficiency are derived by varying the
relevant simulated quantities, or scale factors applied to the simulation, within the
appropriate uncertainties or resolutions. These systematic uncertainties have values
that depend on the specific chargino mass and lifetime hypothesis. On the other hand,
the uncertainties related to the modeling of missing inner, middle, and outer hits, and
track reconstruction efficiency are derived by comparing simulated and experimental
data in appropriate control regions. These systematic uncertainties have values that

depend on the run period in question.

Pileup

There is an uncertainty associated with the modeling of pileup interactions in the
samples of simulated signal events, the distribution of which may differ from that
present in the experimental data. We evaluate this uncertainty by using different tar-
get distributions for pileup reweighting, produced using different assumptions for the
minimum bias cross section. The best-fit value for this cross section was determined
to be 69 mb (69.2mb) with an uncertainty of 4.6% in 2015 (2016). The difference in
signal efficiency when using the distributions produced with the best-fit value plus

or minus its uncertainty is taken as the systematic uncertainty from the modeling
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of pileup. These distributions are compared to the nominal target distributions in
Figure 3.43 for the 2015 and 2016 data, and the resulting uncertainty is 2-3% on

average.

Figure 3.43: Target pileup distributions used for evaluating the systematic uncertainty
from the modeling of pileup in the simulated signal samples compared to the nominal
distributions for the 2015 (left) and 2016 (right) data.
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Missing inner and middle hits

The uncertainty associated with the modeling of missing inner and middle hits
in simulation is evaluated using the muon control region.?* This selection is run on
samples of experimental and simulated standard model processes without including
the track criteria requiring zero missing inner and middle hits. The distributions of
the number of missing inner hits and number of missing middle hits in this selection

24The muon control region is defined in Section 3.5.2 as the candidate track selection with the
muon veto removed.
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are shown in Figure 3.44. Then the efficiencies for these criteria are evaluated, and
the systematic uncertainty is assigned as the relative difference between the efficiency
in experimental data and the efficiency in simulated data. These efficiencies and the

resulting systematic uncertainties are shown in Tables 3.42 and 3.43.

Table 3.42: Efficiency of the zero missing inner hits criterion for tracks in the muon
control region in experimental data and simulation, as well as the resulting systematic
uncertainty.

eff. of missing inner hits = 0
run period exp. data simulation Sys. unc.

2015 0.9809 £+ 0.0004 0.9923 £+ 0.0003 1.16%
2016B+C  0.9750 £+ 0.0003  0.9938 £+ 0.0004 1.93%
2016D-H  0.9655 £+ 0.0002 0.9938 &+ 0.0004 2.93%

Table 3.43: Efficiency of the zero missing middle hits criterion for tracks in the muon
control region in experimental data and simulation, as well as the resulting systematic
uncertainty.

eff. of missing middle hits =0
run period exp. data simulation Sys. unc.

2015 0.760 £ 0.001 0.758 £ 0.005 0.269%
2016B+C  0.6089 £+ 0.0009 0.627 £0.012 2.95%
2016D-H  0.6587 +0.0006 0.651 £0.011 1.23%
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Figure 3.44: Number of missing inner (left) and middle (right) hits for tracks selected
in the muon control region, but without the usual criteria requiring zero missing inner
and middle hits.
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Missing outer hits

The uncertainty associated with the modeling of missing outer hits in simulation
is also evaluated using the muon control region.?> First, we must distinguish between

true and accidental missing outer hits:

e True missing outer hits result from a charged particle not traversing the outer-
most tracker layers. This is the type of missing outer hit expected to be present

on tracks in signal events.

e Accidental missing outer hits result from detector inefficiencies or mistakes of
the tracking software. For muons especially, this type is expected to account

for most missing outer hits.

We assign no systematic uncertainty on the modeling of true missing outer hits.
This is because we trust that GEANT4 knows where to decay the charginos in simu-
lated signal events, and because the uncertainties in the positions of the tracker layers
in the GEANT4 model of CMS should have a negligible effect on the number of true
missing outer hits. More pragmatically, there is no reliable control region of disap-
pearing tracks in the experimental data to which we could compare. We do, however,
assign a systematic on the modeling of accidental missing outer hits, as described
below.

Since the vast majority of the tracks in the muon control region come from muons,
we assume none of these tracks have any true missing outer hits in the inner tracker,
and indeed this is true for over 96% of these tracks, as can be seen in Figure 3.45.

25The muon control region is defined in Section 3.5.2 as the candidate track selection with the
muon veto removed.
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Thus, these distributions represent the number of accidental missing outer hits we
can expect for tracks in experimental and simulated data.
Now, the signal yield is proportional to the efficiency for a track to have at least

three missing outer hits, which can be written as

>3 _ >3 =2 >1 =1 >2 =0 >3
€ - Etrue + 8true ’ gacc. + €true ’ gacc. + agtrue ’ gaCCJ (319>

where ef,.. (¢£..) are the efficiencies for selected tracks to have p true (accidental)
missing outer hits. The efficiencies €€, . depend on the signal point in question and
can be estimated directly from the missing outer hits distribution for selected tracks
in simulated signal events passing the disappearing track selection except the criterion
on number of missing outer hits.?® Per the discussion above, the efficiencies 2. can
be estimated from the missing outer hits distributions from the muon control region,
and can apply either to the simulation or to the experimental data, depending on the
source of the distribution.

Thus, we assign the relative difference between €22 for experimental and simulated

data as a systematic on the signal acceptance. The values of the uncertainties are

shown in Figure 3.46.

Trigger efficiency

The uncertainty associated with the modeling of the trigger efficiency is assessed
by shifting the trigger efficiencies used to generate the trigger efficiency scale factors
discussed in Section 3.5.3 up and down by 1. This is done independently for the piiss
and track legs and for experimental and simulated data, resulting in four variations

26This distribution includes accidental missing outer hits, but should be dominated by true miss-
ing outer hits since the former only occur at a rate of ~3%. Thus, this distribution is a good
approximation of the distribution of true missing outer hits.

153



Figure 3.45: Number of missing outer hits for tracks selected in the muon control
region.
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Figure 3.46: Systematic uncertainties on the signal acceptance from the modeling of
missing outer hits for 2015 (top), 2016B+C (middle), and 2016D-H (bottom).

—_
o
&

10*

chargino lifetime [cm/c]

10°

102

10°

10*

chargino lifetime [cm/c]

10°

102

1

10°

10*

chargino lifetime [cm/c]

10°

10°

1

1000

CMS Preliminary 2.7 " (13 TeV)
L T e s P e
[.000101902 0.000395746 0.000131645 0.000142613 0.000206499 0.000276844 0.000260994 0.000298657 0.00031112]
F0.00018822 0.000276055 0.0001558 0.000236239 0.0001536 0.000222417 0.00025507 0.000256461 0.000248702]
[.000181643 0.000195445 0.000166024 0.000173933 0.000169386 0.000142646 0.000135156 0.000167079 0.0001395!
F7.00722e-05 5.04804e-05 7.64584¢-05 |9.34709e-06 1.61177e-05 2.10362e-05

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1
00 200 300 400 700 800 900

chargino mass [GeV]

CMS Preliminary 8.3 (13 TeV)
T T
[0.0244983 0.0312986 0.0283055 0.0237894 0.0284803 0.0338648 0.0267869 0.0250156 0.0260397—
F0.0172467 0.0229956 0.0211968 0.0211947 0.0187812 0.0187966 0.0192392 0.0177556 0.018656
[0.00962105 0.0102803 0.00826939 0.00714695 0.00754723 0.00640288 0.0060963 0.00603617 0.0055842

00

200

300

CMS Preliminary
L

800 9

00 1000

chargino mass [GeV]

27.4 fb
s

(13 TeV)

0.00222  0.00321697 0.00280495

.00163933 0.00146081 0.00105606

[ TTEIM

000304793 0.000310598 0.000557591

T TTRIT

T =
[0.00295515 0.00471983 0.00293049 0.00239803 0.00306353 0.00371599 0.00353609 0.00286612 0.00296516]

155

0.00248748 0.00207621 0.00235893 0.00239569 0.00255469 0.0023371

800

900

(AR

0.00111591 0.00130446 0.000840679 0.000824634 0.000846915 0.0009772

1000

chargino mass [GeV]

o
o
&

102

107

107

1072

107

107

10°°

systematic uncertainty

systematic uncertainty

systematic uncertainty



of the trigger efficiency scale factors. Each of these sets of scale factors is applied
to the simulated events in the disappearing track selection, and each of the resulting
changes to the signal yield relative to the nominal signal yield is taken as a systematic
uncertainty. For the pss leg, the average uncertainty is 0.09 — 0.2%, while that for

the track leg is 4-6%.

ISR

The uncertainty associated with the simulation of ISR jets is evaluated by com-
paring the signal yields in the disappearing track selection with and without the ISR
scale factors discussed in Section 3.5.4 applied. The relative change in signal yield is

taken as a systematic uncertainty. The average value of this uncertainty is 8-9%.

Jet energy scale and resolution

The jets used in the search have the standard set of jet energy corrections applied,
as described in Section 2.2.8. The effect of the uncertainty on the jet energy scale
is evaluated by shifting the pr of the jets up and down by the 1o uncertainty on
the cumulative jet energy corrections. The resulting relative change in signal yield is
taken as a systematic uncertainty. This uncertainty is 2-6% on average.

The effect of the uncertainty on the jet energy resolution is evaluated according
to the scaling and smearing methods recommended by the Jet and Missing Energy

group within CMS:

e scaling: reconstructed jet pr is scaled based on the difference in pr between the

reconstructed jet and a well-matched generator jet, i.e.:

pT — Imax [pTgen + 5(pT7reco - pT,gen)] ) (320)
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where ¢ is the ratio of jet pr resolutions measured by the Jet and Missing Energy

group in experimental and simulated data

e smearing: reconstructed jet pr is randomly smeared using a Gaussian of width
omeprVE2 — 1, where again ¢ is the ratio of jet energy resolutions measured
by the Jet and Missing Energy group in experimental and simulated data, and

oMc pr 1S the jet pr resolution measured in simulation

Reconstructed jets are considered well-matched to generator jets according to the
criteria

AR < R/2 and |Apr| < 30mcpr, (3.21)

where R = 0.4 is the anti-kr cone parameter of the jets. We apply scaling to the pr of
well-matched jets and smearing to the pr of all others. The resulting relative change
in signal yield after applying the hybrid method is taken as a systematic uncertainty.
This uncertainty is 3-6% on average.

miss

Pr

miss

The effect of the uncertainty on the pp'® is determined by varying the pr of each
object that contributes visible momentum to the event according to the uncertainty
in the energy scale of the object, as prescribed by the Jet and Missing Energy group.
The resulting relative change in signal yield is taken as a systematic uncertainty. The
average values of this uncertainty for each object type whose pr is varied are listed

in Table 3.44. The average value across all object types is 0.4%.
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Table 3.44: Average value of the systematic uncertainty resulting from the uncertainty
on the p&ss for each object type whose pr is varied.

object average sys. unc.
jets 0.1%

taus 0.2%

photons 2%

unclustered energy 0.1-0.2%

AR<0.5
Ecalo

The uncertainty associated with the modeling of the E(:Aaf§<0'5 distribution in sim-

ulation is assessed by comparing the efficiency of the Eéf§<0'5 < 10 GeV selection for
a sample of fake tracks in experimental data and simulation. For this, disappearing

tracks with at most 4 hits are selected from the Z— uu control region, which provides

a sample overrun with fake tracks, the idea being to provide a uniform random sam-

EAR<0.5

o distribution in experimental

pling of the calorimeter for comparison. The
data and simulation is shown in Figure 3.47. The efficiency of the ELE<05 < 10 GeV
selection is shown in Table 3.45 along with the resulting systematic uncertainty, which
is taken as the relative difference between the efficiencies. The efficiency of this selec-
tion for tracks selected by the candidate track selection in simulated signal events is

similar at 95-98%, which supports the idea that the we are indeed randomly sampling

the calorimeter.
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Figure 3.47: Comparison of E2R<0-

with at most 4 hits in the Z—puu control region.
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Table 3.45: Efficiency of the ESE<05 < 10 GeV criterion for tracks with at most 4
hits in the Z—pp control region in experimental data and simulation, as well as the

resulting systematic uncertainty.
eff. of ESE<0% < 10GeV

calo
run period exp. data simulation SyS. unc.

2015 0.91075015 0.904 +0.035 0.627%
2016B+C  0.95719.90% 0.966 & 0.023  0.979%
2016D-H  0.960 4+ 0.002 0.970 +0.020 1.02%

Track reconstruction efficiency

The uncertainty in the track reconstruction efficiency is assessed by the tracking
group within CMS using a tag-and-probe study [6]. The track reconstruction effi-
ciency is measured for probe muons, which are identified using only information from
the muon system and matched to tracks in the inner tracker that are reconstructed
without the benefit of muon seeds. The resulting track reconstruction efficiencies for
2015 and 2016 experimental and simulated data are shown in Figure 3.48, and the
ratios of the efficiencies in experimental and simulated data are shown in Figure 3.49.
We assign a systematic uncertainty to cover the largest difference between the ef-

ficiencies in experimental and simulated data: 1.5% for 2015 and 4.5% for 2016.27

27The efficiencies for 2016 represent only the first 9.2fb ™! of data, before the HIP effect was solved.
Thus, they should represent a worst case scenario in terms of agreement between experimental and
simulated data, resulting in a conservative systematic uncertainty when applied to the data taken
later in the year.
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Figure 3.48: Track reconstruction efficiency as measured in a muon tag-and-probe
study by the tracking group within CMS as a function of muon ||. The performance
in the data from 2015 (left) and from 2016 (right) is compared to that in simulation.
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Figure 3.49: Ratio of track reconstruction efficiency in experimental and simulated
data as measured in a muon tag-and-probe study by the tracking group within CMS
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is compared to that in simulation.
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Summary

A summary of the systematic uncertainties described above in the signal efficiency
for simulated samples of charginos with masses in the range 100-900 GeV and lifetimes

of 10-10000 cm/c is given in Table 3.46.

Table 3.46: Typical values of the systematic uncertainties on the signal yields taken
from simulation. The total listed on the last line is simply the sum in quadrature of
each of the individual uncertainties.

source of uncertainty typical value
pileup 2-3%
ISR 8-9%

trigger efficiency (pi™ leg) 0.09-0.2%
trigger efficiency (track leg) 4-6%

jet energy scale 2-6%

jet energy resolution 3-6%
p%liss 0.4%

AR<O0.

EASJi<05 0.6-1%
missing inner hits 1-3%
missing middle hits 0.3-3%
missing outer hits 0.03-3%
track reconstruction efficiency 1.5-4.5%
total 10-16%
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3.7 Results

The numbers of expected events from background sources compared with the
observed numbers of events in the search sample are shown in Table 3.47. The
observation agrees well with the expected background, and we proceed to set 95% CL
upper limits on the production cross section of direct electroweak chargino production
within the context of AMSB. Recall from Section 3.1.2 that this production occurs
via the processes pp—=¥ix7 and pp—xXXi in a ratio of approximately 1 : 2.2 The
upper limits on the total production cross section are calculated in a grid of chargino

masses and lifetimes.

Table 3.47: Summary of numbers of events for the estimated backgrounds and the ob-
served data. The uncertainties include those from statistical and systematic sources.

est. event count

run period leptons fake tracks total obs.
2015 0.12%308 £0.01  0fgo7OHp02 0.1210 85008 1
2016B4+C  1.994+042+0.11 0.384+0.197031  2.38+0460% 2
2016D-H  3.074+0.634+0.22 09140354091 3.98+0.717553 4
total 5184 0.76+£0.25 1.34+04+1.0 6.43+0.86 £1.03 7

The limits are calculated with the modified frequentist method often referred
to as CLg [62, 48], using the LHC-type CLs method [7]. This method uses a test
statistic based on a profile likelihood ratio [26] and treats nuisance parameters in
a frequentist context. Nuisance parameters for the systematic uncertainties in the

28See Appendix E for a comparison of the acceptances for pp—>)~<1i)~<1:F and pp—>)2(1))~(1i events.
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integrated luminosity and in the signal selection efficiency are constrained with log-
normal distributions. There are two types of nuisance parameters for the uncertainties
in the background estimates, and they are specified separately for each of the four
background contributions. Those that result from the limited size of the control
samples are constrained with gamma distributions, while those that are associated
with statistical uncertainties in multiplicative factors and the systematic uncertainties
discussed in Section 3.6.1 are constrained with log-normal distributions.

The expected and observed limits on the cross section are shown in Figure 3.50
as a function of chargino mass for several different chargino lifetimes. The intersec-
tion of the theory prediction and the upper limit on the cross section is used to set
a constraint on the mass of the chargino, for a given chargino lifetime. This pro-
cedure is repeated for a large number of chargino lifetimes, in order to produce a
two-dimensional constraint on the chargino mass and mean proper lifetime, which is
shown in Figure 3.51. Charginos up to a mass of 715 GeV are excluded for a lifetime
of 3ns. The expected and observed upper limits on the cross section are also shown

in the plane of chargino mass and mean proper lifetime in Figure 3.52.
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Figure 3.50: The expected and observed 95% CL upper limits on the cross sections
for direct chargino production as a function of chargino mass for various chargino

lifetimes.
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Figure 3.51: The expected and observed constraints on chargino lifetime and mass.
The region to the left of the curve is excluded at 95% CL.
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Figure 3.52: Upper limits at 95% CL on the cross section for direct chargino produc-
tion as a function of chargino mass and lifetime. The left plot shows the expected
limits, while the right plot shows the observed limits.
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Chapter 4: Conclusion

A search has been presented for long-lived charged particles that decay within
the CMS detector and produce the signature of a disappearing track. In a sample
of proton-proton data recorded at a collision energy of /s = 13TeV and corre-
sponding to an integrated luminosity of 38.4fb™!, seven events are observed in the
search sample, compared with the estimated background from Standard Model pro-
cesses of 6.48 £ 0.86 (stat) £ 1.03 (syst) events. The observation is consistent with
the background-only hypothesis, and we place constraints on the mass of charginos
from direct electroweak production, for chargino mean proper lifetimes between 0.1
and 100 ns. Charginos with a mass up to 715 GeV for a lifetime of 3 ns are excluded
at 95% CL. These constraints extend the limits set by a previous search performed
by CMS [49]. For chargino lifetimes 2 0.7ns, these are currently the world’s most
stringent limits on direct chargino production using a disappearing track signature.

Before approximately 2023, when the LHC will shutdown to be upgraded to the
High-Luminosity LHC (HL-LHC), CMS is projected to collect around 300-500 fb™*
of data. Based on the results of the present search, and assuming most of the data
collected before 2023 is collected at /s = 14TeV, we should have sensitivity to
charginos up to 1100-1200 GeV for a lifetime of 3 ns with a repeat of this search (see

Figure 4.1), if the selection efficiencies for signal and background events do not change
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significantly from the present search. The selection efficiencies will almost certainly
change over the next few years, in particular, at the trigger level as thresholds are
raised in response to the increasing instantaneous luminosity and pileup. The p2iss
threshold for our HLT MET75_IsoTrk50_v* trigger was already raised from 75 GeV to
105 GeV for the 2017 run. Nonetheless, it should be possible to discover or exclude

1TeV charginos at a lifetime of 3ns with this search before the HL-LHC starts.

Figure 4.1: Expected mass exclusion with 300fb™" (left) or 500fb™" (right) of /s =
14 TeV data given the mass exclusion obtained with the 38.4fb™! of /5 = 13 TeV
used in the present search. “System mass” here refers to the sum of the masses of the
two ewkinos, which is always approximately Qmﬁ, since the chargino and neutralino
are nearly degenerate [1].
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As noted previously, we calculate limits without assuming a particular relation
between the chargino mass and lifetime. However, in AMSB, a certain choice of

supersymmetry parameters determines the sparticle mass spectrum, which determines
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both the chargino mass and lifetime. Within AMSB, the lifetime is ~0.2ns at high
chargino masses, with little variation with mass [46]. At this lifetime, the present
search excludes charginos with masses up to 310 GeV, and the above projections
indicate that we should have sensitivity to charginos up to 520 GeV (580 GeV) with
300fb~" (500fb™") of data at 14 TeV.

Several extensions of the present search are possible however, which would enhance
the sensitivity to models such as AMSB. For example, the pixel detector in CMS was
upgraded after the 2016 run, with an extra layer being added in both the barrel and
each endcap [54]. These extra layers should enable us to relax the requirement on
the number of hits used in the present search, which is used primarily to mitigate the
background from fake tracks, without increasing that background significantly. This
would enhance sensitivity to shorter-lived particles. In fact, ATLAS has already used
this strategy to perform a search for short disappearing tracks using data taken at
Vs = 13TeV, taking advantage of the fourth pixel barrel layer that they installed
during the long shutdown before 2015 [25]. As can be seen in Figure 4.2, they exclude
higher mass charginos than the present search for lifetimes <0.7ns. For a chargino
lifetime of 0.2ns, they already exclude charginos up to a mass of ~460 GeV.

It is also possible to extend the sensitivity to longer-lived particles. As already
noted in Section 3.2.1, in addition to targeting events with a disappearing track and
ISR jet, we can target events where the disappearing track is accompanied by a muon,
produced, e.g., by the second chargino in a chargino-chargino event. Since the second
chargino must pass through enough muon chambers to yield a reconstructed muon,
this would enhance sensitivity to longer-lived particles. We can even take this one

step further. Recognizing that the muon system is a tracking detector, we can search
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Figure 4.2: The expected and observed constraints on chargino lifetime and mass
obtained by ATLAS using data taken during 2015 and 2016 at /s = 13TeV. The
region to the left of the curve is excluded at 95% CL. Also shown are the previous
constraints obtained by ATLAS at 8 TeV, the predicted relationship between chargino
mass and lifetime within AMSB, and the constraints from the ALEPH experiment at

the Large Electron-Positron (LEP) collider [25].
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for tracks that disappear inside the muon system to further increase the signal yield
at higher lifetimes. This type of signature is illustrated with a chargino-neutralino

event in Figure 4.3.

Figure 4.3: Event display of a simulated chargino-neutralino event where the chargino
decays inside the muon system after leaving hits in the first two layers of the DTs.
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Extending the present search in these ways will be important for maximizing our
chances of observing BSM physics with various disappearing track signatures that
would be overlooked by other, more conventional, searches for supersymmetry and

other BSM models. These extensions, along with the ever-growing data set collected
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by CMS, will be capable of putting serious pressure on models like AMSB over the
next several years. That being said, if no evidence for new physics is observed, and as
a realization of AMSB with a disappearing track signature becomes less and less likely,
it will be ever more important to interpret the results of disappearing track searches
in terms of potentially more viable models, such as those referenced in Chapter 1.
This will help keep the results as relevant as possible to the high energy physics theory

community as the search for disappearing tracks continues into the future.
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Appendix A: Object identification criteria

Table A.1: Standard criteria used to select primary vertices.

selection name variable selection
isValid = true
ood primary vertex ndof >4
good b Y || < 24cm
p < 2cm

Table A.2: Tight jet ID with lepton veto defined by the Jet POG.

selection name variable selection

neutral hadron fraction < 0.9
charged hadron fraction >0
neutral EM fraction < 0.9
tight jet ID with lepton veto charged EM fraction < 0.9
number of constituents > 1
charged multiplicity >0
muon fraction < 0.8
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Table A.3: Tight electron ID defined by the Egamma POG for the 2015 data for
electrons in the barrel (|n| < 0.1.479).

selection name  variable selection (|n| < 1.479)
full 5 x 5 T < 0.0101
| Ay | < 0.00926
| A | < 0.0336
h/E < 0.0597

. rel. iso. with p-corr. < 0.0591

tight electron ID 1/E —1/p] < 0.012 CeV-!
|y < 0.0111cm
|d.| < 0.0466 cm
missing inner hits <2
has matched conversion = false

Table A.4: Tight electron ID defined by the Egamma POG for the 2015 data for
electrons in the endcaps (0.1.479 < |n| < 2.5).

selection name variable selection (1.479 < |n| < 2.5)
full 5 % 5 Gy < 0.0279
| ANy | < 0.00724
| A < 0.0918
h/E < 0.0615

. rel. iso. with p-corr. < 0.0759

tight electron 1D |27 ) < 0.00999 GeV~!
|y < 0.0351 cm
|d.,| < 0.417 cm
missing inner hits <1
has matched conversion = false
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Table A.5: Tight electron ID defined by the Egamma POG for the 2016 data for
electrons in the barrel (|n| < 0.1.479).

selection name  variable selection (|n| < 1.479)
full 5 x 5 T < 0.00998
| Ay | < 0.00308
| A | < 0.0816
h/E < 0.0414

. rel. iso. with p-corr. < 0.0588

tight electron ID 1/E —1/p| < 0.0129 GeV-!
|y < 0.05cm
|d.| < 0.10cm
missing inner hits <1
has matched conversion = false

Table A.6: Tight electron ID defined by the Egamma POG for the 2016 data for
electrons in the endcaps (0.1.479 < |n| < 2.5).

selection name variable selection (1.479 < |n| < 2.5)
full 5 x 5 T < 0.0292
| ANy | < 0.00605
| A < 0.0394
h/E < 0.0641

. rel. iso. with p-corr. < 0.0571

tight electron 1D 1/E —1/p] p < 0.0129 GeV -1
|y < 0.10cm
|d.,| < 0.20cm
missing inner hits <1
has matched conversion = false
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Table A.7: Loose electron ID defined by the Egamma POG for electrons in the barrel
(In] < 0.1.479).

selection name  variable selection (|n| < 1.479)
full 5 x 5 Oinin < 0.0103
| AN | < 0.0105
| Ain| < 0.115
h/E < 0.104
loose electron ID  |1/E — 1/p| < 0.102GeV™!
|y < 0.0261 cm
|d| < 0.41cm
missing inner hits <2
has matched conversion = false

Table A.8: Loose electron ID defined by the Egamma POG for electrons in the
endcaps (0.1.479 < |n| < 2.5).

selection name  variable selection (1.479 < |n| < 2.5)
full 5 X 5 oy < 0.0301
| Ay | < 0.00814
| A < 0.182
h/E < 0.0897
loose electron ID  [1/E — 1/p| <0.126 GeV™!
|y < 0.118 cm
|d.| < 0.822cm
missing inner hits <1
has matched conversion = false
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Table A.9: Tight muon ID defined by the muon POG.

selection name variable selection
isGlobalMuon = true
isPFMuon = true
X2 /ndof < 10
valid muon hits >0

tight muon 1D matched muon stations > 1
|y < 0.2cm
|d.| < 0.5cm
valid pixel hits >0

tracker layers with hits > 5
rel. iso. with Af-corr. < 0.15

Table A.10: Loose muon ID defined by the muon POG.

selection name variable selection

isGlobalMuon OR isTrackerMuon = true
isPFMuon = true

loose muon ID

Table A.11: Hadronic tau ID with light flavor rejection using tau ID sources defined
by the tau POG.

selection name  variable selection
decayModeFinding (old DM finding) > 0.5

hadronic tau ID byTightCombinedlIsolationDeltaBetaCorr3Hits > 0.5
againstElectronLooseM VA5 /6 > 0.5
againstMuonLoose3 > 0.5
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Appendix B: Initial unblinding of 2015 data

In order to validate the background estimation methods in experimental data, it
was decided to perform a perliminary unblinding of just the 2015 data. Based on
the null results from Run 1, this data set of 2.59fb™" is not large enough to yield a
discovery of the chosen signal model, thus we expect the observation to be consistent
with the estimated background. Whether this is the case or not is then a test of the
validity of the background estimation methods.

The fiducial track selections were not finalized when the 2015 data was unblinded,
thus the background estimates were larger than they currently are. Table B.1 com-
pares the background estimates with the observation of 5 events. The observation
agrees with the background estimate within 0.7 o, confirming the validity of the esti-
mates.

Upon examining the observed events, several features were noted:

e two events have tracks with pseudorapidities extremely close to n = 0 (see

Figure B.1)
e the other three events are also near 7 = 0, and all are at n > 0 (see Figure B.2)

e all candidate tracks have corresponding GSF tracks: four with zero missing

outer hits, one with one missing outer hit
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Table B.1: Background estimates at the time of the initial unblinding compared to
the observation in the 2015 data.
bkgd. source 2015 estimate observation

e 4.3+0.6

14 0.40 £0.15

T 1.4+0.8

fake tracks 0.69 &+ 0.69

total 6.8+1.3 5

Regarding the first feature, the two candidate tracks have pseudorapidities of n =
2.81 x 107* and n = 5.16 x 10~ and have no missing silicon hits except in the TOB,
in which they have no hits. After examining the geometry of the strip tracker, it
was found that tracks with such small values of 1 will pass through only the edges
of modules in the TOB if they originate near z = 0. This can be seen clearly in
Figure B.1. This region of low hit efficiency in the TOB is now vetoed as described
in Section 3.3.1.

The cause of the second feature mentioned above is less clear. The electron and
muon reconstruction inefficiencies have no coresponding jumps near n = 0 that would
potentially explain this clustering of observed tracks (see Figure B.3). This feature
is potentially just a coincidence, and was not investigated further, as the final set of
selections rejects all of these events.

For reference, the event displays for all 5 events are shown in Figures B.4, B.5, B.6,

B.7, and B.8.
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Figure B.1: Events observed in 2015 with tracks passing through the region of low hit
efficiency in the TOB at n = 0. The highlighted track is the candidate signal track.
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Figure B.2: Pseudorapidity for candidate signal tracks from 2015 data.
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Figure B.3: Reconstruction inefficiency as a function of track n for electrons (left)
and muons (right). These are identical to the left plots in Figures 3.10 and 3.11, just

projected onto the horizontal axis.
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Appendix C: Effect of p* filters on signal acceptance

We test the effect of the p** filters recommended by the Jet and Missing Energy
group within CMS on our signal acceptance by calculating the efficiency of each
of these filters on simulated signal events passing our full disppearing track search
selection. We perform this test with the samples generated with a 700 GeV chargino,
and we compare the results for all of the generated lifetimes. As can be seen from the

results in Figure C.1, the filters have a negligible effect on the signal acceptance.
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Figure C.1: Efficiency of each of the recommended pii filters for simulated signal
events generated with a 700 GeV chargino and that pass the full disappearing track

search selection.
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miss, no

Appendix D: Use of p;

For this search, we utilize selections on pp > "* ie., pp* where the pr of all

reconstructed muons has been added as invisible momentum. Although signal events
are free of high-pr muons, a chargino can be reconstructed as such if it lives long
enough to leave hits in the muon chambers. Thus, for the case of pp—X: X7, where

one chargino decays in the inner tracker, yielding a disappearing track, and the other
miss d

is reconstructed as a muon, there can be a significant discrepancy between pp'> an

ppoF This discrepancy increases with increasing chargino lifetime, as more and

more charginos are reconstructed as muons.

However, as seen in the left plot of Figure D.1, this discrepancy can go either way;

miss, no p miss

ie., pp can be larger or smaller than pi™°. Furthermore, since we use triggers
miss

based on L1 calorimeter-based p}'*® seeds, the triggers have the effect of removing

miss, no /4 miss

events with low prp , regardless of their p'™* (see the right plot of Figure D.1).

Thus, an offline selection on pp """ as opposed to pF™, removes fewer signal events

miss, no y

after the trigger decisions are applied. The correlation between pr. and piss is

shown in Figure D.2 for events passing the full disappearing track selection.
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Figure D.1:

Comparison

miss, no p

of pr

vs. pis for simulated signal events with a

700 GeV chargino with a lifetime of 10m. All generated events are used in the left

plot, while only events passing the search triggers are used in the right plot.
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Appendix E: Signal acceptance for pp—))}f)}f VS. pp—>)~<1i>~<?

Figure E.1 shows the signal acceptances for pp—xXi X7 and pp—>)21i)~((1]. As ex-
pected, the acceptance is higher for the former, which accounts for ~1/3 of chargino
production, since each event has two charginos that can potentially yield a disappear-

ing track.
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Figure E.1: Signal acceptance for each of the generated chargino masses and life-
times for pp—Xi X7 events (top) and pp—¥ix!) events (bottom). The uncertainties
shown are simply the statistical uncertainties resulting from the sizes of the generated
samples.
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miss

Appendix F: Trigger efficiencies of inclusive pp'™ paths

The efficiency of the disjunction of all signal paths is shown in Figure 3.38. Below,
the efficiencies of each leg of the HLT MET75_IsoTrk50_v* path are shown in Figure F.1

and the efficiencies of each individual p7™ path are shown in Figures F.2, F.3, F .4,

and F.5.
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Figure F.1: Efficiencies of the ps leg (left column) and track leg (right column) of
HLT_MET75_IsoTrk50_v* as a function of p
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Figure F.2: Efficiencies of individual p7

for 2015 data, compared to W — (v Monte Carlo.
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Figure F.3: Efficiencies of individual p7
for 2015 data (continued), compared to W — [v Monte Carlo.

paths used in the combined signal trigger
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Figure F.4: Efficiencies of individual pf

for 2016 B+C data, compared to W — [v Monte Carlo.
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Figure F.5: Efficiencies of individual pf

miss

for 2016 D-H data, compared to W — [v Monte Carlo.
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Appendix G: Algorithms for finding missing hits corrections

G.1 Algorithm for finding missing middle hits correction

Given a two-dimensional histogram, uncorrectedMC, of the number of hits in the
strip detector vs. the number of missing middle hits filled using simulated background
events and a probability to drop a single hit, hitDropProbability, the following

procedure, getCorrectedMC, returns the expected distribution of missing middle hits.

Sub getExtraMissingMiddleHitsPDF (nHits, hitDropProbability)
Book 1D histogram pdf
For iToy = O to 10000
missingMiddleHits = 0
countMissingMiddleHits = False

For iHit = O to nHits
x = Random number in [0, 1)
hit = x > hitDropProbability

If not hit and countMissingMiddleHits Then
missingMiddleHits = missingMiddleHits + 1
Else If hit Then
countMissingMiddleHits = True
End If

Next iHit
pdf.Fill (missingMiddleHits)
Next iToy

Normalize histogram pdf

Return pdf
End Sub

Sub getCorrectedMC (uncorrectedMC, hitDropProbability)
Book 1D histogram correctedMC
For nHits = 1 to 20
extraMissingMiddleHitsPDF = getExtraMissingMiddleHitsPDF (nHits, hitDropProbability)

For originalMissingMiddleHits = O to 6

bin = uncorrectedMC.FindBin (originalMissingMiddleHits, nHits)
nTracks = uncorrectedMC.GetBinContent (bin)
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For extraMissingMiddleHits = 0 to 6
bin = extraMissingMiddleHitsPDF.FindBin (extraMissingMiddleHits)
extraMissingMiddleHitProbability = extraMissingMiddleHitsPDF.GetBinContent (bin)

missingMiddleHits = originalMissingMiddleHits + extraMissingMiddleHits

bin = correctedMC.FindBin (missingMiddleHits)
currentNTracks = correctedMC.GetBinContent (bin)

correctedMC.SetBinContent (bin, currentNTracks + nTracks * extraMissingMiddleHitProbability)
Next extraMissingMiddleHits
Next originalMissingMiddleHits
Next nHits

Return correctedMC
End Sub
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G.2 Algorithm for finding missing outer hits corrections

Given a three-dimensional histogram, uncorrectedMC, of the number of hits in
the strip detector vs. the number of hits in the TOB vs. the number of missing
outer hits filled using simulated background events, a probability to drop a sin-
gle hit, hitDropProbability, and a probability to drop every hit in the TOB,
tobDropProbability, the following procedure, getCorrectedMC, returns the ex-

pected distribution of missing outer hits.

Sub getExtraMissingOuterHitsPDF (nHits, hitDropProbability)
Book 1D histogram pdf
For iToy = O to nToys
missingQuterHits = 0
For iHit = 0 to nHits
x = Random number in [0, 1)
hit = x > hitDropProbability

If not hit Then
missingOuterHits = missingOuterHits + 1
Else
Break
End If
Next iHit
pdf.Fill (missingOuterHits)
Next iToy

Normalize histogram pdf

Return pdf
End Sub

Sub getCorrectedMC (uncorrectedMC, hitDropProbability, tobDropProbability, preOrPostTOB)
Book 1D histogram correctedMC
For nHits = 1 to 20
extraMissingOuterHitsPDF = getExtraMissingOuterHitsPDF (nHits, hitDropProbability)
For originalMissingQOuterHits = 1 to 16
For tobHits = 1 to 16
bin = uncorrectedMC.FindBin (originalMissingOuterHits, tobHits, nHits)
nTracks = uncorrectedMC.GetBinContent (bin)

For extraMissingOuterHits = 0 to 16
bin = extraMissingOuterHitsPDF.FindBin (extraMissingOuterHits)
extraMissingOuterHitsProbability = extraMissingOuterHitsPDF.GetBinContent (bin)

If preOrPostTOB = "PRE_TOB" Then
missingOuterHits = originalMissingOuterHits + extraMissingOuterHits
missingOuterHitsWithTOBDrop = originalMissingQuterHits + tobHits
Else If preOrPostTOB = "POST_TOB" Then
missingOuterHits = originalMissingQOuterHits
missingOuterHitsWithTOBDrop = originalMissingOuterHits + extraMissingOuterHits + tobHits
End If

bin = correctedMC.FindBin (missingOuterHits)
currentNTracks = correctedMC.GetBinContent (bin)
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correctedMC.SetBinContent (bin, currentNTracks + nTracks \
* extraMissingOuterHitsProbability * (1 - tobDropProbability))

bin = correctedMC.FindBin (missingOuterHitsWithTOBDrop)
currentNTracks = correctedMC.GetBinContent (bin)
correctedMC.SetBinContent (bin, currentNTracks + nTracks \
* extraMissingOuterHitsProbability * tobDropProbability)

Next extraMissingOuterHits
Next tobHits
Next originalMissingOuterHits
Next nHits

Return correctedMC
End Sub

203



[1]
2]

3]

[10]

[11]

Bibliography

Collider reach. http://collider-reach.web.cern.ch/. Accessed: 2018-01-18.

Resistive plate chambers — CMS experiment. http://cms.web.cern.ch/news/
resistive-plate-chambers. Accessed: 2018-01-11.

Silicon pixels — CMS experiment. http://cms.web.cern.ch/news/
silicon-pixels. Accessed: 2018-01-11.

Superconducting magnet — CMS experiment. http://cms.web.cern.ch/news/
superconducting-magnet. Accessed: 2018-01-11.

Taking a closer look at the LHC — RF cavities. https://www.lhc-closer.es/
taking_a_closer_look_at_lhc/0.rf_cavities. Accessed: 2018-01-11.

Measurement of Tracking Efficiency. CMS Physics Analysis Summary CMS-
PAS-TRK-10-002, 2010.

Procedure for the LHC Higgs boson search combination in summer 2011. Tech-
nical Report ATL-PHYS-PUB-2011-011, ATL-COM-PHYS-2011-818, CMS-
NOTE-2011-005, 2011.

Georges Aad et al. Observation of a new particle in the search for the Standard
Model Higgs boson with the ATLAS detector at the LHC. Phys. Lett., B716:1-29,
2012.

Georges Aad et al. Combined Measurement of the Higgs Boson Mass in pp
Collisions at /s = 7 and 8 TeV with the ATLAS and CMS Experiments. Phys.
Rev. Lett., 114:191803, 2015.

S. Agostinelli et al. GEANT4: A Simulation toolkit. Nucl. Instrum. Meth.,
A506:250-303, 2003.

John Allison et al. Geant4 developments and applications. [EFFE Trans. Nucl.
Sci., 53:270, 2006.

204


http://collider-reach.web.cern.ch/
http://cms.web.cern.ch/news/resistive-plate-chambers
http://cms.web.cern.ch/news/resistive-plate-chambers
http://cms.web.cern.ch/news/silicon-pixels
http://cms.web.cern.ch/news/silicon-pixels
http://cms.web.cern.ch/news/superconducting-magnet
http://cms.web.cern.ch/news/superconducting-magnet
https://www.lhc-closer.es/taking_a_closer_look_at_lhc/0.rf_cavities
https://www.lhc-closer.es/taking_a_closer_look_at_lhc/0.rf_cavities

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

G. Apollinari, O. Brning, T. Nakamoto, and Lucio Rossi. High Luminosity Large
Hadron Collider HL-LHC. CERN Yellow Report, (5):1-19, 2015.

Nima Arkani-Hamed, Arpit Gupta, David E. Kaplan, Neal Weiner, and Tom
Zorawski. Simply Unnatural Supersymmetry. 2012.

Asimina Arvanitaki, Nathaniel Craig, Savas Dimopoulos, and Giovanni Vil-
ladoro. Mini-Split. JHEP, 02:126, 2013.

The ATLAS and CMS Collaborations. Measurements of the Higgs boson produc-
tion and decay rates and constraints on its couplings from a combined ATLAS
and CMS analysis of the LHC pp collision data at /s = 7 and 8 TeV. 2015.

A. J. Barr, C. G. Lester, Michael Andrew Parker, B. C. Allanach, and P. Richard-
son. Discovering anomaly mediated supersymmetry at the LHC. JHEP, 03:045,
2003.

Matteo Cacciari, Gavin P. Salam, and Gregory Soyez. The anti-k; jet clustering
algorithm. JHEP, 04:063, 2008.

Matteo Cacciari, Gavin P. Salam, and Gregory Soyez. FastJet user manual. Eur.
Phys. J. C, 72:1896, 2012.

S. Chatrchyan et al. The CMS experiment at the CERN LHC. JINST, 3:508004,
2008.

Serguei Chatrchyan et al. Measurement of the Inclusive Z Cross Section via
Decays to Tau Pairs in pp Collisions at /s =7 TeV. JHEP, 08:117, 2011.

Serguei Chatrchyan et al. Observation of a new boson at a mass of 125 GeV
with the CMS experiment at the LHC. Phys. Lett., B716:30-61, 2012.

Serguei Chatrchyan et al. Description and performance of track and primary-
vertex reconstruction with the CMS tracker. JINST, 9(10):P10009, 2014.

M. Citron, J. Ellis, F. Luo, J. Marrouche, K. A. Olive, and K. J. de Vries. End
of the CMSSM coannihilation strip is nigh. Phys. Rev., D87(3):036012, 2013.

CMS Collaboration. CMS Luminosity Measurement for the 2015 Data Taking
Period. CMS Physics Analysis Summary CMS-PAS-LUM-15-001, 2016.

The ATLAS collaboration.  Search for long-lived charginos based on a
disappearing-track signature in pp collisions at /s = 13 TeV with the ATLAS
detector. 2017.

205



[26]

[27]

28]

[29]
[30]

[31]

[32]

[33]

Glen Cowan, Kyle Cranmer, Eilam Gross, and Ofer Vitells. Asymptotic for-
mulae for likelihood-based tests of new physics. Fur. Phys. J., C71:1554, 2011.
[Erratum: Eur. Phys. J.C73,2501(2013)].

G. Dissertori. The Determination of the Strong Coupling Constant. Adv. Ser.
Direct. High Energy Phys., 26:113-128, 2016.

F. Englert and R. Brout. Broken symmetry and the mass of gauge vector mesons.
Phys. Rev. Lett., 13:321, 1964.

Lyndon Evans and Philip Bryant. LHC Machine. JINST, 3:5S08001, 2008.

Jonathan L. Feng and Takeo Moroi. Supernatural supersymmetry: Phenomeno-
logical implications of anomaly mediated supersymmetry breaking. Phys. Rev.,
D61:095004, 2000.

Jonathan L. Feng, Takeo Moroi, Lisa Randall, Matthew Strassler, and Shu-fang
Su. Discovering supersymmetry at the Tevatron in wino LSP scenarios. Phys.
Rev. Lett., 83:1731-1734, 1999.

Benjamin Fuks, Michael Klasen, David R. Lamprea, and Marcel Rothering.
Gaugino production in proton-proton collisions at a center-of-mass energy of
8 TeV. JHEP, 10:081, 2012.

Benjamin Fuks, Michael Klasen, David R. Lamprea, and Marcel Rothering. Pre-
cision predictions for electroweak superpartner production at hadron colliders
with RESUMMINO. Fur. Phys. J. C, 73:2480, 2013.

Tony Gherghetta, Gian F. Giudice, and James D. Wells. Phenomenological
consequences of supersymmetry with anomaly induced masses. Nucl. Phys.,
B559:27-47, 1999.

Eldad Gildener. Gauge Symmetry Hierarchies. Phys. Rev., D14:1667, 1976.

Gian F. Giudice, Markus A. Luty, Hitoshi Murayama, and Riccardo Rattazzi.
Gaugino mass without singlets. JHEP, 12:027, 1998.

S. L. Glashow. Partial Symmetries of Weak Interactions. Nucl. Phys., 22:579—
588, 1961.

J. Goldstone. Field theories with superconductor solutions. Nuovo Cimento,
19:154, 1961.

J. Goldstone, A. Salam, and S. Weinberg. Broken symmetries. Phys. Rev.,
127:965, 1962.

206



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble. Global conservation laws
and massless particles. Phys. Rev. Lett., 13:585, 1964.

Lawrence J. Hall, Yasunori Nomura, and Satoshi Shirai. Spread Supersymmetry
with Wino LSP: Gluino and Dark Matter Signals. JHEP, 01:036, 2013.

P. W. Higgs. Broken symmetries and the masses of gauge bosons. Phys. Rev.
Lett., 13:508, 1964.

P. W. Higgs. Broken symmetries, massless particles and gauge fields. Phys. Lett.,
12:132, 1964.

P. W. Higgs. Spontaneous symmetry breakdown without massless bosons. Phys.
Rev., 145:1156, 1966.

K. Huitu, Jari Laamanen, and P. N. Pandita. Sparticle spectrum and constraints
in anomaly mediated supersymmetry breaking models. Phys. Rev., D65:115003,
2002.

Masahiro Ibe, Shigeki Matsumoto, and Ryosuke Sato. Mass Splitting between
Charged and Neutral Winos at Two-Loop Level. Phys. Lett., B721:252-260,
2013.

Masahiro Ibe, Shigeki Matsumoto, and Tsutomu T. Yanagida. Pure Gravity
Mediation with mg/, = 10-100 TeV. Phys. Rev., D85:095011, 2012.

Thomas Junk. Confidence level computation for combining searches with small
statistics. Nucl. Instrum. Meth., A434:435-443, 1999.

V. Khachatryan et al. Search for disappearing tracks in proton-proton collisions
at /s =8 TeV. JHEP, 01:096, 2015.

Vardan Khachatryan et al. Jet energy scale and resolution in the CMS experiment
in pp collisions at 8 TeV. JINST, 12:P02014, 2017.

T. W. B. Kibble. Symmetry breaking in non-abelian gauge theories. Phys. Rev.,
155:1554, 1967.

A. D. Martin, W. J. Stirling, R. S. Thorne, and G. Watt. Parton distributions
for the LHC. Fur. Phys. J., C63:189-285, 2009.

Stephen P. Martin. A Supersymmetry primer. 1997. [Adv. Ser. Direct. High
Energy Phys.18,1(1998)].

David Aaron Matzner Dominguez, D. Abbaneo, K. Arndt, N. Bacchetta, A. Ball,
E. Bartz, W. Bertl, G. M. Bilei, G. Bolla, H. W. K. Cheung, et al. CMS Technical
Design Report for the Pixel Detector Upgrade. 2012.

207



[55]

[56]

[57]

[58]

[59]

Pavel M. Nadolsky, Hung-Liang Lai, Qing-Hong Cao, Joey Huston, Jon Pumplin,
Daniel Stump, Wu-Ki Tung, and C. P. Yuan. Implications of CTEQ global
analysis for collider observables. Phys. Rev., D78:013004, 2008.

Y. Nambu. Quasi-particles and gauge invariance in the theory of superconduc-
tivity. Phys. Rev., 117:648, 1960.

Frank E. Paige, Serban D. Protopopescu, Howard Baer, and Xerxes Tata.
ISAJET 7.69: A Monte Carlo event generator for pp, anti-p p, and e+e- re-
actions. 2003.

C. Patrignani et al. Review of Particle Physics. Chin. Phys., C40(10):100001,
2016.

A. Pich. The physics of the Higgs-like boson. Invited talk at the Large Hadron
Collider Physics Conference (LHCP 2013), 2013.

J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, Pavel M. Nadolsky, and W. K.
Tung. New generation of parton distributions with uncertainties from global
QCD analysis. JHEP, 07:012, 2002.

Lisa Randall and Raman Sundrum. Out of this world supersymmetry breaking.
Nucl. Phys., B557:79-118, 1999.

Alexander L. Read. Presentation of search results: The CL(s) technique. J.
Phys., G28:2693-2704, 2002. [,11(2002)].

Tai Sakuma and Thomas McCauley. Detector and Event Visualization with
SketchUp at the CMS Experiment. J. Phys. Conf. Ser., 513:022032, 2014.

Abdus Salam. Weak and Electromagnetic Interactions. Conf. Proc.,
C680519:367-377, 1968.

A. M. Sirunyan et al. Particle-flow reconstruction and global event description
with the cms detector. JINST, 12:P10003, 2017.

Torbjorn Sjostrand, Stephen Mrenna, and Peter Z. Skands. PYTHIA 6.4 Physics
and Manual. JHEP, 05:026, 2006.

Leonard Susskind. Dynamics of Spontaneous Symmetry Breaking in the
Weinberg-Salam Theory. Phys. Rev., D20:2619-2625, 1979.

Gerard 't Hooft, C. Itzykson, A. Jaffe, H. Lehmann, P. K. Mitter, I. M. Singer,
and R. Stora. Recent Developments in Gauge Theories. Proceedings, Nato Ad-
vanced Study Institute, Cargese, France, August 26 - September 8, 1979. NATO
Sci. Ser. B, 59:pp.1-438, 1980.

208



[69] Gerard 't Hooft and M. J. G. Veltman. Regularization and Renormalization of
Gauge Fields. Nucl. Phys., B44:189-213, 1972.

[70] Steven Weinberg. A Model of Leptons. Phys. Rev. Lett., 19:1264-1266, 1967.

[71] Steven Weinberg. Implications of Dynamical Symmetry Breaking. Phys. Rewv.,
D13:974-996, 1976. [Addendum: Phys. Rev.D19,1277(1979)].

209



	Abstract
	Dedication
	Vita
	List of Tables
	List of Figures
	Introduction
	Standard model
	Electroweak symmetry breaking
	Higgs mechanism

	Hierarchy problem and supersymmetry
	Hierarchy problem
	Supersymmetry
	Phenomenology of anomaly-mediated supersymmetry breaking


	Large Hadron Collider and Compact Muon Solenoid detector
	Large Hadron Collider
	Injection chain
	Magnets
	Radiofrequency system

	Compact Muon Solenoid detector
	Coordinate system and common variables
	Solenoid magnet
	Tracker
	Electromagnetic calorimeter
	Hadron calorimeter
	Muon system
	Trigger system
	Physics object reconstruction


	Search for disappearing tracks
	Samples of experimental and simulated data
	Experimental data
	Simulated signal events
	Simulated background events

	Triggers
	Use of MET
	Triggers used in the search

	Event selections
	Fiducial track selections
	Search region

	Background estimation
	Charged leptons
	Fake tracks

	Corrections to the simulated signal samples
	Pileup scale factors
	Missing hits corrections
	Trigger efficiency scale factors
	ISR scale factors

	Systematic uncertainties
	Uncertainties in background estimates
	Uncertainties in signal selection efficiencies

	Results

	Conclusion
	Appendices
	Object identification criteria
	Initial unblinding of 2015 data
	Effect of MET filters on signal acceptance
	Use of METNoMu
	Signal acceptance for chargino-chargino vs. chargino-neutralino
	Trigger efficiencies of inclusive MET paths
	Algorithms for finding missing hits corrections
	Algorithm for finding missing middle hits correction
	Algorithm for finding missing outer hits corrections


	Bibliography

