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ABSTRACT

This thesis presents a search for evidence of new supersymmetric particles in proton-
proton collision data collected by the Compact Muon Solenoid at the Large Hadron
Collider located in Geneva, Switzerland. The data was collected in 2012 at a center
of mass energy of 8 TeV and corresponds to an integrated luminosity of 19.5 fb~!.
The search examines events that produce the experimental signature of a disappearing
track. Disappearing tracks are identifed as those with little or no associated calorime-
ter energy deposits and with several missing hits in the outer layers of the tracker.
This search is motived by anomaly-mediated supersymmetry which postulates that
a long-lived chargino decaying to a neutralino and pion with low momentum could
give rise to a disappearing track. The sources of background in this search arise
from leptons which fail to be reconstructed and false trajectories determined by the
track reconstruction algorithm. The number of observed events is in agreement with
the background expectation, and limits are set on the cross section of direct elec-
troweak chargino production in terms of the chargino mass and mean proper lifetime.
At 95% confidence level, anomaly-mediated supersymmetry breaking models with a
chargino mass less than 260 GeV, corresponding to a mean proper lifetime of 0.2 ns,

are excluded.
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Chapter 1
INTRODUCTION

The Standard Model has been wildly successful in describing physics up to the TeV
scale. However, there are still some questions which the Standard Model is not
equipped to address such as the differences in the masses of the particles in the
Standard Model, the specific values of the coupling constants, or why there are three
generations of quarks and leptons. Searches for deviations from the Standard Model
that could answer these questions have been performed for years and continue to this
day:.

This thesis details a search for physics beyond the Standard Model. The Large
Hadron Collider, situated in Geneva, Switzerland, has provided many opportunities
for exploring the frontier for new physics. In 2012, data was collected by the proton-
proton collider at an energy of 8 TeV. At these energies, it is believed that heavier
particles, which have yet to be observed could be produced and subsequently detected.

In this thesis, we search for evidence of physics beyond the Standard Model in
which a charged supersymmetric particle of intermediate lifetime produces a partially
reconstructed track and subsequently decays to a neutral supersymmetric particle.
This search is performed at the Compact Muon Solenoid with the data collected
during 2012. The Compact Muon Solenoid is a hermetic, general purpose detector

designed to detect all particles that result from the proton-proton collisions produced



by the Large Hadron Collider.

This thesis is organized as follows. In Chapter E, we discuss the theoretical motiva-
tion for this search. Chapter E and Chapter @ present an overview of the Large Hadron
Collider and the detector of interest in this search, the Compact Muon Solenoid. Next,
Chapter B lists the datasets used in this search, and Chapter B details the require-
ments placed on various selection samples used in this search. Chapter H shows how
experimental signatures from Standard Model particles can mimic that of the signal.
Chapter B discusses how the contribution from these sources is predicted while Chap-
ter a describes how the sources of uncertainty to this search are addressed. Then, in
Chapter , the results of the search are presented, and Chapter [L1 lists the future

preparations. Finally, the conclusion is presented in Chapter .



Chapter 2

THEORETICAL MOTIVATION AND
FRAMEWORK

2.1 The Standard Model and the Higgs Mechanism

The Standard Model (SM) is the mathematical framework which has successfully
described the fundamental interactions between elementary particles that we have
observed to date. The overview presented in this section is not meant to be compre-
hensive; a more detailed description can be found in [16].

The current framework of the SM came about in the 1960’s when Sheldon Glashow,
Steven Weinberg, and Abdus Salam combined the electromagnetic and weak forces
into one phenomenon, the electroweak force, and incorporated the mechanism for
electroweak symmetry breaking [17-20]. Then, in the mid-1960’s it was proposed that
protons were in fact made of quarks [21]. This hypothesis would grow into the theory
of quantum chromodynamics (QCD) and describe the strong force. The electroweak
and strong force together allow us to describe the SM as a set of fields which are
invariant under a SU(3)¢ x SU(2) x U(1)y gauge group. SU(3)¢ describes the color
interactions among quarks, SU(2), describes the weak interactions among quarks and
leptons, and U(1)y, defined as weak hypercharge is related to the electromagnetic
interaction. A depiction of the fundamental particles of the SM as well as their
interactions with each other can be seen in Figure Ell
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Figure 2.1: A depiction of the particles in the SM and their interactions. The first
row represents the fermions, quarks and leptons; the force mediating gauge bosons
are shown on the second row; and the Higgs boson is in the last row. The blue lines
drawn between the particles represent their interactions at tree level.

The SM has been very successful in predicting and subsequently describing a wide
range of physics. Many experiments over the course of several decades have been
dedicated to testing the validity of the SM [22-27]. Also, the SM has postulated the
mechanism which gives the W and Z bosons their masses while leaving the photon
massless, the Higgs mechanism [28,29]. The Higgs mechanism is responsible for the
spontaneous breaking of the SU(2),, x U(1)y or electroweak symmetry. To accomplish
this, a SU(2) scalar doublet is introduced [30]

into the corresponding Lagrangian.

L=T-V= (8u¢u)T(a¢u> - M2¢T¢ - >‘(¢T¢)2 (2.1)

where V() = 12616 + A(@')? (2.2)

The potential V(¢) is the ‘Mexican hat potential’ shown in Figure @ with 2 < 0

.. . — 2 . .. .
and A > 0. The minimum for ¢ is = /=% = X Since the minimum is non-zero
2) V2
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Figure 2.2: The ‘Mexican hat potential” associated with the Higgs mechanism. The
movement of the ball represents the spontaneous breaking of electroweak symmetry
as it falls into the minimum of the potential [1].

ie.e there is a non-zero vacuum expectation value (VEV), we can choose:

() = (2.3)

If we then expand ¢ about its VEV in the Lagrangian, a new scalar particle, the
Higgs boson, will be introduced with (H) = n;—i’, where m? = A2, In addition,
we will get mass terms for the W and Z bosons while leaving the photon massless. A
new boson with a mass of 125 GeV was discovered by the general purpose detectors
at the Large Hadron Collider (LHC) in 2012, which is consistent with the SM Higgs
boson [B1,B2]. Once data taking resumes in the middle of 2015, more precise mea-

surements of the boson’s quantum numbers will tell us if it remains consistent with

a SM Higgs boson.

2.2 Motivation for Supersymmetry

The latest discovery of a new boson consistent with the SM Higgs is the quintessential

success of the of the SM to date; however, there are still some questions that the SM



is unable to answer. One of the main reasons for the introduction of supersymmetry
(SUSY) is the resolution of the hierarchy problem.

The hierarchy problem, stated in the simplest of terms, tells us that the predicted
mass of the Higgs as well as the mass of the new boson discovered at the LHC
are much lighter than expected once corrections from quantum field theory to this
mass are included. From experiments involving the weak interactions, it has been
experimentally determined that the mass of the Higgs boson should be ~100 GeV;
this is consistent with the measured mass of the new boson at 125 GeV. Now, let
us account for the quantum corrections to this value. Figure @ shows the loop
corrections for fermions and scalars. These corrections are enormous and one exists

for every particle that couples directly or indirectly to the Higgs. These corrections

-_— e = - - - - -

(a) (b)

Figure 2.3: One loop corrections to the Higgs mass for (a) fermions (f) and (b) scalars

(5) [,

for fermions are of the form:

|Asl?
Am2 = — 8;;2 A2y + .. (2.4)

A is the coupling constant of the fermion to the Higgs, and Ay is the momentum
cutoff that is used to regulate the integral and can be thought of as an energy scale
in which new physics would have to enter to modify the high energy behavior of the

theory. If we take A; as 1, for the largest correction which comes from the top quark,
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and Ayy as the Planck scale or 10'® GeV then these corrections would give a mass to
the Higgs that is 30 orders of magnitude larger than expected. To solve this problem,
SUSY proposes that there exists a scalar particle that also couples to the Higgs with

corrections of the form:
As

WA?]V + . (2.5)

2 _
Ami =

Therefore, if there were a symmetry between fermions and bosons that gives rise
to two complex scalars, with Ag = |\;|?, that accompanied each of the quarks and
leptons, then the mass of the Higgs would be in the 100 GeV range. However, these
massive scalars must be ~ 1 TeV if these cancellations are to occur naturally.

In addition to providing a solution to the hierarchy problem, SUSY makes two
other predictions that make it a desirable theory. At higher energy scales or ~10'°
GeV, the electroweak and strong forces will unify to single strength as shown in
Figure @ Secondly, SUSY provides a natural candidate for dark matter. If the
lightest stable particle in the SUSY mass spectrum does not decay to SM particles
and only interacts weakly, then dark matter could be included in the supersymmetric

extension to the SM [2].

2.3 Introduction to SUSY

A supersymmetry transformation is defined as an operation that changes a fermion

into a boson and vice versa.
Q |Boson) = |Fermion) Q' |Fermion) = |Boson) (2.6)

Where Q(QT) are intrinsically complex spinors that act as the generators of su-
persymmetric transformations. The single particle states of supersymmetry are con-
structed as irreducible representations of the algebra associated with supersymmetry

and are known as supermutliplets. Each supermultiplet contains both fermion and
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Figure 2.4: Inverse gauge couplings in the SM represented by dashed lines and the
minmal supersymmetric extension to the SM represented by solid lines. The different
colored lines represent variations in the masses of the SUSY particles [2]

boson members by construction. The simplest multiplet consists of a Weyl fermion
and two real scalars, grouped into one complex scalar field; this multiplet is defined
as a chiral multiplet. All know SM quarks, leptons, and the SM Higgs reside in chiral
multiplets. There is also a vector boson multiplet which consists of one Weyl fermion
and one real boson used to represent the photon, W, Z, and gluon. Lastly, there is a
gravity multiplet, which consists of spin 3/2 fermions and one graviton. All multiplets
available in the minimal extension to the supersymmetric standard model are listed
in Figure @ Note that SUSY calls for two Higgs doublets; one (H,) gives mass
to the up-type quarks and the other (H,) gives mass to down-type quarks. Other,
unlisted supersymmetric particles or sparticles arise from linear combinations of those
listed in Figure @ There are two linear combinations of charged winos and charged
higgsinos known as charginos (denoted by x*). There are 4 states which result from

the mixing of the bino, neutral wino, and neutral higgsinos known as neutralinos



Names spin 0 spin 1/2 | SU(3)c, SU2)L, U(1)y
squarks, quarks | Q | (ug JL) (ur, dr) (3,2, %)
(x3 families) | @ uk, uly (3,1, -2
d d;, db, (3,1, 4
sleptons, leptons | L (v er) (v er) (1,2, -3)
(x3 families) | e e el (1,1, 1)
Higgs, higgsinos | H, | (H} H?) (}NI;[ }NLS) (1, 2, +%)
Hy | (H§ Hy) | (H} Hy) (1,2, )
Names spin 1/2 | spinl | SU(3)c, SU2)L, U(1)y
gluino, gluon g g (8,1,0)
winos, W bosons | W* W0 | w* W0 (1,3,0)
bino, B boson B0 B (1,1,0)

Figure 2.5: Chiral multiplets (top) and vector multiplets (bottom). [2]

(denoted by x°). These are the states that are able to be experimentally determined
and are those which will be of interest in the search detailed in this thesis [2].
Obviously, we have found none of the particles that I have just mentioned. If su-
persymmetry were a perfect symmetry, then we would have found these particles long
ago as the sparticles would be of the same mass as their SM fermionic counterparts.
Therefore, SUSY must be a broken symmetry, which raises the question of how?
There are many proposed mechanisms for the breaking of supersymmetry, including
mediation as well as explicity adding terms to the supersymmetric Lagrangian [33].

This search focuses on anomaly-mediated supersymmetry breaking.



2.4 Anomaly-Mediated Supersymmetry Breaking

The theory of Anomaly-Mediated Supersymmetry Breaking (AMSB) relies on the
existence of a ‘hidden sector’ where SUSY is broken. Otherwise, some of the sparticles
should have already been discovered [2]. This is then communicated to the visible
sector where we would detect it experimentally. A schematic of how SUSY breaking

is transmitted to the visible sector is shown in Figure @

Sbupe]r:ymm‘etfy Flavor-blind MSSM
reaking origin \/\/\/\/\/\/ (Visible sector)
(Hidden sector) Interactions

Figure 2.6: Proposed schematic for the breaking of supersymmetry [2]

The mechanism for how SUSY breaking is communicated from the hidden sector
to the visible one is debated. In AMSB, the SUSY-breaking effects are transferred
soley by gravity interactions since AMSB is a special case of purely gravity mediated
supersymmetry [34]. In both purely gravity mediated SUSY breaking and AMSB,
there are so-called anomaly-mediated contributions which arise from the super-Weyl
anomaly [35], which can be thought of as an extension of scale invariance. The
difference between the two theories lies in that SUSY breaking in the gravity mediated
case is communicated to the observable sector at tree level by operators that are
suppressed by the Planck scale. This direct, tree level interaction between the two
sectors dominates over the aforementioned anomaly-mediated effects. In AMSB, there
is no direct communication between the hidden sector and observable sector, and the

anomaly-mediated terms are allowed to become the dominant contributions. Thus,
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the three gaugino masses, generated at one loop, are

big;
M’i = 1671'2m3/2 (27)

where mg/y is the gravitino mass, g; = g1, g2, g3 are the guage couplings to U(1),
SU(2), and SU(3), and b; are the coefficients of the gauge group beta functions. The
beta function encodes the dependence of a coupling parameter on the energy scale.
The values of b; are (%—3, 1, -3). From these, we can determine the following relation

between the gaugino masses [3].
My :My: M3=28:1:-8.3 (2.8)

which differs from the relation of My : My : M3 =1 :2:7 in other gravity mediated
models. This implies that the lightest chargino (xi) and neutralino (x°) masses are

nearly degenerate. They can be written following the notation of [36].

M?2 My M2 1
m+ = My— “Win2s — —2 5 Y10 (—3) ) (2.9)
L fu u fu
M?2 My M2 M2 tan? Oy, 1
m = My, — —%gin25 — w_ W sin? 2 +O(—>.2.10

where M, is one of the aforementioned gaugino masses, M, represents the weak
scale (~ 100 GeV), tan/ is the ratio of the Higgs vacuum expectation values, and p is
the Higgsino mass parameter. Allowed values for ;1 and M, are shown in Figure @
for two values of tang.

The mass difference between the chargino and neutralino can be written as

M, tan? Oy,

Am = ——FF—"—
(My — My)p?

sin® 23 (2.11)

Additionally, there are one-loop corrections to the chargino mass, increasing it by

~ 150 MeV; thus Am is always greater than the pion mass [37]. The mass difference
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Figure 2.7: Allowed parameters in the (u,Ms) plane for 4 < 0 and tang = 3 and 30.
Similar results hold for x> 0 [3]

determines the chargino lifetime and is typically between 140-200 MeV.

2.5 An Experimental Signature of AMSB

The small mass difference between the chargino and neutralino gives rise to an inter-
esting experimental signature that is exploited in this thesis. We examine the case
where the chargino decays to a neutralino and a pion, Y — 7%, The phase space
for this decay is limited by the small chargino-neutralino mass difference. Conse-
quently, the chargino has a significant lifetime, and the daughter pion has momen-

tum of ~100 MeV, typically too low for its associated track to be identified by the

12



Compact Muon Solenoid (CMS). The neutralino does not interact with the detector
material since it is neutral and weakly interacting; thus, it evades detection. How-
ever, the significant lifetime of the chargino does allow for it to be detected in the
tracker. Therefore, we can search for the experimental signature of a ‘disappearing
track’, a track that is identified within the tracker volume of the detector, but decays
before reaching the muon system. More conventional searches are not sensitive to this
signature since the chargino is long-lived enough to produce a partial track within the
tracker volume. On the other hand, searches for long-lived charginos could also have
missed this signature since the chargino is not long-lived enough to reach the muon

system.

2.6 Experimental Status of SUSY

Experimental searches for SUSY have been done for years at LEP (the precursor to
the LHC) [38,B9] as well as at the DO [40] and CDF [41] experiments located at
Fermilab. At the LHC, CMS and A Toroidal LHC ApparatuS (ATLAS) experiments
continue to search for SUSY, but no experimental evidence for these particles has
been found. The summary of SUSY results presented in 2014 for CMS are shown
in Figure @, which shows the range of sparticles masses that have been excluded.
We can see that the available parameter space for sparticles to solve the hierarchy
problem naturally is being squeezed. Since conventional searches are pushing the
SUSY scale to higher and higher masses, experimentalists and theorists are looking
into signatures that may have evaded these searches such that a natural solving of
the hierarchy problem is still possible.

One way that this could occur is if the supersymmetric particles are in fact long-
lived. Previous CMS analyses have searched for long-lived charged particles that

reach the muon system. The experimental signature is based on anomalous ionization
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Figure 2.8: Best exclusion limits in the Simplified Model Spectra (SMS) framework.
These limits were collected by CMS and presented at ICHEP conference. Branching
ratios oé one are assumed and values shown in this plot are to be interpreted as upper
limits [4].

energy loss [@—@] In Figure @, the parameter points excluded in the Phenomeno-
logical Minimal Supersymmetric Model (pMSSM) by conventional SUSY searches as
well as those additional points excluded by the long-lived search are shown. The
pMSSM is a constrained theory of SUSY that only uses 19 parameters as opposed
to the ~100 free parameters in unconstrained theories of SUSY [@, @] This thesis
serves to close the gap between these two types of searches.

CMS has never performed a search for long-lived particles based on the signature
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of a disappearing track. However, a search for disappearing tracks has been con-
ducted by the ATLAS Collaboration and excludes at 95% confidence level (CL) a
chargino in AMSB scenarios with mass less than 270 GeV and mean proper lifetime
of approximately 0.2 ns [6]. The results of the ATLAS search are summarized in Fig-
ure . The search detailed in the remainder of this thesis corroborates the results
presented by ATLAS. In addition, it rules out the 20 excess that was seen in the pr
distribution, shown in Figure .

The results of this thesis form the basis for the CMS paper “Search for disappear-
ing tracks in proton-proton collisions at sqrt (s)= 8 TeV” published in January of

2015 [47).
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Figure 2.10: Expected and observed constraints on the allowed chargino lifetime
(7#) and chargino mass (m,z). Charginos that fall to the left of the solid red line

are excluded at the 95% CL (top). The expected and observed constraints on the
chargino mass and the mass splitting between the chargino and neutralino, Amxli,
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Chapter 3
THE LARGE HADRON COLLIDER

The Large Hadron Collider (LHC) is the largest particle accelerator to date. It is 27
km in circumference and is located ~ 100 m underground on the Franco-Swiss border
near Geneva, Switzerland. The main physics goals of the LHC are to confirm the SM,
determine the mechanism of electroweak symmetry breaking, and search for theorized
BSM particles. In this chapter we will briefly discuss the LHC. An overview is given
in Section El!, followed by a description of the injection chain in Section @, and a
summary of some key features in Section @ Unless otherwise noted, the information

in this chapter is taken from [48].

3.1 Overview

The LHC is designed to collide two oppositely circulating proton-proton (pp) beams
with a center of mass energy (y/s) of 14 TeV. In 2011, /s was 7 TeV and in 2012,
Vs was 8 TeV. From 2013 to 2015, the LHC was shut down for a technical stop and
data taking will resume later this year with /s of 13 TeV.

The protons that are collided by the LHC are divided into groups known as

bunches. Each bunch contains approximately 10! protons that are collided every
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25 ns. The number of events created at the LHC per second is given by
Nevent = Lgevent (31)

where o pent 18 the cross section of the event and L is the instantaneous luminosity.

The instantaneous luminosity is determined by the beam parameters to be

o Nl?nbfrev’yr F

L= P (3.2)

where N, is the number of particles per bunch, n, is the number of bunches per
beam, f,, is the revolution frequency, and -, is the relativistic gamma factor. ¢, is
the normalized beam emittance, a measure of the spread of the beam in the plane
transverse to its motion. A smaller emittance implies that the particles of the beam
are squeezed into a smaller space, resulting in a higher luminosity. £* is a measure
of the transverse size of the particle beam at the collision point; it is related to the
focusing strength of the magnets at those points. Lastly, F' is a geometric luminosity
reduction factor related to the crossing angle of the bunches when they collide.

The values for these parameters are as follows: N, is 1.15x 10 and ny is 2808,
frev 18 set by the LHC circumference to be 11.245 kHz, and ~, is set by the beam
energy to be 4 TeV in 2012 or 7 TeV at the design energy. €, is 3.75 um while §* and
the maximum crossing angle are set by the magnets at the intersection points to be
0.55 and 285 urad, respectively. The crossing angle is to avoid unwanted collisions in
the part of the LHC where the two beams share a common vacuum chamber. From
these, the design luminosity of the LHC is 1.0x10%* em?s~!, and the peak luminosity
in 2012 was 7.67 x10*3cm?s™! [49].

The luminosity at the LHC does not remain constant over the course of a physics
run; it decays, mainly due to beam loss from collisions. Another important source

of beam loss is the scattering of protons on residual gas molecules in the beam pipe.
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Other, smaller sources of beam loss are Coloumb scattering of protons traveling to-
gether or protons traveling in different bunches when crossing the interaction points.
These sources of beam loss limit the lifetime of the beam to approximately 15 hours.

The time integral of the instantaneous luminosity provides a measure for how much
data has been recorded by the LHC and CMS. CMS logs how much of the luminosity
has been ‘delivered’ as well as how much has been ‘recorded.” The delivered luminosity
refers to the amount of luminosity that is seen by CMS. If everything worked perfectly,
then the recorded and delivered luminosity would be identical. However, in some
cases, CMS is unable to take data because the data acquisition chain is busy or
because one of the subsystems is down. The recorded and delivered luminosity for

2012 is shown in Figure @

CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC
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Figure 3.1: Delivered and recorded luminosity by CMS in 2012 [H]

Figure @ shows the layout of the LHC. It consists of eight arcs and 8 straight
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sections. Fach straight section is 528 m long and can be used as an insertion point.
The two high luminosity experiments at the LHC, A Toroidal LHC Apparatus (AT-
LAS) and the Compact Muon Solenoid (CMS) are located directly opposite of each
other around the LHC ring at Point 1 and Point 5 respectively. They expect to have
a peak luminosity of 103*cm?s. At Point 8 lies a lower luminosity experiment dedi-
cated to B physics, LHCb, which expects a peak luminosity of 103?cm?s. At Point
2, there is one ion experiment, A Lead Ion Colliding Experiment (ALICE), which
expects 10%"cm?s with lead-lead collisions. Points 2 and 8 are also used as the access
points for injection of the beams. These experiments mark the only places where the
beams cross to induce collisions. At the non-crossing points, the LHC has two RF
systems at Point 4, discussed in Section . Lastly, two collimation systems used
to clean the beams are located at Points 3 and 7. The collimation systems define
the aperture sizes for the circulating beams and are designed to protect against the

sources of beam loss.

3.2 Injection Chain

To produce the protons that are used for collisions, the LHC first begins with a bottle
of hydrogen gas. Then the protons are sent through several machines which increase
their energy in stages before being injected into the main ring.

First, the hydrogen is passed through an electric field to strip it of its electrons, and
the resulting protons are injected into the linear Linac2 accelerator and accelerated
to 50 MeV. Then, they are fed into the Proton Synchrotron Booster (PSB), where
they are accelerated to 1.4 GeV. Next, the protons make it to the Proton Synchrotron
(PS) which pushes them up to 25 GeV. After that, they encounter the Super Proton
Synchrotron (SPS) and reach and energy of 450 GeV. Finally, they are injected into

the main LHC ring at Points 2 and 8 where they are accelerated up to the desired
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Figure 3.2: A bird’s eye view of the experiments around the LHC ring. The direction
of Beam 1 is clockwise and shown in red; the direction of Beam 2 is counter clockwise
and shown in blue. ATLAS is located at Point 1, ALICE at Point 2, CMS at Point
5, and LHCb at Point 8.

center of mass energy (8 TeV in 2012). To accelerate the protons from 450 GeV to
8 TeV, takes approximately 20 minutes and the beams are circulated from 5 to 24
hours. The injection chain at the LHC is shown in Figure @

The fine structure of the beam can be see in Figure @ Each LHC beam has 39
batches that consist of 3 or 4 trains. These trains each consist of 72 25-ns spaced
bunches each, which corresponds to 2808 total bunches. At the end of each train,
there is a gap that corresponds to 200 ns or 8 bunches, which allows for the SPS
injection kicker rise time. At the end of each batch there is gap of 38 or 39 bunches

to allow for the LHC injection kicker rise time. Lastly, after all batches, there is a
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Figure 3.3: Overview of the injection complex at the LHC. []

gap of 119 bunches or 2.9 us which allows for the LHC dump kicker rise time [@]

3.3 LHC Features

3.3.1 Magnets

The LHC has 1 232 twin-bore or ‘two-in-one’ dipole magnets around the ring to
maintain the circular orbit of the protons. They consist of two beam pipes, each
with its own set of superconducting coils, and are cooled to temperatures of 2K by
superfluid helium and produce a magnetic field of 8 T. The two-in-one design allows
for a magnetic field that points either up or down depending on the direction of the
beam. Each dipole is ~ 16.5 m long and weighs 27.5 tons. A cross sectional view of

the dipole magnets used can be seen in Figure @
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Figure 3.4: Overview of the injection complex at the LHC. [9]

In addition to dipole magnets, the LHC uses several other magnets to focus the
beam. Quadrupole magnets as well as other higher order magnets are used to keep
the beam from diverging in the plane transverse to its motion. Lastly, the so called
‘inner triplets’ are the magnets that are responsible for squeezing the beam even more
before the collision point. The inner triplets reduce the size of the beam from ~ 0.2

mm to ~ 16 pm.

3.3.2 RF Cavities

The radio frequency (RF) cavities used by the LHC are designed to accelerate the
bunches of protons as well as keeping the bunches tight. The RF cavities at the LHC
are tuned to 400 MHz, which defines the bunch length to be < 2 ns. There are 8
RF cavities per beam, and as bunches pass through the cavity, the oscillating electric
field is at its peak and accelerates the protons through a potential difference of 2 MV.

The finite bunch length is ensured since particles that arrive a little later will receive
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Figure 3.5: Cross sectional view of twin-bore dipole magnets at the LHC.

a slightly higher energy kick and vice versa for those particles that arrive earlier. The
450 GeV protons that arrive in the LHC ring from the SPS get a kick each time they
pass through the RF cavities until they have been accelerated to the desired center

of mass energy.

3.3.3 Vacuum System

The LHC has three vacuum systems: the insulation vacuum for the cryomagnets,
the insulation vacuum for the helium distribution line, and the beam vacuum. The
vacuum used for the insulation systems are kept at 10~ mbar. The requirements on
the beam vacuum are more strict. For the required beam lifetime and to decrease the
background from protons colliding with other particles in the beam pipe, the beam
vacuum is kept at 1071°-107 mbar.
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Chapter 4
THE COMPACT MUON SOLENOID

The Compact Muon Solenoid (CMS) is located at Point 5 on the LHC ring. CMS was
designed to detect all known particles of the SM as well as other particles beyond the
standard model (BSM) which have been postulated to exist. It is a general purpose
detector, which is 21.6 m long, 14.6 m in diameter, and weighs 13,800 tons. The
layout of CMS can been seen in Figure El] It consists of a central barrel, in which
the subdetectors are arranged in concentric layers, and outer endcaps, designed to
extend the coverage of CMS.

In this section we will give an overview of the features of CMS as they pertain to
this search; a more detailed description of CMS can be found in [10]. The coordinate
system and subdetectors are described in Section El!; the layout of the trigger and
how data is acquired is explained in Section @; and how the information for the
subdetectors is combined to define physics objects used in analyses is explained in

Section @ Unless otherwise noted, the information in this chapter is taken from [10].

4.1 Coordinate System and Detectors

4.1.1 Coordinate System

The coordinate system of CMS is such that the z direction is aligned with the beam,
the y direction points upward, and the z axis points towards the center of the LHC
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Figure 4.1: Cutaway view of CMS []

ring. ¢ is measured as the angle in the transverse (z — y) plane, and 6 is the angle
measured between the beam line and the transverse plane. However, the pseudora-
pidity (n) is often used instead of the angle 6, where n = —tan[In(4)]. Since the
pseudorapidity is a Lorentz invariant quantity, it is more convenient to use than the
polar angle. Now, we can define the momentum and energy transverse to the beam
direction: pr = pcost and Ep = Ecosl, where p and F are the magnitudes of the
momentum and energy vectors. The imbalance of momentum in the transverse plane

is denoted by Er. The CMS coordinate system is illustrated in Figure @

4.1.2 Tracking System

At the very core of CMS is the tracking system, based entirely on silicon tracking tech-
nology. The tracker is designed to provide measurements of trajectories and vertices

of charged particles emerging from the collision point. Through the measurement of
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their curvature in the magnetic field, the momenta of the particles can be determined.
The tracker uses p-n junctions to detect ionization signals from charged particles that
traverse the n-doped and p-doped materials of the silicon sensors. The sensors are
reverse biased to obtain a depletion region, or a region with a strong electric field that
is free of charge carriers. Thus, when a charged particle crosses the fully depleted
sensor, the charge carriers that it releases drift to the anode/cathode. This ionization
current, which is proportional to the ionization energy loss of the particle, is then read
out by the electronics. The tracker consists of an inner pixel detector and an outer
strip tracker. The pixel and strip tracker are complemented by endcaps, extending
the pseudo rapidity coverage to |n| < 2.5.

At the design luminosity of the LHC, we expect approximately 1000 particles
resulting from 20 pp interactions every bunch crossing (every 25 ns). Consequently,
the flux of particles is largest at » < 10 cm. For this reason, the pixel detector was
designed to keep the hit occupancy below 1%. This is accomplished with 1440 pixel
modules, where each pixel sensor measures 100x 150 pum?. For 20 cm < r < 110 cm,

the flux of particles has decreased enough to allow for the use of 15 148 silicon strips,
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typically ~10 cmx ~100um.

Pixel Detector

The pixel detector is responsible for the reconstruction of secondary vertices from b
or 7 decays and providing seed tracks for the outer track reconstruction. It consists of
three barrel layers (BPix) at radii of 4.4, 7.3, and 10.2 cm. The barrel has two disks
of pixel modules on each side (FPix). There are 66 million pixels in the BPix+FPix.
This arrangement provides three hits for each pixel seed over the full pseudorapidity
range. Figure @ shows the layout of the pixel detector as well as the efficiency for
> 2 hits over the n range. The spatial resolution of the pixel detector must be fine as

it is the first measurement of physics objects and has been measured to be 15 —20um.
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Figure 4.3: The layout of the pixel detector and the hit efficiency as a function of
7]
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Strip Tracker

The strip tracker is composed of three different subsystems. First, the Tracker Inner
Barrel (TIB) and Tracker Inner Disks (TID) extend from 20 cm < r <55 cm and
consist of 4 barrel layers + 3 endcap disks at each end. The TIB/TID is surround by
the Tracker Outer Barrel (TOB) covering a radius of up to 116 cm. The TOB consists
of 6 barrel layers and extends in z between +118cm. Lastly, the Tracker Endcaps
(TEC+ and TEC—, the sign reflects the z axis location) cover 124 cm< |z] <282
cm and 22.5 cm< r <113.5 cm. Each TEC consists of 9 disks. This combination
of subsystems shown in Figure @ ensures at least 9 hits. In addition, the first two
layers of the TIB, TID, and TOB as well as rings 1, 2, and 5 of the TEC’s have a
second micro-strip module mounted on the back at a stereo angle of 100 mrad. These
double-sided layers ensure that ~ 4 hits are two-dimensional. The resolution is 230

pm in the TIB, 530um in the TOB and varies in the TEC.
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Figure 4.4: Cross section of CMS tracker. Each line is a detector module; double
lines indicate back-to-back modules



Each silicon strip tracker module consists of one or two silicon sensors supported
by a frame of carbon or graphite. A Kapton circuit layer is used to insulate the silicon
sensor and provide the electrical connection to the back plane. In the case of two
sensors, the strips are connected via wire bonds. Modules in the inner barrel, inner
disks and rings 1-4 in the endcaps have one sensor; modules in the outer barrel and
rings 5-7 of the endcaps have two sensors. Figure @ shows a sample module with

two sensors.

Kapton circuit silicon sensors

support frame

wire bonds

Figure 4.5: Silicon strip tracker module with two sensors []

4.1.3 Electromagnetic Calorimeter

Outside of the tracking system is the electromagnetic calorimeter (ECAL). The main
purpose of the ECAL is to measure the energy of photons and electrons. High energy

electrons predominantly lose energy in matter by bremsstrahlung, and high energy
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photons lose energy by pair production (the creation of an electron/positron pair).
Thus, when a higher energy electron or photon enter the ECAL it will create an
electromagnetic (EM) shower.

The ECAL is a hermetic calorimeter, composed of 75,848 lead-tungstate crystals.
It consists of a barrel that is closed on each end by endcaps. The barrel covers
pseudorapidity of |n| < 1.479 while the endcaps cover 1.479 < |n| < 3.0. In the
barrel, there are 1700 crystals per supermodule, arranged in 20 x 85 grid in ¢ x 7.
Two supermodules are laid end-to-end to form one row in ¢ with 18 rows completing
the entire barrel. In the endcap, the remaining 14,648 crystals are divided almost
evenly amongst 18 wedge-shaped sectors. In front of each endcap sits the layered
preshower composed of a lead absorber followed by silicon detectors. The goal of
the preshower is to distinguish between prompt photons and photons that arise from
neutral hadron decay. The geometry of the ECAL can be seen in Figure @

The lead-tungstate crystals of the ECAL were chosen due to their radiation hard-
ness, short radiation length (X, = 0.89 cm), and small Moliére radius (2.2 cm). Since
most EM showers can be contained in 20 Xy, a length of 230 mm, which corresponds
to 25.8 Xy, for the crystals is used. A particle passing through these crystals will scin-
tillate, and the light emitted will be collected by avalanche photodiodes in the barrel
or vacuum photodiodes in the endcaps providing a measure of the particles energy.
A sample crystal from the barrel and endcap with these photodetectors attached is
shown in Figure @

The energy resolution, og/F, extracted from 2012 Z — ee events as a function of

7 can be seen in Figure @
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4.1.4 Hadronic Calorimeter

Outside of the ECAL is the hadronic calorimeter (HCAL). The HCAL is designed
to reconstruct the energy of hadrons. A strongly interacting hadron will produce a
hadronic shower in the HCAL through a series of inelastic nuclear interactions. By

combining the information from the ECAL and HCAL, we have enough information

33



Figure 4.7:
vacuum photodiode (right)

Barrel crystal with avalanche photodiode (left). Endcap crystal with

CMS 2012 preliminary: L = 19.5 fo', s = 8TeV

0_06 T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T
r Prompt reconstruction, inclusive ]
- Winter2013 re-reconstruction, inclusive B
0.05 [ ——e—— MC,inclusive ]
- i i - ]
= H H —o— a
0.04— : : P ere =
r H H —e— el —— ]
w - i i;'“_._ . R
~ B i —— T
E...* -i:'.:--._._. H E
0.01 — —
fo P R S BT B A R
0 0.5 1 1.5 2 25

SuperCluster |n |

Figure 4.8: ECAL energy resolution, og/FE, from 2012 Z — ee events as a function
of n. The vertical dashes represent cracks between the ECAL supermodules, and
the gray band represents the barrel-endcap crack region. The energy resolution is
degraded in these areas [13].

to determine the Fr of the event, caused by neutral or weakly interacting particles

that do not interact with the material in CMS.

The HCAL consists of the HCAL barrel (HB), HCAL endcaps (HE), HCAL outer
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(HO), and HCAL forward (HF) as shown in Figure @ Like the barrel of the ECAL,

0 01 02 03 04 05 06 07 08 09 .0 RR 1.2 A3

Figure 4.9: Quarter cross sectional view of HCAL

HB is made of 36 ¢-wedges. Each wedge is divided into 16 along n and 4 along ¢,
yielding 64 readout towers per wedge. HE also has 36 ¢-wedges with 38 readout towers
each. Lastly, HO consists of 5 rings around HB and HE with 72 ¢-slices per ring. HFs
are positioned 11.2 m from the interaction point and are able to measure the energy
of very high rapidity hadronic activity. HB, HE, and HO are sampling calorimeters
consisting of alternating brass absorbers and plastic scintillators. In brass, the nuclear
interaction length is 16.42 cm. Since the HCAL is ~ 9 nuclear interactions in length,
99% of the shower will be contained. The brass absorber initiates the hadronic shower
and as the particles travel through the plastic scintillator, the light is read out by

wavelength-shifting fibers which are connected to scintillator tiles. The light output
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from all tiles in a readout tower is collected and read out by hybrid photodiodes.

4.1.5 Superconducting Magnet

As the namesake of CMS implies, it was designed to measure the momentum of muons
with high efficiency. This was accomplished with the choice of a superconducting
solenoid, which sits just outside the calorimeter subsystems. The large bending power
aids in accurately determining the momentum of muons and other charged particles.

The magnet is 12.5 m in length and 6 m in diameter and was designed to generate
a uniform magnetic field of 4 T. The flux is returned by a 10,000 ton iron yoke. The
return yoke is interleaved with the muon system (discussed in the next section). This
setup concentrates the return field within the volume of the muon system to provide

a second handle on measuring the momenta of high energy muons.

4.1.6 Muon System

Once outside the magnet, all particles with the exception of muons should have been
stopped by the other subsystems. At CMS, the accurate detection of muons is of the
utmost importance as muons provide a clean, distinct signature of interesting physics
phenomena.

Muons that traverse CMS are measured by three different gaseous detectors: drift
tubes (DTs), cathode strip chambers (CSCs), and resistive plate chambers (RPCs).
Since the magnetic field is uniform within the barrel, D'Ts are employed in four stations
and cover |n| <1.2. In each endcap, where the magnetic field is changing, 4 CSC
stations are used to identify muons with 0.9 < |n| < 2.4. The RPCs, present in both
the barrel and the endcap are used to provide accurate first level trigger information

with a timing resolution of approximately 1 ns. A cross sectional quarter view of the

muon system is shown in Figure .
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Figure 4.10: A cross sectional quarter view of the muon system of CMS []

Each DT is 2.4 m in length and 13 mm x 42 mm in cross section. It is filled with
a gas mixture that is 85% Ar and 15% COs. An anode wire at 3600 V runs along the
length of tube and and the walls are covered by electrodes held at ~ 1500 V. When a
muon passes through the tube, it ionizes the gas atoms. The freed electrons drift in
the electric field to the anode, which is read out. The maximum drift time is 380 ns.

Each CSC consists of alternating layers of cathode strips and anode wires, and
the space between two successive planes is filled with a 40% Ar, 50% CO,, and 10%
CF,4 gas mixture. A muon passes through, ionizing the gas atoms, and positive ions

drift toward the anode and are read out as in the DTs. However, the induced charge
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on the cathode strips is also read out providing an additional measurement.
The muon reconstruction efficiency for simulated single muon events is shown in
Figure is 95-99%. The efficiency drops in regions of || = 0.25 and 0.8, the region

between 2 DT wheels, and |n| = 1.2, the transition between the DT and CSC systems.
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Figure 4.11: Muon reconstruction efficiency as a function of n for selected py values

4.1.7 Summary

The arrangement of subdetectors in CMS and their general purposes are summarized
in Figure . This combination of technologies is chosen to reconstruct all parti-
cles with high efficiency. All particles produced in the primary collision will travel
through the silicon tracker. The trajectory and momentum of charged particles will

be measured here. Once outside the tracker, photons and electrons will produce
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an electromagnetic shower in the ECAL and stop, providing a measure of their en-
ergy. Charged and neutral hadrons will continue through the ECAL and produce a
hadronic shower in the HCAL, providing a measure of their energy. Lastly, muons
will continue through the HCAL, superconducting solenoid, and be detected by the
muon system. Any particles not detected by these subdetectors of CMS (neutrinos
or other neutral and weakly interacting particles) will leave an imbalance of energy

in the transverse plane and be determined as Er.
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Figure 4.12: A transverse slice of CMS. All particles produced will travel through
the silicon tracker. The tracker will measure the trajectory of charged particles and
reconstruct the momenta. Next, photons and electrons will shower in the ECAL and
deposit all of their energy. Hadrons will continue through the ECAL and produce
hadronic showers in the HCAL. Muons will not be stopped by the ECAL or HCAL
and will continue through the magnet to the muon system. []
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4.2 Triggers and Datasets

Since it is impossible to store and analyze all events that are produced at CMS, a
drastic reduction in the recorded number of events must be implemented before the
data even reaches the analysts. The trigger is the first stage of event selection and
cuts down the rate from 40 MHz to 300 Hz. The rate is reduced in two steps: the

Level 1 (L1) trigger and then the High Level Trigger (HLT).

4.2.1 Level 1 Trigger

The L1 trigger is based on hardware and must analyze every single event that is
collected by CMS. The L1 trigger has 3.2 us after a given bunch crossing to decide
whether or not to pass an event to the HLT. A schematic of the L1 architecture can
be seen in Figure .

To begin, deposits in the calorimeters and/or hits in the muon system seed the
Trigger Primitive Generators (TPGs). The seeded TPGs are used to calculate the
Er sums from the calorimeters and the muon track stubs, which are combined into
Regional Calorimeter Triggers or muon track finders, respectively. These are then
sorted based on pr and quality. Next, the regional information is combined to form
the Global Calorimeter and Global Muon Triggers. Once the Global Calorimeter and
Global Muon triggers have determined the best physics object across the detector,
they are finally combined into a single Global Trigger. The Global Trigger then
decides if that event will be kept and further analyzed by the HLT or if it will be

discarded.

4.2.2 High Level Trigger

The HLT examines all events that have passed the L1 trigger and determines whether

or not they will be saved for physics analyses. Due to timing and storage constraints
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Figure 4.13: Schematic of the L1 trigger architecture.

the rate must be kept to approximately 300 Hz.

The HLT is designed to accept a broad range of physics events to allow for new
physics phenomena. In addition, the objects within the events accepted must have a
high selection efficiency with respect to the offline reconstruction of physics objects.
These goals must be accomplished within the limits of computing speed and storage.
To accomplish this, the HLT paths are designed to look for a minimal number of
physics objects, for example, events that have only one muon. Also, the HLT algo-
rithm will only reconstruct objects in certain regions of the detector. These regions
are determined using the information from L1. Since not all objects in the event are
reconstructed, the HLT conforms to the technological limitations of CMS. Each HLT

path is specific to the analysis being performed; the HLT paths chosen for this search
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are discussed in Section @

4.2.3 Data Processing

All events recorded by the HLT are then grouped into different datasets. Each dataset
contains events that pass similar HLT paths, i.e. all events that contain one muon
are grouped into the SingleMu dataset and so forth. These datasets are then subject
to several layers of data processing. The first layer of processing produces data in the
RAW format. The RAW data contains the readout information from each channel
of the detector, the digitized trigger primitives, and the L1 decision. It is the largest
data format corresponding to ~1.5 MB per event.

The next layer produces RECO data which produces the high level physics objects
i.e. electrons, photons, muons, tracks, etc. It takes up much less space at ~0.5 MB
per event. Lastly, the analysis object data (AOD) format is a slimmed d own version
of the RECO data. It keeps most information of the RECO data format, but drops
the individual channel information if it is not directly related to the physics object.
For the purposes of this search, the AOD format contains all event content that we

need.

4.3 Object Reconstruction

In the search detailed in the remaining chapters of this thesis, the accurate recon-
struction and identification of particles is crucial. Event reconstruction is the process
of determining the original particles that passed through CMS, their momenta, direc-
tions, and the primary vertex (collision point) of the event. CMS uses a sophisticated
algorithm, Particle Flow (PF), that attempts to build a complete description of each
event within CMS. PF does this by linking the individual elements of the event

(tracks, calorimeter deposits) together to identify all stable particles in the event, i.e.
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SingleMu

electrons, muons, photons, charged hadrons, and neutral hadrons [50,51).

4.3.1 Elements of Particle Flow

Each particle is identified using a combination of information in the event: tracks
from charged particles in the tracker, the energy deposited in the calorimeters, and
hits in the muon system. These building blocks used by PF must perform with high
efficiency. The elements of PF that we will discuss are the iterative tracking algorithm

used for track reconstruction and the calorimeter clustering algorithms implemented

by CMS.

Track Reconstruction

The iterative tracking strategy [52] was chosen to reconstruct all tracks in the event
with high efficiency. Iterative tracking is defined by reconstructing the tracks in the
events with several steps or iterations. It begins by reconstructing the highest quality
tracks in the event since they are the easiest to identify. Then, the hits associated
with that track are excluded from the next iteration. The algorithm used by CMS
consists of 6 iterations. In Iteration 0, the highest quality tracks are identified as those
that have high pr, are consistent with the primary vertex, and contain three pixel
hits (indicating the track went through every layer of the pixel detector). In Iteration
1, any remaining prompt tracks with only two pixel hits are reconstructed. Iteration
2 picks up tracks that originate from the primary vertex but have low py. These
first three iterations reconstruct prompt tracks from muons with 99.5% efficiency and
charged hadrons with 90%. Lastly, Iterations 3-5 reconstruct the tracks that are not
consistent with resulting from the primary vertex.

Each iteration consists of 4 steps.

1. Seed generation: A seed is defined as two or three hits in the pixel detector and
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is used to make an initial estimate of the trajectory parameters, i.e. track pr

and position.

. Track Finding: Multiple trajectories, consistent with extrapolating from the
seed trajectory, are built using the collections of hits in the subsequent layers
of the tracker. A single trajectory is chosen as the candidate track based on the
track quality score, Q = BNgund — PNiost — X° , where Niouna is the number of
hits associated to the trajectory, Ny is the number of layers between the first
and last hit in which a hit is expected but not found (missing hits after the last
hit on the trajectory are not included), B is a valid hit bonus set to be equal
to 5, P is a missing hit penalty set to be equal to 20, and x? is taken from the
fit of all the hits associated to the trajectory. The trajectory with the highest

quality score ) is chosen as the candidate track.

. Track Fitting: After the candidate track has been determined in the track-
finding stage, it is refitted to get a final estimate of the trajectory parameters.
Also, a check is done to see if any spurious hits have been associated to the

track; these outliers are removed from the track in this step.

. Track Selection: If the track does not meet certain quality criteria, it is dis-
carded. The track quality criteria include requirements on the number of layers

a track passes through, the y? of the track, and its impact parameters.

Calorimeter Clustering Algorithm

The next main building block of PF is the calorimeter clustering algorithm. It is de-

signed to detect and measure the energy associated with photons and neutral hadrons,

separate the energy from neutral particles and charged hadrons, reconstruct the en-

ergy of electrons including their associated bremsstrahlung photons, and determine
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the energy for charged hadrons.

In the ECAL, the energy from photons and electrons deposited in the crystals is
determined using a pattern recognition algorithm. A search is performed for ECAL
crystals with high energy; these are the seed clusters. The seed thresholds are 60
MeV in the barrel of the ECAL and 300 MeV in the endcap. From the seed, scans are
performed in n and ¢, and the energy from the neighboring cells is added to the energy
of the seed. When a crystal with a higher energy than the initial seed is found, the
clustering algorithm stops. In the case of unconverted photons or electrons that do
not bremsstrahlung photons, 94% of the energy is contained in a 3x3 array of ECAL
crystals and 97% in a 5x5 array. For converted photons and the photons that result
from bremsstrahlung of electrons, the energy is spread along in ¢. These clusters are
associated to each other and clusters of clusters or superclusters are formed. The
superclusters are then associated to the original electron or photon [53].

In the HCAL a similar seeding algorithm is used which looks for towers above a
given threshold, 800 MeV. However, the energy from the neutral and charged hadrons
used to form jets is reconstructed using the anti-kr algorithm. This algorithm com-
bines pairs of particles based on the distance between each other and the distance to
the beamline. For a given collection of particles, these two distances are computed.
If the distance between the two objects is smaller than the distance to the beamline,
that object is considered as part of the jet. This process is repeated until the distance

between two objects becomes greater than the distance to the beamline [H4].

4.3.2 Physics Objects

Once the aforementioned basic elements of PF have been determined, those elements
are linked together to describe a single particle.

As an electron traverses the CMS detector, it will ionize and leave tracks in the
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tracker as well as producing a shower in the ECAL. Therefore, an electron is identified
as a charged-particle track and the ECAL energy clusters associated to that track
after it has been extrapolated to the ECAL. Any possible photons resulting from
bremsstrahlung are also associated to the electron. These electrons can stem either
from photon conversion in the tracker material or from the decays of other particles.
Photons behave similarly to electrons; however they do not leave a track in the tracker.
Consequently, they are identified as those ECAL energy clusters which cannot be
linked to any extrapolation of charged-particle tracks to the ECAL.

Since muons do not bremsstrahlung as often as electrons, they will travel through
the ECAL without showering. Similarly, muons are not strongly interacting so they
will aslo travel through the HCAL into the muon system. Thus, muons are identified
as a track in the central tracker consistent with either a track or several hits in the
muon system, and they must be associated with an energy deficit in the calorimeters.

Next, charged hadrons are identified as charged particle tracks which are not
identified as electrons or muons. Finally, neutral hadrons are identified as HCAL
energy clusters not linked to any charged hadron trajectory, or as ECAL and HCAL
energy excesses with respect to the expected charged hadron energy deposit.

The identification of the particle plays an important role in the determination
of the particle’s direction and energy. The energy of photons is directly obtained
from the ECAL measurement, corrected for zero suppression effects. The energy
of electrons is determined from a combination of the track momentum at the main
interaction vertex, the corresponding ECAL cluster energy, and the energy sum of all
bremsstrahlung photons attached to the track. The energy of muons is obtained from
the corresponding track momentum. The energy of charged hadrons is determined
from a combination of the track momentum and the corresponding ECAL and HCAL

energy, corrected for zero-suppression effects and for the response function of the
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calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained
from the corresponding corrected ECAL and HCAL energy.

For each event, the charged and neutral hadrons are groups into hadronic jets.
The resulting jets are clustered using the anti-k; algorithm [54], operated with a size
parameter R of 0.5. The jet momentum is determined as the vectorial sum of all
particle momenta in this jet, and is found in the simulation to be within 5% to 10%
of the true momentum over the whole py spectrum and detector acceptance.

Lastly, any imbalance in the Er of the event from neutrinos or other weakly
interacting particles is accounted for. The missing transverse energy Fr is defined as
the magnitude of the vector sum of the pr of all PF candidates reconstructed in the

event.
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Chapter 5
DATA AND MONTE CARLO SAMPLES

5.1 Data Samples

We conduct the search for disappearing tracks, i.e. those events that yield the ex-
perimental signature discussed in Section @, using the MET data samples listed in
Table . In addition, the SingleElectron and SingleMu data samples listed in
Table @ are used in the background predictions and assessments of their associated

uncertainties. These will be discussed in detail in Chapter E

Table 5.1: MET data samples in which the search is performed.

Dataset Integrated luminosity (fb™!)
/MET/Run2012A-22Jan2013-v1/A0D 0.686
/MET/Run2012B-22Jan2013-v1/A0D 4.412
/MET/Run2012C-22Jan2013-v1/AQ0D 7.055
/METParked/Run2012D-22Jan2013-v1/AQD 7.366
MET 19.5
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SingleElectron
SingleMu
MET

Table 5.2: Single lepton data samples used to estimate the backgrounds.

Dataset Integrated luminosity (fb™!)
/SingleElectron/Run2012A-22Jan2013-v1/A0D 0.875
/SingleElectron/Run2012B-22Jan2013-v1/A0D 4.37
/SingleElectron/Run2012C-22Jan2013-v1/A0D 7.04
/SingleElectron/Run2012D-22Jan2013-v1/A0D 7.4
SingleElectron 19.7
/SingleMu/Run2012A-22Jan2013-v1/A0OD 0.876
/SingleMu/Run2012B-22Jan2013-v1/A0D 4.41
/SingleMu/Run2012C-22Jan2013-v1/A0D 7.05
/SingleMu/Run2012D-22Jan2013-v1/A0D 7.36
SingleMu 19.7

5.2 Triggers

Choosing a trigger to record these events is not straightforward. Since there is no
tracking information available at L1, it is not possible for CMS to implement a dedi-
cated disappearing track trigger path that focuses on the partial reconstructed track
of the chargino. In the absence of tracking information, one can use the energy in the
calorimeters as a trigger option; however, the neutral, weakly interacting neutralinos
do not deposit significant energy in the calorimeters. In addition, these BSM particles
are mainly produced in pairs, which causes their transverse momenta to cancel. This
leaves too little £ in the event to provide a viable trigger option.

For these reasons, we exploit ISR (initial state radiation) in which the dichargino
system recoils against the pr of the ISR jet. The Fr in this event is proportional to
the pr of the dichargino system and to the pr of the ISR jet.

Therefore, we conduct the search using events that pass the logical OR of the

following triggers:
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e HLTMonoCentralPFJet80 PFMETnoMu95_ NHEFOp95,
e HLTMonoCentralPFJet80 PFMETnoMul05 NHEFOp95, or

o HLT MET120_HBHENoiseCleaned.

The HLTMonoCentralPFJet80 PFMETnoMul05 NHEFOp95 trigger requires at least one
PF jet with pr > 80 GeV and |n| < 2.6. The requirement that the fraction of the
jet energy assigned to neutral hadrons in the electromagnetic calorimeter (ECAL) be
less than 95% is applied to all jets in the event. Lastly, PEMetNoMu must be larger
than 105 GeV, where PFMetNoMu is the particle flow Fr calculated excluding the
pr of any muons in the event.

The HLTMonoCentralPFJet80 PFMETnoMu95 NHEFOp95 trigger has the same re-
quirements as the previous trigger, but it places an additional requirement on jets in
the event, i.e., should a subleading jet exist in the event with pr > 50 GeV, then the
difference in azimuthal angle between the leading jet and the subleading jet must be
less than 2.9. Also, the threshold for PEMetnoMu is slightly lower (95 GeV). The 95
GeV threshold was in place during the 2012A and 2012B run periods, while the 105
GeV threshold was set for the 2012C and 2012D run periods.

The HLT _MET120 HBHENoiseCleaned requires that CaloMet be larger than 120
GeV and passes the HBHENoise filter, which reduces false F7 from noise in the
HCAL.

In addition, the following single lepton trigger paths are used for the validation

and estimation of backgrounds in this search:

e HLT IsoMu24 eta2pl used in SingleMu

e HLT Ele27 WP80 used in SingleElectron

The HLT IsoMu24 eta2pl trigger requires at least one, isolated muon with py >

24 GeV and |n| < 2.1.
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HLTMonoCentralPFJet80_PFMETnoMu95_NHEF0p95
HLTMonoCentralPFJet80_PFMETnoMu105_NHEF0p95
HLT_MET120_HBHENoiseCleaned
HLTMonoCentralPFJet80_PFMETnoMu105_NHEF0p95
HLTMonoCentralPFJet80_PFMETnoMu95_NHEF0p95
HLT_MET120_HBHENoiseCleaned
HLT_IsoMu24_eta2p1
SingleMu
HLT_Ele27_WP80
SingleElectron
HLT_IsoMu24_eta2p1

The HLT Ele27 WP80 trigger requires at least one electron with pr > 27 GeV and

a working point (WP), or electron identification efficiency, of at least 80%.

5.3 Background Monte Carlo Samples

To study the backgrounds, we use simulated samples of the following standard model
(SM) processes: W + jets, tt, Z— 0 (¢ = e,u, 1), Z— vv; WW, ZZ, WZ, W,
and Z~ boson pair production; and QCD multijet and single-top-quark production.
The W + jets and ¢t are generated using MADGRAPH 5 [55] and PYTHIA 6 [56]
event generators, while single top production is modeled using POWHEG [57-60] and
PYTHIA 6 event generators. The Z— ¢/, boson pair productions, and QCD multijet
events are simulated using PYTHIA 6. All samples are simulated with CTEQ6L1
parton distribution functions (PDF). The full detector simulation with GEANT4 [61]
is used to trace particles through the detector and to model the detector response. A
detailed list of these MC samples can be found in Appendix @

In addition, we have generated several single particle samples to aid in the studies

of various backgrounds. They are listed in Table @

Table 5.3: Particle gun samples.

Type Purpose pr (GeV) [n|  Number of Events
pion study tau background 30 <25 10,000
muon (narrow-n) study sources of missing outer hits 100 < 0.8 3,000
muon (wide-n) study muon inefficiency 100 <14 1,000,000

5.4 Signal Monte Carlo Samples

Signal samples are simulated with PYTHIA 6 for the processes q¢ — xix} and

q7 — Xix{ in the AMSB framework. The SUSY mass spectrum in AMSB is de-
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termined by four parameters: the gravitino mass msg/,, the universal scalar mass my,
the ratio of the vacuum expectation values of the Higgs field at the electroweak scale
tan 3, and the sign of the higgsino mass term sgn(u). Of these, only mg), significantly
affects the chargino mass. For this reason, we produce samples with variations of the
mg e parameter that correspond to chargino masses between 100 and 600 GeV. Super-
symmetric particle mass spectra are calculated according to the SUSY Les Houches
accord [62] with 1SAJET 7.80 [63] event generator. Table @ lists the SUSY param-

eters for the simulated samples. The branching fraction of the xi — 7% decay is

Table 5.4: Signal MC parameter points. Each mass point is simulated with chargino
cr of 10, 100, and 1000 cm.

mo (GeV)  myse (TeV) tanB sgn(p) m(xi) (GeV) A(m) (GeV)

1500 35.1 3 +1 100.0 0.19
1500 68.9 o +1 200.0 0.17
1500 103.7 5 +1 300.0 0.17
1500 139.0 3 +1 400.0 0.17
1500 174.4 3 +1 500.0 0.17
1500 210.3 d +1 600.0 0.17

set to 100%. While the chargino mean proper lifetime (¢7) is uniquely determined by
the four parameters above, the simulation is performed with a variety of mean proper
lifetime values ranging from 0.3 to 300 ns to expand the search beyond the AMSB
scenario. These intermediate lifetimes are obtained by reweighting events according

to exponential PDF’s for the generated and target cr.
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Chapter 6
EVENT SELECTION

In this chapter, we list several sets of criteria which define samples used in various
aspects of the analysis. These samples are used to isolate signal events, study the
various sources of background, estimate the background, and assess the uncertainties
associated with the background estimates.

To eliminate backgrounds that arise fron non-collision data, all samples are first
required to pass the standard CMS cleaning criteria. These criteria ensure that each
analyzed event contains a good interaction vertex. Also, they ensure that if an event
contains a large number of tracks, at least 10% of them are of the highest quality.

The CMS cleaning criteria are:

o wtxPTMY wwith > 4 d.o.f.

primary
vtx

displaced from z = 0 by no more than 24 cm in 2

dprimm’y
vtx

displaced from (z,y) = (0,0) by no more than 2 cm in zy

 In events with > 10 tracks > 10% must be classified as “high purity” as in [64].

6.1 Search Sample

Events in the search sample are characterized as those that contain at least one

prompt, well-reconstructed track with little or no associated calorimeter energy and
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a large number of missing outer hits, i.e. those events with the signature of a disap-
pearing track. Events collected by the MET trigger paths listed in Section @, passing
the event cleaning criteria listed above, and that pass the additional selection cri-
teria described below comprise the search sample. The search sample contains two

overlapping subsamples:

o A background dominated control region, referred to as the Candidate Track

subsample

o A signal enriched region where the search for BSM events is performed, referred
to as the Disappearing Track subsample. The Disappearing Track subsample is

a subset of the Candidate Track subsample.

The criteria that define these subsamples are listed in the following subsections.
The separation of signal and background provided by each of the criteria as well as
the qualitative motivation for the specific value of the cut that is applied, is illustrated
by “N-1” plots (or in one case N-2) in which all criteria save for the variable(s) being
plotted are applied. In all such plots, the signal and MC samples (normalized to unit
area) described in Section @ and @ are used.

6.2 Candidate Track Subsample

We define the Candidate Track subsample as events which pass the Candidate Track
criteria described below. These criteria isolate well-reconstructed, prompt tracks with
large transverse momentum and suppress lepton backgrounds. The Candidate Track

criteria are:

o Fr > 100 GeV, near the trigger threshold, to maximize the signal acceptance,

as shown in the N-1 plot in Figure @
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MET

e > 1 jet with pr > 110 GeV and |n| < 2.4 that meets several noise cleaning

criteria: less than 70% of its energy assigned to neutral hadrons or photons,

less than 50% of its energy associated with electrons, and more than 20% of

its energy carried by charged hadrons. These noise cleaning criteria eliminate

unsimulated sources of background [@] The trigger efficiency as a function of

the pr of the leading jet is ~ 100% for jet pr > 110 GeV [@]
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« Additional jets with pr > 30 and |n| < 4.5 are accepted, provided they meet

two additional criteria. The difference in azimuthal angle, A¢(dijet), between

any two jets in the event must be less than 2.5. The minimum A¢ between the

K vector and either of the two highest-pr jets is required to be greater than

0.5. These additional jet criteria suppress QCD background, as shown in the

N-2 and N-1 plots in Figure @
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Figure 6.2: Distributions of two variables used to suppress the QCD background.
The left is the maximum A¢ between any two jets for events passing the Candidate
Track criteria, without the cuts on these two variables (N-2 plot). The right is the
minimum A¢ between the F7 and either of the two leading jets for events that
additionally pass the Ag(dijet) < 2.5 requirement (N-1 plot). The Candidate Track
selection requires Ag(Er-jet) > 0.5.

« Tracks are required to have py >50 GeV and |n| < 2.1. Signal tracks typically

have large transverse momentum, as shown in Figure @
 Tracks are required to have |dy| < 0.02 cm and |d,| <0.5 cm.

e The track must have at least 7 valid hits to reduce the backgrounds associated

with poorly-reconstructed tracks, as shown in N-1 plot in Figure @

o The track must not miss any hits in the layers before the last hit on the track,
ie., Nud — (0 and Nnmer — (). The number of missing middle hits, N™d "is the
number of hits expected but not found between the first and last hit associated
to a track. The number of missing inner hits, N2 corresponds to the lost hits

prior to the first hit on the track, i.e. hits lost between the interaction point and

the first hit associated to the track. Both quantities are calculated based on the
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(right), after all other (N-1) Candidate Track criteria. The Candidate Track selection
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tracker modules traversed by the track trajectory. The signal predominantly

has no such missing hits, as shown in the N-1 plot in Figure @

CMS Preliminary: L = 19.5 fb* at {s = 8 TeV

CMS Preliminary: L = 19.5 fb* at Vs = 8 TeV

—~ L L e O S % B B L ) L B Y W
% F wocevye-0em [ ] Stat. errors - % [ e wosevyei-oem ] Stat. errors |
Z ] eeeeacaang e 400 GeV x* (ct = 100 cm) - W-lv — 2 1:“_________ ------ 400 GeV x* (ct = 100 cm) - W= lv ;
8 ..... 400 GeV x* (T = 1000 cm) l:l dlboson : 8 i..... 400 GeV x* (cT = 1000 cm) l:l dlboson :
< |zl 1 =z |z ]
= []Z -vwv 1= 0.8 [1Z -vwv N
2 Bt 1 2 Bt 1
= [Isingletop | = 0.6 [Isingletop ]
S [JQCD 1 S [JQCD 1
= 1 = 1
o 1 O ]
:L i d 04 ]
= 1 = ]
o | o 0.2 B
@ 1 @ 1
o - o g
2] . 1 @ 1
0 Q 0 S
= 0 1 2 3 4 5 = 1 2 3 4

in middle
L Nmiss w Nmiss

Figure 6.4: The number of missing inner (left) and middle (right) hits in tracks

passing all other (N-1) Candidate Track criteria.
requires no missing inner or middle hits.

57

The Candidate Track selection



« Relative track isolation of (Sp2f<0% — pr)/pr < 0.05, where Lp2f<03 is the
sum of the pr of all other tracks within a cone of AR < 0.3 around the track.
Additionally, we require that there is no subleading jet within a cone of AR <
0.5 of the track. The background suppression of these requirements is illustrated

in the N-1 plot in Figure @
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e Veto any tracks within AR < 0.15 of a reconstructed electron with pr > 10
GeV. These electrons must also have at least the average score of 0 as the result

of the multivariate analysis used to identify electrons.

o Veto tracks in the region between the barrel and endcap of the ECAL, 1.42<

In| <1.65, because some of the electron energy may be unreconstructed.

o Veto tracks within a cone of AR<0.05 of a dead or noisy ECAL channel; the
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determination of these channels is described in Section .

Veto tracks pointed toward the intermodule gaps of the ECAL; the widths of
these gaps are supplied by the ECAL Detector Performance Group (DPG). and
listed in Table [.1.

Table 6.1: Widths of ECAL intermodule gaps.

“1.14018 < ) < -1.1439
-0.791884 < 1 < -0.796051
-0.44356 < 1 < -0.447911

0.00238527 < 7 < -0.00330793
0.446183 < 1 < 0.441949
0.793955 < 1 < 0.789963

1.14164 < n < 1.13812

Veto any tracks within AR < 0.15 of a tracker, standalone, or global muon with

pr > 10 GeV.

Veto any tracks directed towards the gap between stations 0 and 1 of the DT

system, 0.15< |n| <0.35 are rejected.

Veto tracks in the region of 1.55< |n| <1.85, which has a low muon reconstruc-

tion efficiency.
Veto tracks within AR < 0.25 of an errant CSC.

Veto tracks within AR < 0.15 of a hadronically decaying tau with pr > 30
GeV and |n| < 2.3. These taus must also satisfy a set of loose isolation criteria;
namely, the sum of all charged hadrons and photons within AR < 0.5 of the

tau candidate must be less than 2 GeV.
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The electron, muon, and tau vetoes reject a large fraction of the background while

retaining nearly all of the signal, as shown in the N-1 plot in Figure @
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Figure 6.6: N-1 distributions of AR between the track and an electron (upper left),
muon (upper right), or tau (lower), for events passing the Candidate Track criteria
without the corresponding veto. Note that events in the overflow are added to the
last bin and the histograms for the three samples are overlapping. The Candidate
Track selection requires AR (track-lepton) > 0.15.
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6.3 Disappearing Track Sample

We defined the Disappearing Track sample as events which pass the Candidate Track

criteria described above as well as the Disappearing Track criteria listed below:

o The associated calorimeter energy Eéffo'f’ of the track must be less than 10

GeV. We compute Eéffo"r’ as the sum of the electromagnetic and hadronic

calorimeter clusters within a AR < 0.5 cone around the direction of the can-

didate track The effectiveness of this criteria is shown in the N-1 plot in
Figure @

o The track must have > 3 missing outer hits N je., those after the last hit

miss

associated to the track. Similar to the calculation of missing inner and middle
hits, the missing outer hits are determined from the tracker modules traversed
by the track’s projected trajectory. Tracks from signal have several missing

outer hits as shown in the N-1 plot in Figure @

The Candidate Track and Disappearing Track subsamples are summarized in Ta-

ble p.9.

6.4 Background Estimate Samples

We use several samples to estimate, validate, and study the backgrounds to this

search. These are detailed in the following subsections.

1To account for the effect of pile-up interactions, we follow the Muon POG prescription to apply

a rho-correction of the calorimeter energy [66]: E2E<0-5 = max((E4E<0-5)raw _ gpcalo () where

calo calo
(EAL<0-5)raw g the sum of calorimeter clusters, A = 7 * (0.5)? is the effective area of the cone in the

1n — ¢ plane, and pi‘iéo is the density of calorimeter energy due to neutral pile-up particles. When

the correction is larger than the raw energy, Eéff)<0'5 is set to 0.
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Table 6.2: Candidate Track and Disappearing Track subsamples

Subsample

Description

Requirements

trigger

HLTMonoCentralPFJet80_PFMETnoMu95_NHEFOp95,
HLTMonoCentralPFJet80_PFMETnoMul05_NHEFOp9E, or
HLT_MET120_HBHENoiseCleaned

Candidate Track

Missing Energy

Leading jet criteria

Additional jet criteria

Track quality

Track isolation

Lepton vetoes

Er > 100 GeV

pr > 110 GeV

In| < 2.4

charged hadron energy fraction > 0.2

neutral hadron energy fraction < 0.7

charged EM energy fraction < 0.5

neutral EM energy fraction < 0.7

no jet pairs with A¢ > 2.5

A¢ > 0.5 - B && 2 highest-pr jets

pr > 50 GeV

Inl < 2.1

do < 0.02 cm

d, < 0.5 cm

> 7 valid hits

0 missing middle hits

0 missing inner hits

(SppR=03 —pr)/pr < 0.05

AR > 0.5 between track and any jet

lin ECAL barrel-endcap crack, 1.42 < |n| < 1.65

lin DT Wheel 0 gap, 0.15 < |n| < 0.35

lin region of larger u reco. inefficiency 1.55 < |n| < 1.85
lwithin AR < 0.05 of dead or noisy ECAL cluster
lwithin intermodule gap of ECAL

lwithin AR < 0.25 of errant CSC

lwithin AR < 0.15 of e, pr > 10 GeV && multivar. score > 0
lwithin AR < 0.15 of u, pr > 10 GeV

lwithin AR < 0.15 of 7, pr > 30 GeV, |n| < 2.3, loose tau ID

Disappearing Track

Isolate signal

Candidate Track criteria (above)
EST<05 <10 Gev

> 3 missing outer hits
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HLTMonoCentralPFJet80_PFMETnoMu95_NHEF0p95
HLTMonoCentralPFJet80_PFMETnoMu105_NHEF0p95
HLT_MET120_HBHENoiseCleaned
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Figure 6.7: N-1 plot of calorimeter energy associated to selected tracks in the Disap-
pearing Track sample (left). Overflow entries are included in the last bin. N-1 plot of
the number of missing outer hits for selected tracks in the Disappearing Track sample.
The Disappearing Track selection requires Eéﬁd)'g‘ < 10 GeV and > 3 missing outer
hits.

6.4.1 Lepton control samples

Electron, Muon, and Tau Control Samples are used to estimate the lepton back-
grounds in the search sample. These samples are obtained by applying all of the
criteria of the Disappearing Track subsample, with the following modifications to the

requirements placed on the track:
o In each lepton control sample, the corresponding lepton veto is removed.

« In the Electron Control Sample and Tau Control Sample, the E2E<05 < 10 GeV

calo

requirement is also removed because it is strongly correlated with the lepton

identification.

The lepton control sample definitions are summarized in Table @
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Table 6.3: Lepton control sample selection criteria. All criteria of the Disappearing
Track subsample are required except for those listed here.

Disappearing Track subsample criteria removed
lin AR < 0.15 of e (electron veto)

ELis05 <10

Muon Control Sample lin AR < 0.15 of p (muon veto)

lin AR < 0.15 of 7 (tau veto)

EAR<OS 10 GeV

calo

Electron Control Sample

Tau Control Sample

6.4.2 Lepton tag and probe samples

We use FElectron, Muon, and Tau Tag and Probe Samples to assess the systematic
uncertainty in the lepton background estimates. This tag and probe method is im-
plemented to determine the lepton reconstruction efficiency. In each of the control
samples, we require one tightly identified, isolated lepton, which serves as the tag
lepton. The probe track is required to pass a set of track criteria which heavily mir-
rors the Disappearing Track selection; however, some modifications to this selection
have been made to increase statistics. Lastly, the tag lepton and probe track must
be opposite in sign and have invariant mass consistent with a Z— ¢¢ decay. The
criteria used to define the FElectron, Muon, and Tau Tag and Probe Samples are listed
in Tables @, @, @, respectively.

The Electron-ECAL Channel Tag and Probe Sample is used to study dead/noisy
ECAL channels. It has the same selection criteria as the Electron Tag and Probe
Sample but with the veto of dead/noisy ECAL channels removed. Also, to increase
statistics, the N2 requirement is removed. These criteria are listed in Table @

To study the regions of low muon reconstruction efficiency, we use a Muon Fiducial-
Study Tag and Probe Sample sample, which has the same criteria as the Muon Tag

and Probe Sample sample but with the fiducial requirements removed and the muon
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Table 6.4: FElectron Tag and Probe Sample selection criteria.

trigger

HLT Ele27 WPS0

Tag electron

pr > 30 GeV

Inl < 2.5

pass tight 1D

|do| < 0.02, |d,| < 0.1
relative isolation < 0.15
0 lost hits

pass conversion veto

Probe track that passes the track criteria
of Disappearing Track selection with some
modifications, indicated by bold face

pt > 30 GeV

In| < 2.1

dp < 0.02 cm

d, < 0.5 cm

> 7 valid hits

0 missing middle hits

0 missing inner hits

(Zp%R<0'3 _ pT)/pT < 0.05

AR > 0.5 between track and any subleading jet
lin ECAL barrel-endcap crack, 1.42 < |n| < 1.65
lin DT Wheel 0 gap, 0.15 < |n] < 0.35

lin 1.55 < |n| < 1.85

lin AR < 0.05 of dead or noisy ECAL cluster
lin AR < 0.25 of errant CSC

lin AR < 0.15 of

lin AR < 0.15 of 7

> 3 missing outer hits

Tag electron and probe track

opposite in sign
80 < m(tag, probe) < 100 GeV

veto added. These criteria are listed in Table @

6.4.3 Z — up Control Sample, Z — ee Control Sample, Muon
Fake Track Control Sample, Electron Fake Track Con-

trol Sample, and Kinematic Selection Sample

The Z — pp Control Sample, Z — ee Control Sample, Muon Fake Track Control

Sample, FElectron Fake Track Control Sample, and Kinematic Selection Sample are

used to estimate the background from fake tracks.

In the Z — up Control Sample and Z — ee Control Sample, we require two
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HLT_Ele27_WP80

Table 6.5: Muon Tag and Probe Sample selection criteria.

trigger HLT_IsoMu24_eta2pl
pr > 25 GeV
Tag muon In| < 2.1

passes tight ID
relative isolation < 0.12

Probe track that passes the track criteria
of Disappearing Track selection with some
modifications, indicated by bold face.

Pt > 30 GeV

In| < 2.1

dp < 0.02 cm

d, < 0.5 cm

> 7 valid hits

0 missing middle hits

0 missing inner hits

(Spp "< — pr)/pr < 0.05

AR > 0.5 between track and any subleading jet
lin ECAL barrel-endcap crack, 1.42 < |n| < 1.65
lin DT Wheel 0 gap, 0.15 < |n| < 0.35

lin 1.55 < || < 1.85

lin AR < 0.05 of dead or noisy ECAL cluster
lin AR < 0.25 of errant CSC

lin AR < 0.15 of e

lin AR < 0.15 of 7

EAR<05 _ 1

calo
> 3 missing outer hits

Tag muon and probe track

opposite in sign
80 < m(tag, probe) < 100 GeV

tightly identified, isolated leptons that are opposite in sign and have an invariant

mass between 80 - 100 GeV, consistent with a Z boson decay. These criteria are listed

in Tables @ and .

The Muon Fake Track Control Sample sample is composed of events in the Z — uu
Control Sample that contain an additional track that passes the track criteria of the
Disappearing Track subsample selection. Similarly, the Electron Fake Track Control

Sample sample is composed of events in the Z — ee Control Sample that contain an
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Table 6.6: Tau Tag and Probe Sample selection criteria.

trigger

HLT_IsoMu24_eta2pl

tag muon consistent

with 7 — pvv decay

pr > 25 GeV

In| <2.1

passes tight ID

relative isolation < 0.12
mT(u,ET) < 40 GeV

Probe track that passes the track criteria
of Candidate Track selection with some
modifications, indicated by bold face.

Pt > 30 GeV

In| <2.1

dp < 0.02 cm

d, < 0.5 cm

> 7 valid hits

0 missing middle hits

0 missing inner hits

(Eppf<03 — pp)/pr < 0.05

AR > 0.5 between track and any subleading jet
lin ECAL barrel-endcap crack, 1.42 < |5| < 1.65
lin DT Wheel 0 gap, 0.15 < || < 0.35

lin 1.55 < |n| < 1.85

lin AR < 0.05 of dead or noisy ECAL cluster
lin AR < 0.25 of errant CSC

lin AR < 0.15 of e

lin AR < 0.15 of

Tag muon and probe track

opposite in sign
40 < m(tag, probe) < 75 GeV

additional track that passes the track criteria of the Disappearing Track subsample

selection. These criteria are listed in Tables and .

The Kinematic Selection Sample is defined as the events that pass only the Fr
and jet selection requirements of the Disappearing Track subsample. There are no

track criteria applied to events in this sample. The criteria of the Kinematic Selection

Sample is listed in Table .
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Table 6.7: Electron-ECAL Channel Tag and Probe Sample selection criteria.

trigger HLT_Ele27_WP80
pr > 20 GeV
In| <2.5
pass tight ID
Tag electron |do| < 0.02, |d,] <0.1
relative isolation < 0.15
0 lost hits
pass conversion veto
Pt > 30 GeV
In| < 2.1
dp < 0.02 cm
d, < 0.5 cm
> 7 valid hits
0 missing middle hits
0 missing inner hits
(ZppB<03 — pp)/pr < 0.05
Probe track that passes the track criteria ~ AR > 0.5 between track and any subleading jet
of Disappearing Track selection with some !lin ECAL barrel-endcap crack, 1.42 < |n| < 1.65
lin intermodule gaps of ECAL
modifications, indicated by bold face lin DT Wheel 0 gap, 0.15 < |n] < 0.35
lin 1.55 < || < 1.85
lin AR < 0.25 of errant CSC
lin AR < 0.15 of e
in AR < 0.15 of
lin AR < 0.15 of 7
EAR<05 <10 Gev
opposite in sign
80 < m(tag, probe) < 100 GeV

Tag electron and probe track

6.4.4 E~E<05 and Nover Sideband Samples

calo miss

The ESE<95 Sideband Sample and NWe Sideband Sample are used to validate the
background estimate. They are depleted in signal by inverting the requirements used
to isolate signal events. These samples are defined as events that pass all of the

criteria of the Candidate Track subsample, with the following modifications:

« In both samples, the track is required to have pr > 30 GeV (instead of > 50
GeV).
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Table 6.8: Muon Fiducial-Study Tag and Probe Sample selection criteria.

trigger HLT_IsoMu24_eta2pl
pr > 25 GeV
Tag muon In| < 2.1

passes tight ID
relative isolation < 0.12

Pt > 30 GeV

In| < 2.1

dp < 0.02 cm

d, < 0.5 cm

> 7 valid hits

0 missing middle hits

0 missing inner hits

(Spp <03 — pr)/pr < 0.05
Probe track that passes the track criteria ~ AR > 0.5 between track and any subleading jet
of Disappearing Track selection with some lin AR < 0.15 of e
modifications, indicated by bold face lin AR < 0.15 of p

lin AR < 0.15 of 7

EAR<05 _

calo
> 3 missing outer hits

opposite in sign

Tag muon and probe track
80 < m(tag, probe) < 100 GeV

Table 6.9: Z — pp Control Sample selection criteria.

trigger HLT_IsoMu24_eta2pl

pr > 25 GeV

In| < 2.5

pass tight ID

relative isolation < 0.12

|do| < 0.02 cm, |d,| < 0.02 cm
opposite in sign

80 < m(pup) < 100 GeV

Two muons
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Table 6.10: Z — ee Control Sample selection criteria.

trigger HLT_IsoMu24_eta2pl

pr > 25 GeV

In| < 2.5

pass tight ID

relative isolation < 0.15

|do| < 0.02 cm, |d,| < 0.1 cm
opposite in sign

80 < m(ee) < 100 GeV

Two electrons

e In the Eéffo"r’ Sideband Sample, the associated calorimeter energy of the track

must be greater than 10 GeV.

o In the N°W Sideband Sample, the track is required to have < 2 missing outer

miss

hits.

The definitions of the E2E<0% and NoWer Sideband Samples are summarized in Ta-

calo miss
bles and .

6.4.5 Selection summary

The samples obtained with these selections and their use in the analysis are summa-

rized in Table .
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Table 6.11: Muon Fake Track Control Sample selection criteria.

trigger HLT_IsoMu24_eta2pl

pr > 25 GeV

Inl < 2.5

pass tight 1D

relative isolation < 0.12

|do| < 0.02 cm, |d,| < 0.02 cm
opposite in sign

80 < m(up) < 100 GeV

Two muons

pr > 50 GeV

In| < 2.1

dy < 0.02 cm

d, < 0.5 cm

> 7 valid hits

0 missing middle hits

0 missing inner hits

(Zpp<* — pr)/pr < 0.05
Track that passes track criteria AR > 0.5 between track and any subleading jet
of Disappearing Track subsample lin ECAL barrel-endcap crack, 1.42 < |n| < 1.65

lin DT Wheel 0 gap, 0.15 < |n] < 0.35

lin 1.55 < || < 1.85

lin AR < 0.05 of dead or noisy ECAL cluster

lin intermodule gap of ECAL

lin AR < 0.25 of errant CSC

lin AR < 0.15 of e

in AR < 0.15 of

lin AR < 0.15 of 7

EAR<05 _ 1

calo
> 3 missing outer hits
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Table 6.12: FElectron Fake Track Control Sample selection criteria.

trigger

HLT_IsoMu24_eta2pl

Two electrons

pr > 25 GeV

Inl < 2.5

pass tight 1D

relative isolation < 0.15

|do| < 0.02 cm, |d,| < 0.1 cm
opposite in sign

80 < m(ee) < 100 GeV

Track that passes track criteria
of Disappearing Track subsample

pr > 50 GeV

In] < 2.1

dp < 0.02 cm

d, < 0.5 cm

> 7 valid hits

0 missing middle hits

0 missing inner hits

(2pp"<0% —pr) /pr < 0.05

AR > 0.5 between track and any subleading jet
lin ECAL barrel-endcap crack, 1.42 < |n| < 1.65
lin DT Wheel 0 gap, 0.15 < |n| < 0.35

lin 1.55 < |n| < 1.85

lin AR < 0.05 of dead or noisy ECAL cluster
lin intermodule gap of ECAL

lin AR < 0.25 of errant CSC

lin AR < 0.15 of e

lin AR < 0.15 of

lin AR < 0.15 of 7

EAR<05 _ 1

calo
> 3 missing outer hits

Table 6.13: Kinematic Selection Sample selection criteria.

Missing Energy

Er > 100 GeV

Leading jet criteria

pr > 110 GeV

In| <24

charged hadron energy fraction > 0.2
neutral hadron energy fraction < 0.7
charged EM energy fraction < 0.5
neutral EM energy fraction < 0.7

Additional jet criteria

no jet pairs with A¢ > 2.5
A¢ > 0.5 - B && 2 highest-pr jets
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Table 6.14: E2E<05 GSideband Sample selection criteria.

calo

All requirements of the Candidate Track subsample,
but with two modified track criteria:
pr > 30 GeV
EA[I<05 > 10 GeV

calo

Table 6.15: N°U Sideband Sample selection criteria.

miss

All requirements of the Candidate Track subsample,
but with two modified track criteria:
pr > 30 GeV
Nouter S 2

miss

Table 6.16: Selections employed in the analysis.

Sample Purpose Deﬁnit_iop Dataset
Candidate Track study track quality cuts Table E MET
Disappearing Track search sample Table MET

Lepton Control bkgd. estimate Table MET

Lepton Tag & Probe bkgd. est. syst. uncertainty Tables to @ SingleMu/Elec.
Electron-ECAL Channel Tag and Probe study dead/noisy ECAL channels  Table SingleElec
Muon Fiducial-Study Tag and Probe study muon inefficiency regions Table SingleMu

Z — pp, Z — ee Control fake track bkgd. estimate Tables p.d and SingleMu/Elec.
Muon/Electron Fake Track Control fake track bkgd. estimate Tables and ﬂ SingleMu/Elec.
Kinematic Selection Sample fake track bkgd. estimate Table SingleMu
ECAH{Z<O'5, Nr?l‘;;serSideband bkgd. estimate validation Tables M and MET
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MET
MET
MET
SingleMu/Elec.
SingleElec
SingleMu
SingleMu/Elec.
SingleMu/Elec.
SingleMu
MET

Chapter 7
BACKGROUND CHARACTERIZATION

The physics sources of background in the search sample arise from SM processes that
produce an electron, muon, or tau that is not reconstructed; consequently, the track
is not associated to the lepton, and it survives the corresponding lepton veto. In
addition, there is an instrumental source of background from “fake tracks”, i.e. false
trajectories that cannot be associated to a single, charged particle.

In the following sections we examine the sources of both physics and instrumental
backgrounds to this search. We consider how a disappearing track signature may be
produced, that is, a high-momentum (p7 > 50 GeV), isolated track without hits in the
outer layers of the tracker and with little associated energy (< 10 GeV) deposited in
the calorimeters. Various mechanisms that lead to tracks with missing outer hits are
described, and the reconstruction limitations that impact each background category

are investigated.

7.1 Algorithmic sources of missing outer hits

In this section, sources of missing outer hits that arise from choices made by the
default CMS tracking algorithms are identified. These allow a particle that traverses
all of the layers of the tracker to produce a track with missing outer hits, thereby

mimicking our signal. We investigate these algorithmic effects with the muon (narrow-
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n) single particle sample listed in Table @ We require || < 0.8 to ensure that
the muon trajectory traverses all the layers of the tracker barrel. In this sample of
3,000 events, 11.1% produce tracks with at least one missing outer hit. While these
algorithmic sources of missing outer hits were studied with muons, they nevertheless
impact the tracks produced by any particle, i.e. they contribute to the background
from each of the physics sources as will be described in Sections @, @, and @

As discussed in Section , CMS uses an iterative tracking strategy that chooses
the reconstructed track from a myriad of possible track trajectories based on which
trajectory has the highest quality score. Recall, the quality score is defined as ) =
B Niound— P Nigst — X2, where Niyung is the number of hits associated to the trajectory, in
which a hit is expected but not found (missing hits after the last hit on the trajectory
are not included), B is a valid hit bonus set to be equal to 5, P is a missing hit
penalty set to be equal to 20, and x? is taken from the fit of all the hits associated to
the trajectory. Intuitively, it would seem that a trajectory without missing outer hits
would always have a higher quality score than a trajectory with missing outer hits.
However, we have found that there are several ways for a trajectory with missing
outer hits to have a higher quality score than the trajectory without missing outer
hits and thus, be chosen as the reconstructed track. The predominant mechanisms
by which this occurs are that the trajectory with missing outer hits has a smaller x?
or a larger Ny, resulting in a larger quality score (). Therefore, the trajectory with
missing outer hits is chosen as the reconstructed track.

The algorithmic sources that contribute to the 11.1% of muon tracks with at least

one missing outer hit are summarized below:

o 7.3%: The muon passes through the wire bonds of the strip tracker module. The
wire bonds between the two silicon sensors is inactive material, so a charged

particle passing through it will not produce a recorded hit. Such a lost hit
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would count toward Np. Figure E‘ shows the normalized local y-position of
the intersection of the track trajectory with a module, for the cases where no
simulated hit is produced. These are predominantly within |y| < 0.02; the wire

bonds are at y = 0.
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Figure 7.1: The normalized local y-position of the intersection of a track trajectory
with a module, when no simulated hit is produced (left), and the position of simulated
hits for which a hit is reconstructed (right), in the muon (narrow-n) single particle
sample.

e 2.7%: An alternate trajectory with fewer missing outer hits is found, but its x?
is larger than that of the selected trajectory, leading to a lower quality score.
The minimum difference in quality score between the track and an alternate

trajectory is shown in Figure @

o 0.7%: The last hit on the track is mistakenly removed during the track fitting
step of the iterative tracking. This is due to an error in the track-hit association

software [67]. The software is designed to smooth the track by removing spurious
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hits, but in some cases it removes the last hit instead of an outlier.

o 0.4%: No trajectory without missing outer hits is found. These tracks contribute

to the last bin of the histogram in Figure @

The algorithms that select the best candidate track trajectory could be modified to
eliminate most of the missing outer hits from these sources. Such modifications would

require reprocessing all of the data, so we did not implement them for this analysis.
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Figure 7.2: The minimum difference in the quality score Q between the reconstructed
track and an alternate trajectory that uses the same pixel seed, for tracks in the muon
(narrow-n) single particle sample with a missing outer hit not due to a glue joint or
track smoothing bug. Tracks for which no alternate trajectories are found contribute
to the last bin of this histogram.

7.2 Electrons

We reject any tracks matched to an identified electron, but an electron may fail to

be identified if its energy is not fully recorded by the ECAL. This can happen if the
7



electron is directed towards an ECAL channel that is dead/noisy. When this occurs,

EAR<O.5

calo < 10 criterion. To avoid a

these unreconstructed electrons can pass the
background from these electrons, we reject tracks within a cone of AR<0.05 of a
dead/noisy ECAL channel. To study these channels, we use events in the FElectron-
ECAL Channel Tag and Probe Sample defined in Table @ The list of 1222 ECAL
channels which were classified as dead or noisy at any point during the 2012 run is
supplied by the ECAL DPG. These known dead/noisy ECAL channels as well as the
comparison of this map with data events in the FElectron-ECAL Channel Tag and
Probe Sample are shown in Figure @ Most clusters in 1,¢ for the data coincide with

known dead or noisy ECAL channels.

140

120

100

80

60

40

20

0

D
X's: Dead or Noisy Ecal Channels X's: Dead or Noisy Ecal Channels
Colored bins: Data Events from Z-->ee tag and probe sample,
S 3 T . S Sﬁ'é'q . 180
r .. om 1 ", - r P ] w _.‘ N, -
L ) ) i . . - L . i - . . . 160
- " " L . L LR - - —
r , [ | C _' ) U I ) - |
1 . i . o o 1- R 1, ; W .
Ty : . C oy * N -
[ i " L L [ .
o " . . ) o . . . R - .
r rm r . =L . . ._-- - |
- . o .
r . b4 r L . _:.' . 4
11— P 11— . [ i .o |
T T * o
Fo - ' I ¥ 'I .
o . ol : .
2: . » i - R .
S S TR S oL B
-3*\ L1l \. k| \..!'\ | .\ [T L VE i B R -3*\ Lol \- 1 \..1-\ Ly 'rw o W
-3 -1 0 1 2 3 -3 -2 -1 0 1 2 3

Figure 7.3:  Distribution of ¢ versus ECAL detector n for the dead/noisy ECAL
channels, denoted by x’s (left). The map of dead/noisy ECAL channels overlaid with
the ¢ versus ECAL detector n distribution of the probe track (right). The probe
track is selected from the Electron-ECAL Channel Tag and Probe Sample defined in

Table 6.71. Most clusters in 7, ¢ for the data coincide with a known dead or noisy
ECAL channel.
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Figure @ shows the 7,¢ distribution for the probe track in the same sample after
vetoing tracks within AR < 0.05 of any dead/noisy ECAL channel. Even after this
requirement, some clusters are still present in the data that do not coincide with
known dead or noisy ECAL channels. In the 7,¢ distribution of probe tracks, we
classify any bin with at least 3 data events as a ‘hot spot’ and add it to the map of
dead or noisy ECAL channels. There are 12 such coordinates added; these are listed
in Table El After all other selection criteria, the signal is 88%-94% efficient for the
veto of tracks directed toward dead/noisy ECAL channels.

In addition, electrons may also fail to be reconstructed and pass the ECAafz<0'5 < 10
requirement if they are directed toward the overlap region between the barrel and
endcap of the ECAL. We require that the track not have pseudorapidity of 1.42<
In| <1.65, the region of the barrel-endcap overlap. For the same reason, we veto

tracks that fall within the pseudorapidity ranges corresponding to intermodule gaps

of the ECAL. These pseudorapidity ranges are listed in Table @

Table 7.1: ECAL detector 7, ¢ coordinates added to the map of dead or noisy ECAL
channels.

n ¢
1.35 -0.288
0.81 -1.696
0.81 0.736
-0.75 -2.272
-0.75 -2.208
0.69 -2.272
-0.69 -2.208
0.51 -0.224
0.63 -1.056
0.63 -0.992
0.69 -1.056
0.69 -0.992

79



X's: Dead or Noisy Ecal Channels

Colored bins: Data Events from Z-->ee tag and probe sample
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Figure 7.4: The map of dead or noisy ECAL channels (denoted by x’s) overlaid with
the distribution of ¢ versus ECAL detector n in the FElectron-ECAL Channel Tag
and Probe Sample defined in Table @ Additionally, we have vetoed events in which
the probe track is within AR < 0.05 of a dead/noisy ECAL channel present in the
list supplied by the ECAL DPG. Some clusters are still present in the data where a
known dead or noisy ECAL channel is not found, two of which have been circled in
magenta.

Lastly, a track from an electron can pass the N2 > 3 criterion by having
missing outer hits due to the algorithmic sources described in Section @ or due to
bremsstrahlung in the tracker. A high-energy bremsstrahlung photon can change the

electron momentum such that subsequent hits are not associated with the original

track. A typical event display is shown in Figure @

7.3 Muons

To reduce the background from muons, we veto tracks that are matched to a muon
meeting loose identification criteria. However, some muons evade this veto. For this

to happen, a muon must fail to be reconstructed as a global, standalone, or tracker
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Figure 7.5: An event display for a Z — ee event in the FElectron Tag and Probe
Sample. The highlighted electron has a pr of 40 GeV and lost 95% of its energy due
to bremsstrahlung. The electron track is missing five outer hits. A reconstructed
photon with a pr of 15 GeV is also present in the event.

muon. Global and standalone muons require a reconstructed track in the muon system
alone. A tracker muon requires a reconstructed tracker track (with pr > 0.5 GeV and
p > 2.5 GeV) that is matched to at least one segment in the DT or CSC muon
detectors. The track and muon segment are considered matched if they pass at least

one of two criteria:

o AX < 3.0 cm, where AX is the absolute difference in the local x position

propagated from the track, and the local x position of the muon segment, or

e ox < 4.0, where ox = AX/\/(aiﬁgment)Q + (ofrak)2 is the significance of the

difference in local x position.

We investigate how a muon may fail to be reconstructed as a tracker muon with

the muon (wide-n) single particle sample listed in Table @ There are 68 events out
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of one million in which no muon is reconstructed, corresponding to an inefficiency
of 6.8 x 1075, We examine these 68 events in an event display, and classify their

signatures into several categories:
o 6 events: An ECAL deposit of at least 10 GeV is produced. This is consistent

with a 4 — evv decay. An example event is shown in Figure @

o 29 events: An HCAL deposit of at least 10 GeV is produced. An example event

is shown in Figure @

e 19 events: One or more DT or CSC muon segments are produced but fail the
tracker muon quality criteria (AX < 3 cm or ox < 4). An example event is

shown in Figure @

o 14 events: There are no ECAL or HCAL deposits greater than 10 GeV and no

DT or CSC segments are recorded. An example event is shown in Figure @

The contributions of these signatures are summarized in Table @

Signature Relative contribution
ECAL deposit > 10 GeV 9%

HCAL deposit > 10 GeV 43%

DT or CSC muon segments, but fail (AX <3 cmor ox <4) 28%

no DT or CSC segments 21%

To reduce the background from unreconstructed muons, we apply fiducial cuts to
reject candidate tracks in geometrical regions where the muon inefficiency is larger
than average. We study these regions in the Muon Fiducial-Study Tag and Probe

Sample.

o Tracks with 0.15< |n| <0.35 are eliminated to avoid the gap between Wheel 0

and Wheel 1 of the DT stations, as shown in Figure .
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Figure 7.6: A simulated pr =100 GeV muon single particle event, in which the muon
decays and produces an ECAL deposit of 84 GeV.

o Tracks with 1.55< |n| <1.85 are rejected. This region also has larger muon

inefficiency, as shown in Figure .

o Tracks that are within AR < 0.25 of a bad CSC are rejected. The list of bad
CSC'’s over the course of the 2012 run is provided by the CSC DPG. The regions
excluded by this veto are shown in Figure .

Because muons deposit minimum-ionizing energy clusters in the calorimeter, a

EAR<0.5

calo < 10 requirement. A muon may pass the

substantial fraction pass the
Neuter > 3 criterion as a consequence of the algorithmic sources of missing outer hits

miss

described in Section @
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Figure 7.7: A simulated pr =100 GeV muon single particle event, in which the
muon produces a secondary electromagnetic shower. An HCAL deposit of 116 GeV
is recorded.

7.4 Taus

The tau leptons that contribute to the Candidate Track sub-sample are predominantly
single-prong decays, 7 — wv, because the track isolation requirement effectively re-
jects taus that decay to three charged particles.

For these remaining taus to survive the tau veto, the tau must have a large recon-
structed pr and very little energy deposited in the calorimeters, ECAaﬁ<0'5. Since most
taus deposit an energy in the calorimeters that is on the order of their reconstructed
pr, this mismatch causes the tau to fail the tau reconstruction. This imbalance is the
result of the discrepancy between the generated track pr and the reconstructed track
pr.

In addition to failing the tau reconstruction, the pion from the 7 — wr decay
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Figure 7.8: A simulated muon single particle event, in which a generated muon with pp
=100 GeV produces a DT segment (blue) that fails the matching criteria: AX = 9.3
cm and ox = 17.7. RPC hits (magenta) are also recorded.

AR<0.5
Ecalo

could also pass the < 10 GeV criterion. For this to happen, a pion must have
a low true pr (e.g. pr ~ 20 GeV). Such a pion will fail the pr > 50 GeV requirement,
provided its pr is accurately measured. However, if the pr of the pion is significantly

mismeasured, then it may pass this track pr cut. In the latter case, the pion can

EAR<O.5

o2 One such

mimic the signal since it has a large reconstructed p; and little
event is displayed in Figure .

This class of background is studied using the pion single particle sample listed
in Table . We first study how the pr resolution changes with the number of hits
on the track. After generating the pion single particle events, we remove all hits on
the track after the 5th, 6th, or 7th valid hit and repeat the reconstruction of the
sample. We then compare the tracks that are missing a substantial number of outer

hits and tracks that have a large number of valid hits. We find that tracks with
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Figure 7.9: A simulated pr =100 GeV muon single particle event, in which no DT or
CSC segment is recorded. RPC hits (magenta) are produced.

a larger number of missing outer hits are much more likely to have a pr which is
significantly mismeasured than tracks with few missing outer hits. Figure shows
the distribution of reconstructed pr for tracks with exactly 5 valid hits, exactly 6 hits,
and exactly 7 hits.

Next, we study how the number of missing outer hits affects ECAaffO'E’. Since the
amount of energy that a track deposits in the calorimeters is only a function of the
generated pr of the pion, the E2E<95 distribution is independent of the number of

calo

missing outer hits. Figure shows the distribution of E£ <05 for pion tracks with
5 hits, 6 hits, and 7 hits.
The pr resolution increases the greater the lever arm used to measure the curvature

such that tracks with 7 hits have a better py resolution. As shown in Figure ,

the number of tracks with poorer py resolution decreases as the number of valid hits
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Figure 7.10: Top: Distribution of |n| of probe tracks in Muon Fiducial-Study Tag
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Figure 7.12: An event display of a pion single particle event in which the pion un-
dergoes a nuclear interaction. The black tracks are simulated tracks indicating an
interaction with the tracker material. This track is missing 4 outer hits.
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Figure 7.13: A W — 71v event in which the tau decay products include a charged
pion. The pion track has been highlighted in magenta. The reconstructed pr of the
track is 74.8 GeV, but the generated pr is only 15.2 GeV. E2E<05 is 8 1 GeV. Since

calo
the pr has been mismeasured, this track passes the Disappearing Track criteria.

is increased. Since this background is predominantly for tracks that have 5 or 6 valid

hits, we require at least 7 valid hits in the Candidate Track sub-sample to eliminate
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this background.
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Figure 7.14: Reconstructed pr for tracks from the pion single particle sample, with
generated pr of 30 GeV (left). E2[<® spectrum for tracks from the pion single
particle sample (right).

Lastly, a pion from a 7 — v decay can pass the N2 criterion if it undergoes a

nuclear interaction. An example event display is shown in Figure .

7.5 Fake Tracks

Fake tracks are formed from combinations of hits that are not produced by a single
particle and can easily mimic a disappearing track.

To obtain a sample of fake tracks in W—lv+jets events, we require events that
contain a track that is not matched to any generated particle . The track must also
pass a modified Candidate Track criteria where the |do|, Npis, and N2iddle yequire-
ments have been removed. Most of these tracks have only three or four valid hits,

as shown in Figure and are effectively rejected by the Candidate Track selection

criterion of Nyys > 7. Fake tracks typically have many missing outer hits and little
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associated calorimeter energy, as shown in Figure . Thus, those that survive the
Candidate Track criteria also unfortunately pass the additional Disappearing Track

criteria with high efficiency.
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Figure 7.15: The number of valid hits, for fake tracks passing the Candidate Track
criteria without the |dp|, Nuits, and N2iddle requirements.
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Chapter 8

BACKGROUND ESTIMATES AND
ASSOCIATED SYSTEMATIC
UNCERTAINTIES

For each of the background sources described in Sections @ to @ the yield in the
Disappearing Track subsample is estimated. The dominant source of background in
this search arises from W — (v events.

One of the critical variables used to isolate signal from the lepton backgrounds,
Nouter - is not well-modeled by the Monte Carlo (MC). Therefore, to estimate the
contributions of these backgrounds we have developed a data/MC hybrid background
estimation method that does not depend on the MC for the simulation of NWer. We
only rely on the MC to simulate the lepton inefficiency, i.e. the probability to survive

EAR<O.5

the lepton veto, and, for electrons and taus, the probability to pass the EZ’

requirement. The efficiency to pass the N2¥ cut and all other selection criteria is
taken directly from the data.

We estimate the lepton backgrounds as the product of the data yield in the Lep-
ton Control Samples and the lepton inefficiency determined by MC. The lepton in-
efficiency is computed as the ratio of the number of events with a track matched to

the given lepton in the Disappearing Track subsample to that in the corresponding

control sample. We expect the MC to simulate the lepton inefficiency with reasonable
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accuracy. We assess its agreement with the data by using a standard tag and probe
method to obtain samples of probe tracks produced by a known particle. We use the
data/MC comparison of the lepton inefficiency in the lepton tag and probe samples to
assess the systematic uncertainty in the simulated inefficiency in the search sample.
The lepton background estimates and their associated uncertainties are discussed in
detail in Sections @ to @

The fake track background is estimated with a method that is entirely data-
driven. We estimate the fake track background as the product of the data yield in
the Kinematic Selection Sample and the fake track rate determined in data as the
probability of event to contain a reconstructed fake track that passes the Disappearing
Track selection. We assess the uncertainty on the fake track estimate by comparing
the fake track rate in Muon Fake Track Control Sample and Electron Fake Track
Control Sample to that in the search sample for tracks that have exactly 5 valid hits.
These are discussed in detail in Sections @ and @

8.1 Electrons

After applying the electron veto as well as the fiducial cuts motivated in Section @,
the background from electrons is largely rejected. The remaining electron background

is estimated as N¢ = N,

P¢, where N¢,, is the data yield in the Electron Control
Sample and P¢ is the electron inefficiency determined with MC. The inefficiency P°¢

is the probability for a track from an electron to survive the electron veto and the

EAR<0.5

ale cut, after passing all other Disappearing Track criteria. No events with a

track matched to an electron are present in the MC Disappearing Track subsample.
We determine P¢ with the W—lv+jets MC, which comprises 84% of the FElectron
Control Sample as shown in Figure @ The upper limit on the electron inefficiency is

determined with the MC to be P¢ < 6.3 x 107°, based on the yields given in Table @
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The data yield in the Electron Control Sample is N¢,; = 7785 events. From these
inputs, we compute the 68% C.L. upper limit of the electron background estimate to
be N, < 0.49,,; events, as given in Table @ We assess the systematic uncertainty

on this estimate in the following section.

CMS Preliminary: L Z 19.5 foat Vs = 8 TeV
in

% GOOOVTTTTNTTTT‘TTTT{TTTT‘TTTT‘TTTT{TTTT‘TTTT‘TTTT{TTTTA
O L. Data & Bkgd. MC |
8- L —4— MET data 7]
E 5000 - B Stat. Errors i
3 L Ew-n ]
E' L [ ] biboson ]
w 4000 Wz ]
r [Jz-w g
3000~ M « -
r D single top 4
L [ Jqco ]
2000~ -
1000 ]

0

50 100 150 200 250 300 350 400 450 500
p, [GeV]

Figure 8.1: The transverse momentum of tracks in the FElectron Control Sample.
The MC has been normalized to the yield of the data.

Table 8.1: Electron inefficiency derived from the unweighted yields of W—lv+jets
MC events in the Disappearing Track subsample and Electron Control Sample.

N¢,, (MC) 18104

N¢ (MC) <11

Pe=N°¢/N:&, <63x107°
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Table 8.2: Electron background estimate.

N¢., (data) 7785
Pe(MC)  <6.3x 1075
N¢ < 0.49

8.2 Electron estimate systematic uncertainty

To assess the systematic uncertainty in P¢, the electron inefficiency is calculated in
the Electron Tag and Probe Sample sample. In this sample, the electron inefficiency
is computed as P¢ = NP /(9NST4P) where NS TP is the number of events in the

Electron Tag and Probe Sample sample, and N®T¢P is the number of those events

that contain a probe track that is produced by an electron and that survives the

EAR<0.5

e requirement. A factor of 2 is included in the ineffi-

electron veto and the
ciency calculation to account for the possibility of either of the electrons to fail the
identification. Figure shows that the sample retains 99% purity even after the
electron veto and ESF<%5 cuts are applied. P¢ is (1.70 £ 0.25) x 10° in the data
and (1.98 4 0.26) x 107° in the MC. The values used to calculate P¢ are shown in
Table @ The ratio of P° between data and MC in the Electron Control Sample is
0.86 £ 0.17. The systematic uncertainty is taken as the largest one-sigma difference
of this ratio from unity, or 31%.

The upper limit including statistical and systematic uncertainties is calculated

according to Cousins and Highland [68], namely, for 0 observed events,
Ustat+syst = Ustat (1 + Ustat02/2) (8.1)

where Ug,y is the upper limit excluding the systematic uncertainty, and o is the
relative systematic uncertainty. From this formulation we arrive at a final electron

background estimate of N, < 0.50ga¢+syst €vents.
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Figure 8.2: The identity of the generated particle matched to the candidate track
(left), and invariant mass of the tag electron and probe track (right), for events in
the FElectron Tag and Probe Sample sample for which the probe track survives the

electron veto and the Eéfffo'f’ cut.

Table 8.3: Electron inefficiency determined with the Electron Tag and Probe Sample.

Data MC
NSTET: Total yield (1.384 +£0.001) x 10°  (1.457 +0.001) x 10°
NeT&P . Probe track passes e veto and E?aff;@ﬁ cut 47.0+6.9 57.6 +7.6
pe = NoTEP /(g N&TER) (1.7£0.25) x 107 (1.98 £ 0.26) x 10~°

8.3 Muons

After applying the muon veto as well as the fiducial cuts motivated in Section @,
the background from muons is largely rejected. The remaining muon background is
estimated as N* = N&  P# where N | is the data yield in the Muon Control Sample,
and P* is the muon inefficiency calculated by the MC. The muon inefficiency P* is

defined as the probability of a track from a muon to survive the muon veto after

passing all other Disappearing Track criteria. We determine P¢ with the W—lv+-jets
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MC, which comprises 85% of the Muon Control Sample as shown in Figure @ There
is one unweighted W—lv+jets MC event in the Disappearing Track subsample. The
muon inefficiency is determined to be P* = (1.673%) x 107, based on the ratio of the
muon yields in the Disappearing Track subsample and the Muon Control Sample given
in Table @ The number of data events in the Muon Control Sample is N | = 4138
events, as given in Table @ From these inputs, the muon background estimate is

determined to be N* = 0.64(§2;). a0 events. We assess the systematic uncertainty

on this estimate in the following section.
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Figure 8.3: The transverse momentum of tracks in the Muon Control Sample. The
MC has been normalized to the yield of the data.

8.4 Muon estimate systematic uncertainty

The systematic uncertainty in the MC simulation of P* is assessed based on the

difference between data and MC in the muon inefficiency calculated in the Muon
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Table 8.4: Muon inefficiency derived from the unweighted yields of W—lv+jets MC
events in the Disappearing Track subsample and the Muon Control Sample.

NE (MC) 6421

N# (MC) 1.07%:3,

PP — NN, (1659 x 107

Table 8.5: Muon background estimate.

NE, (data) 4138
P+ (MC)  (1.673%) x 1074
NH 0.64752,

Tag and Probe Sample. In this sample, the muon inefficiency is computed as P* =
N#TEP [ NTERY - where N T is the number of events in the Muon Tag and
Probe Sample, and N*T¥P is the number of those events that contain a probe track
that is produced by a muon and that survives the muon veto. A factor of 2 is
included in the inefficiency calculation to account for the possibility of either of the
muons to fail the identification. In the Muon Tag and Probe Sample, over 99% of the
probe tracks are matched to muons. The probe tracks that survive the muon veto
are still predominantly matched to muons, as shown in Figure @ The non-muon
contamination predicted by the MC is subtracted from both the data and MC yields
to obtain the number of tracks matched to a muon. The muon inefficiencies are
compared in Table @ P*is (1.8740.53) x 107° in the data and (2.26 +0.61) x 107°
in the MC. The ratio of P* between data and MC in the Muon Tag and Probe Sample
is 0.83 & 0.32. The systematic uncertainty in P* is taken as the largest one-sigma
deviation from unity in the ratio of the inefficiencies, which is 50%.

Adding this systematic uncertainty to the central value determined above, we

arrive at a final muon background estimate of N* = 0.64(7(55 )star & 0.324,5 events.
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Figure 8.4: The identity of the generated particle matched to the candidate track
(left), and invariant mass of the tag muon and probe track (right), for events in the
Muon Tag and Probe Sample for which the probe track survives the muon veto.

Table 8.6: Muon inefficiency, determined with the Muon Tag and Probe Sample, with
and without the p veto applied to the probe track.

Data MC
NP Total yield 376693.0 & 614.0 276786.0 + 499.0
N#TEP: Probe track passes u veto 15.0 4+ 3.9 135435
non-u yield 0.92£0.92 0.92£0.92
N#TEP: ) vield 14.14+4.0 1254+ 3.4
Pr = NwTEP /(o NHTER) (1.87 4+ 0.53) x 1075 (2.26 & 0.61) x 107>

8.5 Taus

As discussed in Section @, the potential source of background from single prong
tau decays in which the pr of the pion is mismeasured is significantly reduced after
requiring at least 7 valid hits for each candidate track. Any remaining tau background

is estimated as N7 = N,

PT, where N/,

ctr

; is the yield in the Tau Control Sample and
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P7 is the tau inefficiency. The inefficiency P7 is the probability of a track from a
tau to survive the tau veto and the Eéfgdm < 10 GeV requirement, after passing all
other Disappearing Track criteria. We determine P with the W—lv+jets MC, which
comprises 75% of the Tau Control Sample, as shown in Figure @ The upper limit
on the tau inefficiency is calculated to be P7 < 0.019, as shown in Table @ The

data yield in the Tau Control Sample is N,

o = 29 events. From these inputs, we

compute the central value of the tau background estimate to be N, < 0.554.; events,
as given in Table @ We assess the systematic uncertainty on this estimate in the

following section.
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Figure 8.5: The transverse momentum of candidate tracks in the Tau Control Sample.
The MC has been normalized to the yield of the data.
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Table 8.7: Tau inefficiency derived from the unweighted yields of W—lv+jets MC
events in the Disappearing Track subsample and the Tau Control Sample.

N7, (MC) 60

N7 (MC) <11

PT=N7/NZ, <0.019

Table 8.8: Tau background estimate.
N7, (data) 29
P (MC) < 0.019
N7 < 0.55

8.6 Tau estimate systematic uncertainty

The systematic uncertainity in the tau inefficiency is assessed by calculating P™ in the
Tau Tag and Probe Sample. In this sample, the tau inefficiency is computed as P™ =

NTTEP [ONTTERY  where NTT4F is the number of events in the Tau Tag and Probe
Sample sample, and N7T%P is the number of those events that contain a probe track
which survives the tau veto. A factor of 2 is included in the inefficiency calculation to
account for the possibility of either of the taus to fail the identification. The impurity
from jet contamination is taken from MC (see Figure @) After subtracting the
non-tau contribution, P7 is found to be 0.18740.016 in data and 0.150 +0.006 in the
MC. The values used to calculate P™ are shown in Table @ The ratio of P™ between
data and MC is 1.2540.12. The relative systematic uncertainty in P7 is taken as the
largest one-sigma difference from unity in the ratio, which is 36%. Using the Cousins

and Highland [68] prescription, we determine the tau background estimate upper limit

including statistical and systematic uncertainties, which is N, < 0.57gat4syst €vents.
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Table 8.9: Tau inefficiency determined

with the Tau Tag and Probe Sample. The

non-tau contribution is predominantly from jet contamination and is taken from the

MC.
Data MC
T&P .
NZTEP Total yield 5188+ 72 5830 + 126
N7TEP: Probe track passes T veto 1420 £+ 38 1340 £ 79
non-7 yield 452 + 74 452 + 74
NTTEP: 1 vield 972.2 +£ 83 885 4+ 28
PT = N7T&P  NTTER 0.187 +0.016  0.150 + 0.006
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Figure 8.6: The identity of the generated particle matched to the probe track (left)

and the invariant mass of the tag muon

and probe track (right). Both figures corre-

spond to events in the Tau Tag and Probe Sample sample in which the probe track

survives the tau veto. The tau purity is

8.7 Fake tracks

69%.

The fake track background is estimated entirely from the data. It is calculated as

Nfake — ykin pfake " where NK js the number of events in the Kinematic Selection

Sample and P™k¢ is the fake track rate, defined as the probability of an event to
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contain a reconstructed fake track that passes the Disappearing Track selection.

The fake track rate P is determined as the fraction of events in the Z — uu
Control Sample and in the Z — ee Control Sample that contain a track that passes the
Disappearing Track criteria. We calculate the fake track rate as Pfake = Nfake /N 2=l
where Nk = 2 is the sum of the number of events in the Muon Fake Track Control
Sample and Electron Fake Track Control Sample. Likewise, N4~ is the sum of the
number of events in the Z — uu Control Sample and Z — ee Control Sample. 1t is
found to be Pk = (2.0727) x 1077, as given in Table . The data yield in the
Kinematic Selection Sample is N¥ = 1.77 x 10° events as shown in Table . From
these inputs, we compute the central value of the fake track background estimate

to be Neye = O.36(f8:§§)stat events. We assess the systematic uncertainty on this

estimate in the following section.

Table 8.10: Determination of the fake track rate P from the yield in the Muon Fake
Track Control Sample and FElectron Fake Track Control Sample, with and without the
requirement of a Disappearing Track.

Nzl 9.84 x 10°

Nfake 2.0

ctrl

Pfake — ch?ﬁe/NZ%H (20j§§) % 10—7

Table 8.11: Fake track background estimate.
Niake (data) 1.77 x 10°

Pfke (data) (2.01F1) x 1077
Nk 0.367055
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8.8 Fake track estimate systematic uncertainty

The fake track rate P is small for the Disappearing Track selection, but increases
dramatically for tracks with fewer than 7 associated hits. The distribution of the
number of valid hits associated to fake tracks that have at least 3 associated hits and
that pass all other Disappearing Track criteria is shown in Figure @ The tracks
with 4 hits are the dominant contribution. The fake track rate for tracks with exactly
4 hits is consistent among various MC samples, as shown in Figure @ Because the
fake track rate is similar in events with different underlying physics processes, it is
expected to be similar in the Z — pp Control Sample, Z — ee Control Sample,
and in the Kinematic Selection Sample. The fake track rate for fake tracks with
between 3 and 6 hits is consistent between these samples, as shown in Figure @
We use the bin for tracks with 5 hits to assess the systematic uncertainty in the
fake track background estimate. The purity of the sample of fake tracks is assessed
for tracks with 4 hits based on A¢, the difference in azimuthal angle between the
candidate track momentum and the Fr vector. This angle is uniform for fake tracks
that are uncorrelated with the physics process of the event. Figure m shows that
in the Disappearing Track subsample modified to require exactly 4 hits, the data
and background have a uniform distribution of A¢, while the signal tracks more
commonly have A¢ close to 0. In the Muon Fake Track Control Sample modified to
require exactly 4 hits, the difference in azimuthal angle between the candidate fake
track and the dimuon pair shown in Figure is also uniform.

As mentioned previously, we use tracks with 5 hits to assess the systematic un-
certainty. The fake track rate for tracks with five hits is (9.06 & 2.3) x 107% in the
Kinematic Selection Sample and (10.2 4+ 1) x 107% in the composite Z — pu Control
Sample and Z — ee Control Sample. The ratio between the rates in these two samples

is 0.89 4+ 0.24. The largest one-sigma deviation from unity in the ratio of these fake
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track rates, 35%, is taken as the systematic uncertainty in the fake track background
estimate.

Adding this systematic uncertainty to the central value determined above, we
arrive at a final fake track background estimate of Ngye = 0.36(f8:3§)stat + 0.134yst

events.
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Figure 8.7: The number of valid hits associated to fake tracks with at least 3 hits
that pass all other Disappearing Track subsample criteria.

8.9 Background estimate validation

The methods used to estimate the backgrounds in the Disappearing Track subsample
are tested in the Candidate Track subsample and in the E5E<05 and Nouter sideband

samples. In each sample, the backgrounds are estimated using the methods described

above. In addition to the raw event yields, the pr distribution is also obtained for each
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Figure 8.8: The fake track rate P%k® for tracks with exactly four associated hits
in samples that pass all other criteria of the Disappearing Track subsample and the
Muon Fake Track Control Sample.

background category. For the lepton backgrounds, the shape of the py distribution is
taken from the corresponding lepton control sample. For the fake track background,
the shape of the pp distribution is taken from that of the tracks in the Muon Fake
Track Control Sample. The shapes of the pr distributions are normalized by the
estimated background yield.

The pr distribution of the data in the Candidate Track subsample is compared
with the estimated backgrounds in Figure . The pr distributions of the data in
the sideband samples are compared with the estimated backgrounds in Figure .
The data yields and estimates in each of these samples are consistent within the

uncertainties, as shown in Table .
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Figure 8.9: The ratio of the fake track rate P in data between the Kinematic
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fake track.

Table 8.12:  The data yields and estimated backgrounds in the Candidate Track
subsample and sideband samples.

Sample data  estimate  data/estimate
Candidate Track sample 59 49.0 £ 5.7 1.20£0.21
EAE<05 gideband sample 197 1954 +13.0  1.01£0.10

calo

Nouer gideband sample 112 1029 £8.8 1.094+0.14

miss

8.10 Summary of background systematic uncertain-
ties

The systematic uncertainties in the estimates of the backgrounds are summarized in

Table B.13.
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Figure 8.10: The difference in azimuthal angle between the candidate fake track and
the Fr vector, for the tracks with 4 hits in events that pass all other Disappearing
Track subsample criteria. The MC is normalized to the area of the data.

Table 8.13: The fractional systematic uncertainties in the background estimates.

Systematic uncertainty

electron estimate 31%
muon estimate 50%
tau estimate 36%
fake track estimate 35%
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Figure 8.11: The difference in azimuthal angle between the candidate fake track and
the dimuon pair, for tracks with 4 hits in events that pass all other Muon Fake Track
Control Sample criteria. The MC is normalized to the area of the data.
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Chapter 9

ADDITIONAL SYSTEMATIC
UNCERTAINTIES

In this section, we study the remaining sources of systematic uncertainty in the anal-
ysis, namely the integrated luminosity and the signal efficiency.
The integrated luminosity of the 8 TeV pp collision data is measured with a pixel

cluster counting method, for which the uncertainty is 2.6% [69].

9.1 Initital state radation

As discussed in Section @, we trigger on events in which the dichargino system recoils
from one or more ISR jets, and the resultant Fr is directly proportional to the pr of
the dichargino system, as shown in Figure @

To asess the systematic uncertainty associated with the simulation of ISR, we
compare the recoil from ISR jets in data with Pythia 6 MC in a Z — puu +jets
sample, a study similar to that presented in [70]. We select Z — pp +jets events by
requiring two tightly identified, isolated leptons that are opposite in sign and have an
invariant mass between 80-100 GeV, consistent with a Z boson decay. In addition,
we require at least one loosely identified jet with pr > 30 GeV. The data are taken
from the /DoubleMuParked/Run2012*-22Jan2013-v1/A0D datasets, and a Z — uu

MC sample generated with Pythia 6 is used:
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Figure 9.1: The pr of the xx system versus Fr (left) and versus the jet recoil pr
(right), for generated events with a chargino mass of 247 GeV and lifetime of 1 ns
that contain at least one jet passing the jet criteria defined in Section (.2.

/DYToMuMu_M_20_TuneZ2star_8TeV_pythia6_v2/Summer12_DR53X-PU_S10_START53_V7A-v1/AODSIM
The other MC samples are the same as those listed in Table IZJI The MC is nor-
malized to the yield of the data to focus on shape differences. In this Z — pp +jets
sample Pythia predicts a softer dimuon pr spectrum than that measured in the data,
as shown in Figure @ The ratio of data to MC in the dimuon py spectra is used to
reweight the signal MC.

We define the systematic as the difference between the original signal efficiency,
€orig, and the signal efficiency after reweighting, €;wtd. €orig is fraction of generated
events that pass the Disappearing Track selection, and €,wtq is the fraction of gener-
ated events that pass the Disappearing Track selection after being reweighted by the
ratio of data to MC in the Z — pup +jets sample. The difference in efficiencies is

3-11%, which is taken as the systematic uncertainty.
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Figure 9.2: The distribution of the py of the dimuon system in the Z — pup +jets
ISR sample; the MC yield has been normalized to that of the data. Events in the
overflow have been added to the last bin.

9.2 Trigger efficiency

The uncertainty associated with the trigger efficiency is assessed by comparing the
measured and predicted trigger effiency in a W — pv control sample. We first require
all events to pass the HLT IsoMu24 eta2pl trigger. Next, we apply all of the offline
criteria of the Candidate Track subsample, excluding the muon veto and K7 cut. In
addition, we require exactly one muon in the event, to reduce the contamination from
Z — pp. Finally, we require that the difference in azimuthal angle between the muon
and any jet in the event be less than 2.7, which is motivated by the HLT trigger
filter in HLT MonoCentralPFJet80 PFMETnoMu95 NHEFOp95. This filter requires the
difference in azimuthal angle between the leading jet and any subleading jet to be
less than 2.9, as discussed in Section @ In a significant number of events, the

muon and the jet are back to back, and the muon is classified as a jet. Without the
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Figure 9.3: Trigger efficiency as a function of PEMetNoMu, calculated for the signal
MC in the Disappearing Track sub-sample without the A7 requirement, and for
the background MC in the W — puv control sample. All background MC listed in
Table @ are included with the dominant (90%) contribution coming from W — uv
MC.

|A¢(muon, any jet)| < 2.7 cut, these events fail this trigger filter and bias the trigger
efficiency. After this selection, the sample is primarily composed of W — uv events,
with 90% purity.

As shown in Figure @, W — pv and signal have similar trigger efficiencies as a
function of PFMetNoMu. In Figure @, we compare the trigger efficiency in SingleMu
data and background MC for events that pass the aforementioned cuts. The ratio
of the trigger efficiency in data and simulation, as a function of PFMetNoMu, is
applied as a reweighting factor to the signal events. The resultant change in the
signal efficiency is 1-8%, which is taken as the systematic uncertainty associated
with the trigger efficiency.

The trigger efficiency as a function of the pr of the leading jet is ~ 100% for jet
pr > 110 GeV [65]. Since the offline selection requires the leading jet pr to be greater
than 110 GeV, a separate systematic uncertainty for the trigger efficiency as function

of jet pr is not calculated.

114


SingleMu

CMS Preliminary: L =19.5 fb'at ys=8TeV
in

E L L ‘ T T T ‘ L ‘ L ‘ T
g 1 — .y _ 12; —+— SingleMu
L & 1 B 2
3 | C All Bkgd MC
S I 1 = U S
o C
“N7. 0.8 j l i 08 :— =
\:L) 7 l ] : -
2 L B 06—
w 0.6? = T oed -
i 1 ool
0.4+ — E —a=
N
[ ] osE N B E N RN RN BRI B B
r SingleMu 2012A 7 E
r —4— SingleMu 2012B 7 0= A lA*A*A*A*A*A*A*¢*4*§*§*%*%*
0.2~ SingleMu 2012C qoese | Y
[ e SingleMu 2012D 7 Az ,%,
:! Al Bkgd MC (95 Gev ThreShOId) : 71'5:7 50 100 150 200 250 300 350 400 450 500

MetNoMu [GeV]

Figure 9.4: Left: Trigger efficiency as a function of PFMetNoMu, calculated for the
SingleMu data and all background MC. In 2012A and 2012B, the lower threshold trig-
ger, HLT MonoCentralPFJet80 PFMETnoMu95 NHEFOp95, is available, and in 2012C
and 2012D, the higher threshold trigger, HLT MonoCentralPFJet80 PFMETnoMul05
NHEFOp95 is used. Since this higher threshold trigger was not available in the back-
ground MC, we emulated this trigger using information stored in our ntuples. The
details of the trigger emulation can be found in Appendix E The largest difference
between the lower threshold trigger and data has been boxed in red, and the largest
difference between the higher threshold trigger and data has been boxed in blue.
Right: Trigger efficiency for all SingleMu data and all background MC as a function
of PFMetNoMu. This ratio is used to reweight the signal MC.

9.3 Jet energy scale, jet energy resolution, PDF,
and pileup

We assess uncertainties due to the jet energy scale and resolution according to the
official recommendations of the Jet/MET Group [71,72]. The jet energy is varied up
and down by one standard deviation. The signal yields change by less than 0-7% from
the variations in the jet energy scale. For the uncertainty on jet energy resolution,
the data/MC resolution correction factors are varied up and down by one sigma; the

resultant uncertainty is 1-5%.
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We assess the uncertainty associated with the parton distribution function (PDF)
by following the official PDFALHC recommendation [73,74]. Events are reweighted
with up/down variations of the eigenvectors of the CTEQ6.6, MSTWO08, and NNPDF2.0
PDF set. The resultant acceptance uncertainties are between 1-10%.

The uncertainty associated with the modeling of the number of pile-up interactions
is assessed with the recommended CMS procedure. The signal samples are reweighted
to match target pile-up distributions in which the numbers of inelastic interactions

are shifted up and down by the uncertainty. The variation in the signal acceptance

is 0-2%.

9.4 Modeling of EAI<05  Nouter = pyinner - apq ymid

calo miss miss miss
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> T T T { T T T { T T T { T T T { T T T
8 L —4— Single Muon data
S 2500~ [statemors ]
E B z-u ]
2000 % [ ] diboson N
weor Ew-w ]
I B« ]
1500 i |:| single top ]
¥ Lz -w ]
1000 -
500 H -]
:\ﬁ-!_ | I | I I | I I | I I | I I
0 20 40 60 80 100

Ecao [GeV]
Figure 9.5: Distribution of E2{¥<%® in the Muon Fake Track Control Sample with ex-
actly 4 hits on the candidate track, after reweighting data and MC by the distribution
of the signal MC (chargino with mass 400 GeVand lifetime 1 ns) in the Disappearing
Track subsample.
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EAR<0.5

e is assessed

The systematic uncertainty associated with the simulation of

by comparing the predicted and measured distributions in the Muwon Fake Track

EAR<O.5 <

calo

Control Sample, as shown in Figure @ In this sample, the efficiency of the

10 GeV requirement is larger for the data than for the simulation. The relative

EAR<O.5

difference, 6%, is taken as the uncertainty associated with modeling E2

The uncertainty associated with the modeling of N°U' is assessed by varying the

miss

Nevter distribution of the signal MC by 11%, the disagreement between data and

miss
MC in the N2 distribution in a control sample of muon tracks. Since muons are
predominantly affected by the algorithmic sources of missing outer hits described in
Section EI, they reflect how well the N2u* distribution is modeled in MC. After this
variation, the signal yields change by 0-7%.

We assess the systematic uncertainty in the signal efficiency associated with the
simulation of missing inner and middle hits by comparing data and MC in the Muon
Control Sample, with the cuts on missing inner and middle hits removed. The Muon
Control Sample is used because the distribution of the number of missing middle and
inner hits is similar for signal and for muons. The efficiencies to pass the requirements
of zero missing inner and middle hits are shown in Tables @ and @ The ratio of

the efficiency in data to that in MC is taken as the systematic uncertainty. These

uncertainties are 3% for missing inner hits and 2% for missing middle hits.

Table 9.1: The efficiency to pass the missing inner hits requirement, for events in
the Muon Control Sample.

(Vo ==0)
data 0.956 + 0.005
MC 0.984 + 0.004

data/MC  0.972 £ 0.006
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Table 9.2: The efficiency to pass the missing middle hits requirement, for events in
the Muon Control Sample.

(N == 0)
data 0.919 + 0.005
MC 0.936 + 0.004

data/MC  0.982 + 0.006

9.5 Track reconstruction efficiency

The uncertainty in the track reconstruction efficiency is assessed with a tag and
probe study [75]. The track reconstruction efficiency is measured for probe muons,
which are reconstructed using information from the muon system only. We assign
the uncertainty as the largest difference between data and simulation, which is 2%.
However, we also conducted our own study of the track reconstruction efficiency as a
function of the number of hits. We performed a modified tag and probe study using
W— purv MC. In typical tag and probe studies, the number of expected hits associated
with the probe track is not known. For this study, the tag is the original muon track
with all hits, and the probe is the same muon track with all hits after the 5th valid
hit removed. After removing hits from the track, we rerun the offline reconstruction
algorithm. The systematic uncertainty is assessed by comparing the number of global
muons and stand alone muons before and after removing hits from the track. The
number of stand alone muons is unaffected, but if the corresponding tracker track is
not reconstructed, it will not be considered a global muon. One such event is shown in
Figure @ The resulting uncertainty is 4%. However, the Candidate Track selection
requires at least 7 valid hits. When the study is repeated removing hits after the 7th
valid hit as opposed to the 5th valid hit, the uncertainty reduces to 1%. Since this
is smaller than the aforementioned 2%, the standard uncertainty on the efficiency of

track reconstruction, we use the larger as the value for this systematic uncertainty.
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Figure 9.6: Left: A muon particle gun event in which no hits have been removed from
the track. The event contains 2 global muons. Right: The same event after removing
all hits after the 5th valid hit. The muon hits are unaffected. The event has one

global muon and one stand alone muon.

9.6 Summary

The systematic uncertainties on the signal efficiency are summarized in Table @

Table 9.3: Summary of signal systematic uncertainties for charginos with masses in
the range 100-600 GeV and c7 of 10-1000 cm

Jet radiation (ISR) 3-11%
Jet energy scale / resolution 0-7%
PDF 1-10%
Trigger efficiency 1-8%
Novter modeling 0-7%
Ninner - Nmid 6 deling 2-3%
E2E<05 modeling 6%

Pile-up 0-2%
Track reconstruction efficiency 2%

Total 9-22%
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Chapter 10
RESULTS AND INTERPRETATION

We observe two events in the search sample which is consistent with the expected
background. In the absence of an excess, we set limits on the total production cross
section of chargino-chargino and chargino-neutralino production, i.e. q7 — x7x?
and qq — Xfxf These limits allow us to exclude certain ranges of parameter space
explored by the theoretical models to which we are sensitive.

In Section , we will detail the calculation used for the upper limit, then in

Section , we will show the exclusion contours and the quoted upper limit.

10.1 Upper Limit Calculation

The upper limits are calculated using the procedure outlined in [76]. This procedure
uses the CLg method with a profile likelihood test statistic. First, we will discuss
the signal efficiency, which is used as an input to the limit setting machinery, in

Section . Then, the CLg method and profile likelihood test statistic will be

discussed in Section .

10.1.1 Signal Efficiency x Acceptance

To calculate the expected number of signal events, we must determine the signal

acceptance X efficiency, A x €. Acceptance refers to likelihood of a chargino to be
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contained within the fiducial extent of CMS, and the efficiency is the likelihood for
those accepted events to pass the remainder of the selection criteria.

For this search, A refers to those events with K7 > 100 GeV containing a chargino
with pr > 50 GeV and |n| < 2.1 divided by the number of generated events. € is
the fraction of those events which pass the remainder of Disappearing Track criteria.
A x € for some representative mass and lifetimes are listed in Table . A detailed

signal MC cutflow for two mass hypotheses can be found in Appendix @

Table 10.1: A x € for signal events.

Chargino mass [GeV] 300 300 300 500 500 500
Chargino c7 [cm)] 10 100 1000 10 100 1000
Fr > 100 GeV, pr > 50 GoV, [y < 2.1 41%  11% 40%  4.7%  13% 45%
Remaining Disappearing Track criteria  0.13% 1.0% 0.27% 0.095% 1.4% 0.47%

10.1.2 Profile Likelihood and CLg

Now that we have calculated the expected number of signal events, we must de-
cide if the observed data coincide with the signal + background hypothesis (chargino
production) or with the background only hypothesis (the Standard Model). To de-
termine this, we first define the test statistic; the chosen test statistic compresses all
information used to discriminate between the two hypotheses, signal + background
and background-only, into one number. Next, we generate distributions of the test
statistic in the signal 4+ background and background-only hypotheses. Then, we can
decide which hypothesis is more compatible with the observed data.

Following the notation of [76] ,the signal + background hypothesis is defined
as: us + b, where p is a dimensionless parameter used to characterize the signal
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strength, s is the expected number of signal events, and b is the expected number
of background events. s is calculated using the samples discussed in Section @ and
the signal efficiency discussed in Section , and b corresponds to the background
estimates detailed in Chapter B In the case of u = 0, we have the background-only
hypothesis, defined simply as b.

To determine if the data are more in agreement with the signal + background
hypothesis or the background only hypothesis, we use the Neyman-Pearson lemma
[77], which states that the most appropriate test statistic to discriminate between two
hypotheses is the ratio of their likelihood functions. The likelihood function for the

signal 4+ background hypothesis is defined as
1154 ( bi(0) —usi (0)—b:(0), (P
L(data|p,0) H e T (6]09) (10.1)

where N is the number of bins contained in the input histogram that is used to
set the limits. Since this search is a relatively simple counting experiment, we cal-
culate the limits using a histogram that has only one bin, the observed number of
events; therefore, N is simple equal to one. Then, data can be the observed data
or pseudo-data generated with MC (toys), s;(#) is the expected number of signal
events, b;(0) is the expected number of background events, n; is the number of events
in bin 4, and 6 represents all nuisance parameters (parameters that are not directly
under investigation in the search, but still impact the result). p(f|6) is the product
of probability distribution functions (pdfs) for the nuisance parameters and 6 is the
default value of the nuisance parameter. For this search, the nuisance parameters
consist of the additional systematic uncertainties as discussed in Chapter @ and the
statistical + systematic uncertainties on the background predictions as detailed in
Chapter B The additional systematic uncertainties and the systematic uncertain-

ties on the background predictions are modeled with log-normal distributions while
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the statistical uncertainties on the background predictions are modeled using gamma
distributions. Log-normal distributions are recommended in the case of multiplica-
tive corrections or efficiencies while the gamma distributions are recommended to
model the statistical uncertainty in samples of limited statistics [8]. Similarly, the

likelihood function for the background-only hypothesis is defined as

=z

L(datal0,0) = et @p(016) (10.2)

Note, that in Equations (M) and (tm)7 the likelihood functions depend on p as

well as the nuisance parameters, . Since p is the only parameter of interest in this
search, we can instead use profile likelihoods [79]. £(data|u, 8) becomes L(datalp,b,),
where 6, is the value of f that maximizes £(datalu, ) for a specified value of y, i.e.
the conditional maximum-likelihood. Now we can define the test statistic as the

profile likelihood ratio

g, = opp Edatalib) o (10.3)
L(datalf, 0)

where, in the denominator, /i and 6 represent the values that maximize L(data|f, é),
i.e. the unconditional or global maximum likelihood. We require 0 < [i to ensure
that the signal rate is always positive and ji < p to ensure that the limit is one-
sided, i.e. we only set upper limits, not lower limits on the cross section of chargino
production [80].

Now, we can examine how to calculate the test statistic.
 First, we compute ¢, for the observed data, q"bs using given values of .

o Next, we determine the best values for the nuisance parameters that correspond
to the observed data, szs and 63%. szs corresponds to the signal 4+ background

hypothesis and 5% to the background-only hypothesis.
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o Using fo’s and 63%°, we perform many pseudo-experiments using toys to build
pdfs of the test statistic, ¢,. The pdfs are defined as f((julo,égbs) for the
background-only hypothesis and f(q,|x, ézbs) for the signal + background hy-

pothesis.

Now that we have pdfs for the test statistic under the hypotheses of interest, we
may now define their associated p-values. The p-value is a measure of the agreement
between the observed data and the hypotheses. Mathematically, we define the p-value
as:

pu = P(q, > qib8|signal + background) = q:: f(dulpe, ést)d% (10.4)
i

Larger values of p, indicate an agreement with the signal + background hypoth-
esis. On the other hand, smaller values of p, indicate an agreement with the back-
ground only hypothesis. The convention in high energy physics is to exclude models
at the 95% confidence level (CL) or exclude models in which p,, < 0.05

However, using this method will also exclude models in which the signal + back-
ground hypothesis is true 5% of the time. In the case where, u is close to zero, this
leads to exclusions of models to which the analysis is not sensitive. To avoid this

shortcoming, we use the CLg method. In this method, we define a second p-value

associated with the background-only hypothesis

1= py = P(dy > g background-only) = / F(dl0.65™)dg, (10.5)
qg”*

Then, we define CLg(u) as

Pu
CLy = —— 10.6
L—pp ( )

where a model is excluded at the 95% CL if CLg< 0.05. Now, if the analysis

has low sensitivity to a value of p, p, < 1 — pp, then CLg(1)S 1 and g will not be
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excluded. On the other hand, in the realm of high sensitivity, p, < 1 — p, so models
excluded by p, < 0.05 will also be excluded using the CLg method.

Finally, we can determine the observed upper limit on the cross section as the
lowest value of p for which CLg(u)= 0.05, u®*”CLs times the expected signal model
cross section.

Lastly, we can define the expected upper limits as well as the 10 and 20 bands
associated with the background hypothesis by using only toys. We generate this

pseudo-data and calculate p%%Cs for each of them which builds a pdf, f (pfgf’CLs)

Therefore,
median expected upper limit — 0.5 = /0 e f (M?ﬁ’f CLS)dM?SZ) Che (10.7)
—1o band — 0.16 = /0 e S (ot ) iy, ™ (10.8)
+10 band — 0.84 = /0 et f(ufjfﬁs)duggfcm (10.9)
—25 band — 0.025 = /0 o F (ot )dppo et (10.10)
+20 band — 0.975 = /0 e Fusoe ) dp gt (10.11)

Now, we can use the information discussed in this section to present the results

of this search.

10.2 Exclusion Contours

Two data events are observed in the search sample, which is consistent with the

expected background. The observed data contribution after each stage of the Dis-

125



appearing Track selection is shown in Appendix @ The numbers of expected events
from background sources compared with the data in the search sample are shown
in Table . The mean and standard deviation of the distribution of pseudo-data
generated under the background-only hypothesis provide an estimate of the total

background contribution to the search sample of 1.4 4+ 1.2 events.

Table 10.2: Numbers of expected and observed events in the Disappearing Track
subsample.

electrons < 0.49at < 0.50sat+syst

muons 0.64( 520 )star £ 03245t
taus < 0.59tat < 0.57gtattsyst
fake tracks  0.36(109%)star = 0.13¢yst
data 2

The events are displayed in Figures and . The distributions of several
quantities are compared between the observed events and the estimated backgrounds
in Figure . The shapes of the electron, muon, and tau background distributions
are obtained from the data control samples enriched in the given background. The
fake track distribution shapes are taken from the Z — [l Control Sample, using fake
tracks with 5 hits, except for the plot of the number of hits, for which fake tracks
with 7 or more hits are used.

The upper limits at 95% CL on the total production cross section of direct elec-
troweak chargino-pair and chargino-neutralino production are calculated for various
chargino masses and lifetimes. The NLO cross sections for these processes are taken
from [81,82]. These limits are calculated using the procedure outlined in Section ,
and the constraint on the allowed chargino lifetime and mass is presented in Fig-

ure . The maximum sensitivity is for charginos with lifetime of 7 ns, for which
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CMS Experiment at LHC, CERN
) Data recorded: Sat Jun 2 13:10:00 2012 CEST
CMS Experiment at LHC, CERN Run/Event: 195397 / 1049991863
Data recorded: Sat Jun 2 13:10:00 2012 CEST Lumi section: 822
Run/Event: 195397 / 1049991863
Lumi section: 822

Figure 10.1: Data event 1049991863, which is in the Disappearing Track sub-sample.
The candidate track is highlighted in red.

CMS Experiment at LHC, CERN

Data recorded: Sat Dec 1 11:28:32 2012 CEST
CMS Experiment at LHC, CERN Run/Event: 208353 / 218831628
Data recorded: Sat Dec 1 11:28:32 2012 CEST Lumi section: 177
Run/Event: 208353 / 218831628

Lumi section: 177

Figure 10.2: Data event 218831628, which is in the Disappearing Track sub-sample.
The candidate track is highlighted in red.

masses less than 505 GeV are excluded at 95% CL.
In Figure , we show the constraint on the mass of the chargino and the mass

difference between the chargino and neutralino, Am,, = M+ — Mo, in the minimal
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Figure 10.3: Distributions of the data and the estimated backgrounds in the search
sample. The backgrounds are normalized to have the relative contributions of Ta-
ble @ and a total equal to the mean of the background-only pseudo-data (1.4
events). Histograms for the electron and tau backgrounds are not visible because the
central value of their estimated contribution is 0.

AMSB model. The limits on 7+ are converted into limits on Am,, according to [@]
The two-loop level calculation of Am,, for wino-like lightest chargino and neutralino

states [H] is also indicated. In the AMSB models we exclude charginos with mass less
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than 260 GeV, corresponding to chargino lifetime of ~0.2 ns and Am,, = 160 MeV.
In Figure , we show the observed upper limit on the total cross section of

pp — xix¥ plus pp — xIxT processes in terms of chargino mass and lifetime.

19.5 fb™* (8 TeV)

Ly | T T T T ‘ T T T T ‘ T T T T

0 L i
=R CMS

&«—1 10 ? tanB =5, n> OE
[ - ]
10 Expected limit +2 ¢ _|
c - Expected limit +1o ]
I Expected limit i
1 = Observed limit _
10? E
| | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | L]

100 200 300 400 500 600
mg. [GeV]
X

Figure 10.4: The constraint on the chargino lifetime and mass. The region to the left
of the curve is excluded at 95% C.L.
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Figure 10.5: The solid curve shows the constraint on the chargino mass and the mass
splitting between the chargino and neutralino in the AMSB model. The region to the
left of the curve is excluded at 95% CL. The prediction for Am,, from [H] is also
indicated.

19.5 fb™ (8 TeV)
10 =

95% CL upper limit on cross section [p

m% [G eV]

Figure 10.6: The observed upper limit (in pb) on the total cross section of pp — YTy
plus pp — xExT processes as a function of chargino mass and lifetime. The simulated
chargino mass used to obtain the limits corresponds to the center of each bin.
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Chapter 11
PREPARATIONS FOR RUN 2

This search will be repeated during Run 2 of the LHC. To prepare for this update,
we have added to the CMS trigger menu a new trigger that has larger efficiency for

the target signal model than the other available triggers.

11.1 Trigger Development

The triggers used in Run 1 and described in Section @ collected events containing
an ISR jet in which the K7 arises from the recoil of the dichargino system against the
ISR jet. As shown in Table , these triggers were a large source of signal efficiency

loss, so we decided to improve upon this in Run 2.

Table 11.1: Trigger efficiencies for signal events in Run 1.

Chargino mass [GeV] 300 300 300 500 500 500
Chargino cr [cm)] 10 100 1000 10 100 1000
Trigger 10% 10% 7.4% 13% 13% 10%

We designed a new trigger path, HLT MET75_ IsoTrk50. Since tracking information

is not available at L1, we still use L1 Fr as the seed for this trigger (> 70 GeV). To
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HLT_MET75_IsoTrk50

ensure the greatest signal acceptance, we keep the K requirement at the HLT level
as low as possible (> 75 GeV). Next, to separate signal from background we require
at least one high-pr track (> 50 GeV). Lastly, to keep the rate down, we place quality
requirements on the track and require that each track have Eéf§<0'5 < 100 GeV. The

details of these trigger requirements are as follows:
o L1 Fr seed > 70 GeV
o« HLT Er > 75 GeV

e > 1 track with pr > 50 GeV

o > 1 track with relative track isolation, (Zp%]ko'?’ —pr)/pr < 0.05

° Z 1 track with Nhits 2 5

e > 1 track with N2ter = ()

miss

e > 1 track with N™d =

miss

o EAR<OS 100 GeV

calo

11.2 Gain in Signal Efficiency

To determine the gain in signal efficiency, signal MC samples were generated as de-
scribed in Section @ but increasing /s from 8 TeV to 13 TeV. We benchmark the
signal efficiency in terms of MC samples with a chargino mass of 300 GeV and c7 of
100 cm. The signal efficiency is defined as (Number of events passing trigger + offline
selection) / (Number of events passing offline selection). We define signal efficiency
in this way to ensure that high quality tracks which we would like to keep at the

analysis level are passing the trigger. The offline selection is defined as:

e Er > 100 GeV
132



X track pr > 50 GeV

o ¥ track with relative track isolation, (Sp2%<%3 — pr)/pr < 0.05

X track with |n| < 2.5
o x track with Ny > 5

o+ Y track with NImer —

miss

e x track with N®id —

miss

The signal efficiency for a chargino with a mass of 300 GeV and c7 of 100 cm for
HLT MET75_IsoTrk50 compared to other Fr triggers available for Run 2 are listed in
Table . The addition of HLT MET75 IsoTrk50 increases the signal efficiency by

at least 45%.

Table 11.2: Trigger efficiency of various Fr triggers for signal MC with a chargino
mass_of 300 GeV and cr of 100 cm.

Trigger name Signal efficiency (% )
HLT MET75 IsoTrk50 55
HLT PFMET170NoiseCleaned 36
HLT CaloMET200 NoiseCleaned 23
HLT PFCenJet140 PFMETNoMul00_ PFMHTNoMu140 38

In Figure m, the trigger efficiency as a function of Fr is shown for the Ep-based
triggers available in Run 2 as well as HLT_MET75_IsoTrk50. For Er < 200 GeV,
there is a large gain in trigger efficiency for HLT MET75_ IsoTrk50 over other triggers

available in the menu. The trigger efficiency plateaus at K7 ~ 400 GeV.
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Figure 11.1: Distribution of trigger efficiencies as a function of Er for Ep-based
triggers available in Run 2. For Fr < 200 GeV, there is a large gain in trigger
efficiency for HLT _MET75_IsoTrk50. The trigger efficiency plateaus at Fr ~ 400
GeV.
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Chapter 12
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 = 8 TeV and corresponding
to an integrated luminosity of 19.5fb~!, two events are observed in the search sample.
Thus, no significant excess above the estimated background of 1.4 4+ 1.2 events is
observed and constraints are placed on the chargino mass, mean proper lifetime,
and mass splitting. Direct electroweak production of charginos with a mean proper
lifetime of 7 ns and a mass less than 505 GeV is excluded at 95% confidence level.
In the AMSB model, charginos with masses less than 260 GeV, corresponding to a
mean proper lifetime of 0.2 ns and chargino-neutralino mass splitting of 160 MeV, are

excluded at 95% confidence level.
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Appendix A
BACKGROUND MC SAMPLES
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Table A.1: Background MC samples.

Individual
Dataset
Nickname

Individual Dataset Source Name

QCD pr 80 — 120
QCD pr 120 — 170
QCD pr 170 — 300
QCD pr 300 — 470
QCD pp 470 — 600
QCD pr 600 — 800
QCD py 800 — 1000

QCD pp 1000 — 1400
QCD pr 1400 — 1800
QCD pr 1800 — 0o

QCD_Pt-80to0120_%*_8TeV_pythia6_x*-v3_AODSIM
QCD_Pt-120t0170_*_8TeV_pythia6_**-v3_AODSIM
QCD_Pt-170t0300_%_8TeV_pythia6_v2_x*-v1_AODSIM
QCD_Pt-300t0470_x_8TeV_pythia6_v3_x*-v1_AODSIM
QCD_Pt-470t0600_*_8TeV_pythia6_**-v2_AODSIM
QCD_Pt-600t0800_%_8TeV_pythia6_**-v2_AODSIM
QCD_Pt-800t01000_x*_8TeV_pythia6_x**-v2_AODSIM
QCD_Pt-1000t01400_%*_8TeV_pythia6_x*-v1_AODSIM
QCD_Pt-1400t01800_%*_8TeV_pythia6_x*-v1_AODSIM
QCD_Pt-1800_*_8TeV_pythia6_**-v1_AODSIM

t (s — channel)
t (s — channel)
t (t — channel)
t (t — channel)
t (tW — channel)
t (tW — channel)

T_s-channel_x*_8TeV-powheg-tauola_**-v1_AODSIM
Tbar_s-channel_*_8TeV-powheg-tauola_x**-v1_AODSIM
T_t-channel_x*_8TeV-powheg-tauola_x*-v1_AODSIM
Tbar_t-channel_x*_8TeV-powheg-tauola_x*-v1_AODSIM
T_tW-channel-DR_*_8TeV-powheg-tauola_x**-v1_AODSIM
Tbar_tW-channel-DR_x*_8TeV-powheg-tauola_x*-v1_AODSIM

tt (hadronic)
tt (semi — leptonic)

tt (leptonic)

TTJets_HadronicMGDecays_8TeV-madgraph_**_ext-v1_AODSIM
TTJets_SemiLeptMGDecays_8TeV-madgraph_x*_ext-v1_AODSIM
TTJets_FullLeptMGDecays_8TeV-madgraph_x*-v2_AODSIM

Z —vv (pr 50 — 100)
Z —vv (pr 100 — 200)
Z —vv (pr 200 — 400)
Z —vv (pr 400 — 00)

ZJetsToNuNu_50_HT_100_TuneZ2Star_8TeV_madgraph_x**-v1_AODSIM

ZJetsToNuNu_100_HT_200_TuneZ2Star_8TeV_madgraph_x*-vi_AODSIM
ZJetsToNuNu_200_HT_400_TuneZ2Star_8TeV_madgraph_x*-v1_AODSIM
ZJetsToNuNu_400_HT_inf_TuneZ2Star_8TeV_madgraph_sx*-v1_AODSIM

Z—ee DYToEE_M-20_CT10_*_v2_8TeV-powheg-pythia6_x*-v1_AODSIM
Z—> s DYToMuMu_M-20_CT10_x*_v2_8TeV-powheg-pythia6_x**-v1_AODSIM
Z—TT DYToTauTau_M-20_CT10_x_v2_8TeV-powheg-tauola-pythia6_x*-v2_AODSIM
ww WW_x_8TeV_pythia6_tauola_x*-v1_AODSIM
Wz WZ_x%_8TeV_pythia6_tauola_x*-v1_AODSIM
77 ZZ_x_8TeV_pythia6_tauola_*x-v1_AODSIM
Zy 2G_Inclusive_8TeV-madgraph_v2_x*-v1_AODSIM
W~ WGToLNuG_*_8TeV-madgraph-tauola_s*-v1_AODSIM

W —lv (high pr)
W—lv (4 Jets)
W —lv(inclusive)

WJetsToLNu_PtW-100_x*_8TeV-madgraph_s**-v1i_AODSIM
W4JetsToLNu_TuneZ2Star_8TeV-madgraph_x*-vi_AODSIM
WJetsToLNu_TuneZ2Star_8TeV-madgraph-tarball_x*-v2_AODSIM

* TuneZ2star

** Summer12_DR53X-PU_S10_START53_V7A
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Table A.2: Background MC samples.

Composite  Composite Individual Cross Weighting
Dataset Dataset Dataset Generated Section Factor
Color Nickname Nickname Events (pb) for 19.5 fb~1
QCD pr 80 — 120 5988 720 1034 000.0 3370
QCD pr 120 — 170 5 813 966 156 300.0 525
QCD pr 170 — 300 18 932 228 34 140.0 35.2
QCD pr 300 — 470 19 177 012 1 760.0 1.79
QCD QCD pr 470 — 600 3903 001 113.9 0.57
QCD pr 600 — 800 3932 576 26.99 0.134
QCD pr 800 — 1000 3527123 3.55 0.0196
QCD pr 1000 — 1400 1919 722 0.737 8 0.007 5
QCD pr 1400 — 1800 1 957 800 0.033 52 0.000 334
QCD pr 1800 — oo 953 491 0.001 829 3.74e — 05
t (s — channel) 259 657 3.79 0.285
t (s — channel) 139 835 1.76 0.246
. t (t — channel) 3 754 544 56.4 0.293
single top _
t (t — channel) 1933 504 30.7 0.31
t (tW — channel) 496 918 11.1 0.436
t (tW — channel) 492 779 11.1 0.44
tt (hadronic) 31171 004 112.3 0.070 3
. tt tt (semi — leptonic) 25 303 396 107.7 0.0831
tt (leptonic) 12 100 452 25.8 0.041 6
Z —wv (pr 50 — 100) 4039 920 381.2 1.84
7 oy Z vy (pr100-200) 4414182 160.3 0.709
Z —wvv (pr 200 —400) 5047 844 41.49 0.16
Z —wv (pr 400 —00) 1001 970 5.274 0.103
Z—ee 42 695 270 1915.0 0.876
. Z—ll Z— 48 810 855 1915.0 0.766
Z—=TT 48 768 831 1915.0 0.766
ww 9993 617 54.84 0.107
wz 9993 251 33.21 0.064 9
Diboson ZZ 9 741 539 17.65 0.035 4
Zny 6 320 039 123.9 0.383
W~ 4 801 097 461.6 1.88
W—lv (high pr) 12 718 810 282.4 0.433
. W—=lv W—lv (4 Jets) 13 335 067 264.0 0.386
W —lv(inclusive) 57 698 420 37510 .0 12.7
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Appendix B

IMPLEMENTATION OF TRIGGER
EMULATION

Since only the HLT MonoCentralPFJet80 PFMETnoMu95 NHEFOp95 trigger is available
in the background MC, we emulate the HLT MonoCentralPFJet80 PFMETnoMul05
NHEFOp95 trigger using information stored in our ntuples. To emulate the HLT
MonoCentralPFJet80 PFMETnoMul05 NHEFOp95 trigger, we apply cuts on the fol-

lowing HLT filters:
e pr of h1tL1sL1ETM40 > 40 GeV
e pr of hltCentralJet65L1FastJet > 65 GeV
e pr of h1tMET65 > 65 GeV
e pr of h1tCentralPFJet80 > 80 GeV
e pr of h1tPFMETnoMu > 105 GeV

If an events passes the above criteria, we consider it to pass the HLT MonoCentralPFJet80
PFMETnoMu105_NHEFOp95 trigger.

To assess the systematic uncertainty on the trigger efficiency, we combine the
background MC according to the relative contributions of each trigger, i.e.
Bkgd MC = (MC with 95 GeV threshold) * fracAB + (MC with 105 GeV threshold)
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* fracCD, where fracAB = (integrated luminosity of 2012A and B) / (integrated
luminosity for all 2012) and similarly for fracCD. This Bkgd MC combination is used
to create the ratio plot in Figure @ The ratio plot is then used to reweight the

signal MC.
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Appendix C
CUTFLOWS FOR SIGNAL MC

The expected signal contributions after each stage of the Disappearing Track selection

are shown in Table @, and the marginal efficiencies are shown in Table @

141



LLLOF 66  9LV0F 956  90800°0 F GL600°0 121 F 201 80T FEPT  LTT'0OFFESO SHY I193N0 SUISSIW ¢ < YILMm SorIy
92 TF9ee  L6FOFFIT  90£00°0 F 946000 118 F 0L€ LITFG6T  L3T'0F LESO0 A9D 0T > gogoarod
CTFE9e TOS0FSIT 1€£00°0 F ¥010°0 9'1¢ F ¢6¢ 6TTFF0Z  621°0F 830 A9D 01 < Id ‘71 Jo GT°0 > YV UIy)Im;
GeTFETHF TOSOFSTI 1€00°0 F ¥010°0 v'2C F o 6TTFF0Z 6210 F 850 A9D 01 < :Ld 2 30 GT'0 > YV UIYHAM|
GETFECh C0S0FSII 1€00°0 F #0100 v'0C F ¢ 6TTFF0z  6CT0F8S0 (I ey 0s00[ ‘gg > |U] ‘A0D 0g < Id ‘L Jo GT°0 > YV UIYIM|
GeTFETr  TOSOFSTI 1€00°0 F ¥010°0 v'2C F ¢V 6TTFF0Z 6310 F 850 1ol Burpes[qns pue eI} ueamiaq ¢'Q < Jv
98 TF 6Ty 9050 F ol GSP0'0 F1€90°0  §°C% F 69F gL F L0% €9L0FCT 600 > Ld/(Ld — .o L) qam yoeny
SPTF8LY  SPLOFS6I GPS0 F79°8 86T F ¥eg 9°¢T F 162 TTLF LeT SHIY Jouul SUISSIW OU Y3Lm SorI)
PPTFPS8Y  G9L0F€0% 99¢°0 F 8¢°6 ¥C F Ve 6°ST F 108 81T F €51 SHY S[PPIW SUISSIW OU Y31m JorI)
WWTFC0S P8LOFEIT 665°0 F ¢ 01 v'¥e F 99¢ ¥'91 F cee Tl F 991 SHY PIeA L < UM SorIy
€91 F 8¢S 0T Fee CO0FSTI €62 F 209 T'1C F 670 6°CT F L61 wog( > |#p| yym ypoexy
€CTFRES  €OTFoee G290 F 121 €62 F 209 %1% F 0S¥ €€l F90% wog0 0 > |0p| ypm spery
SCTF6FS 90 TFLYE GL9°0F VI 9°6% F 719 9'1¢ F 897 PP F T DSD UBLILS JO GT'0 > YV UIYILM;
LGTFC9e  LOTFSGCE 889°0 F 8°¥1 %'9% F 6£9 1°0¢ F 68F L¥T F 1I¥¢ TVOH Jo sded onpotIaul UuIyjim|
LGTF69¢  80TFEOE 690 F 671 T'9% F €79 70T F €6V 8FI F Ve I99sn[d TYDH ASIOU 10 PIP JO GO'0 > YV UIYIIM|
I9TFE€09 ITTF8SE 82L°0 F €91 6°9¢ F €89 €¢ F LTS L'ST F89¢ G8'1 > || > ¢g'T “Lousroygeur 1l 1e8re[ jo uorser uy
9°TF6€9 O9ITFEIV PLOF G LT LT F <t L°€T F $9S ¥'9T F 88¢ ge'0 > || > gr°0 ‘de8 o [PeYM LA Uy
€LTFC0L VCTIFTIY TI8'0 FS0¢ 7°6% F 808 T°8% F 089 L'LTF0ge G9'T > || > g1 Spewd deopue-pareq TyOH Ul
9LTF9€EL 8TTFE6F G¥8°0 F 102 €08 F €98 6°9C F 699 T'81 F €8¢ 1°¢ > U] yym spen
6LTFIL  6C1FL0S 148°0 F ¢°€¢ z'T€ F 606 §'9z F ¥0L G'8T F L9¢ A9D 08 < Ld ypm yoeay
BTFTIG8 88T FESs 8L°TF 68 CEF80T 998FLVIT 6CEF8TT syl Ld 180yt g 973 Lh —G'0 < ¢V
C6TF698  STFF'S8 QLTF68 CTEEFIOT 998FLVIT  6CEFSTTT Gz < ¢V ym sared 39[ o
YOCFL6 86 1FC 86 LTFRLE SVEFOPIT ¥8EFINT  TLEF6ET L0 > uororly ASI1eus N [e1)eU [3Im 9a[ Surpesy
VOCTF¥L6  66'TF 886 I8TF86 SFPEF6VIT ¥PS8EFOLET TLEFLEET L°0> uorjoryy A310us UOIpRY [RIINSU Y3Lm 30f Surpes|
YOTF¥L6 66T F886 LSTFI86 SFEFOSTT ¥8EFOLET  TLEFLEET G'0 > uonoeyy AS1oue NI PaSIeyd yim 3ol Surpes|
G0CF9L6 66T F 66 LTFTI8 SVEFISTT 988F9LT  €LEFTIET ¢'0 < uonoey AS1ous uoIpey padreyd yym jof Surpes|
L0 F 6°66 10°C F 20T 6TFTIOT €SEFLSIT T6EFSIET 9LEFTLET ¥'g > |l] yim 3ol Surpeoy
60'C F 20T €0°C F €01 T6'TFCOT 9GEFROCT L6ETFOVET 8 LEF68E T A9D 0TT < Ld yym jo Surpesy
1€°C F LaT GG F 8Tl PITF LT S6EFEHST  LVP FIaL1 €7 F 06 1 APD 00T < LF
¥eC Foel 13T FOe1 9ICFOEL  LIPFISLT FSPFELLT  LEPFTI8I 1033113
wﬁoﬂ = 1L %Qﬂ = 1L wQH.D = L mEOﬁ = 1L miz\ﬁ = 1L wQH.O = 1L
£XA2D007  £XA9900% XA29007  £XA29008  £XA2900% £XA29008

Prot£ guaay]

1—P6TIG6T =11

142



%% 63 %918 %666 %9°L% %EEL %E°66 SHIY I9IN0 JUISSTUL ¢ < [IIM JPeI)
%9°26 %€°96 %G'€6 %VT6 %G G6 %L°T6 A®D 0T > gl
%€ L6 %00T %00T %L L6 %666 %00T A9D 0T < Ld ‘1 Jo GT°0 > YV UL IIM;
%00T %00T %00T %00T %00T %00T APD 0T < Ld 2 Jo GT°0 > YV UM
%00T %001 %001 %00T %001 %00T (I ey 9s00[ ‘g'g > |l] ‘A0D) 0g < Ld ‘L JO GT°() > YV UIYILM]
%%'86 %% 86 %91 %%°86 %L'86 %L'8€ 1o[ urpea[qns pue 3pery weamidq ¢ < ¥V
%868 %G'19 %EL0 %6°L8 %TTL %60°T G0°0 > Ld/(Ld — ¢\ AR Wym ypeny
%886 %96 %T1'C6 %¢ 86 %896 %9°68 SYIY IOUUT SUISSTUIL OU [IIM ORI}
%8°G6 %V G6 %L16 %E96 %G°€6 %656 SHIY A[PPIU SUISSIUW OU M JDRI)
%6°€6 %979 %598 %8°€6 %L TL %9°€8 SHY PreA L < [IM eIy
%666 %S°66 %86 %001 %966 %196 wog () > |7p| qm spen

%86 %96 %L F8 %86 %96 %828 wog'0 > |0p| yym speny
%€ L6 %6°96 %€°96 %196 %L"G6 %6°96 DSD JRLIS JO GZ'() > YV UM,
%866 %666 %001 %001 %666 %666 TVOH Jo sded a[npPOULIUT UI}IM;
%ET6 %L €6 %S 16 %T V6 %V'€6 %16 1SN TYDH ASIOU 10 Pedp JO GO'( > YV UI M|
%E V6 %6°€6 %G6 %ET6 %S°€6 %6°C6 ¢8'T > |l] > gg'1 “Aousmigout 11 1o8re[ JO UOLFAIL UI;
%116 %¥'68 %¥8 %9°68 %968 %G28 ¢e'0 > |b| > ¢r0 ‘des o oYM LA Uy
%¥'G6 %L €6 %826 %L°€6 %TT6 %¥ €6 Go'T > | > g1 ‘e deopuo-forreq Ty DH U]
%8°96 %% L6 %L €6 %676 %%6 %196 1°g > [U] yym spen
%G 68 %V LG %V°9¢ %¥'88 %V 19 %668 APD 06 < Id yim e

%86 %666 %001 %S'86 %001 %001 1ol Ld 480y g L —¢'0 < ¢V
%968 %06 %16 %116 %16 %¥'56 ¢'g < ¢V yim sared 39(
%L°66 %% 66 %866 %L'66 %€°66 %% 66 L0 > uonoer AS1eus N [eINOU [3m jof Surpes]
%001 %001 %001 %001 %001 %001 10> uonoely AZ10U0 UOIPEY] [eInou [t jof Surpesy
%866 %866 %666 %666 %G"66 %9°66 ¢ > uonoely A8us NI paSrerd yim 1ol Furpes|
%9°L6 %G°L6 %€"L6 %L6 %8°96 %8°L6 2’0 < worjoryy £31ou0 UOIpRY PaFIRYD YIIM ol Furpes]
%% 86 %986 %%°86 %86 %%°86 %886 7G> U] yym 1ol Surpeo
%66 %908 %508 %E"8L %L LL %9°LL APD 01T < Ld yym jof Surpesy
%196 %G’ 86 %586 %G 68 %G L6 %G’ L6 APD 00T < Lg
%LTT %I'TT %911 %8°L %9L°L %608 1083113

SuQT = <4 SUT =<4 worT() =+ SuQT =<4 SuT =4 SuT'Qgo=+4<4
XA29007  £XA29007  £XA29007  £XA2900%  +XA2D00%  +XA29008

AOUSTIOIJO [RUISIRA

W 6IG6T =T

143



Appendix D
CUTFLOW FOR DATA

The observed data contributions after each stage of the Disappearing Track selection

are shown in Table El!
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L=19519fb*

Event yield

data

trigger 1.19 x 107
Er > 100 GeV 6.13 x 106
leading jet with py > 110 GeV 4.86 x 10°
leading jet with || < 2.4 4.7 x 106
leading jet with charged hadron energy fraction > 0.2 4.08 x 108
leading jet with charged EM energy fraction < 0.5 4.07 x 108
leading jet with neutral hadron energy fraction <0.7 4.07 x 108
leading jet with neutral EM energy fraction < 0.7 4.03 x 108
0 jet pairs with A¢ > 2.5 1.79 x 106
A¢ > 0.5— Ep&& 2 highest pr jets 1.77 x 108
track with pyr > 50 GeV 660 842
track with |n| < 2.1 605 783
lin ECAL barrel-endcap crack, 1.42 < |n| < 1.65 551 710
lin DT Wheel 0 gap, 0.15 < |n| < 0.35 494 445
lin region of larger p inefficiency, 1.55 < |n| < 1.85 452 382
lwithin AR < 0.05 of dead or noisy ECAL cluster 420 309
lwithin intermodule gaps of ECAL 416 479
lwithin AR < 0.25 of errant CSC 398 100
track with |dp| < 0.02cm 311 701
track with |d,| < 0.5cm 301 922
track with > 7 valid hits 277 930
track with no missing middle hits 253 843
track with no missing inner hits 235 759
track with (Sp2R<03 — pr)/pr < 0.05 86 726
AR > 0.5 between track and subleading jet 82 500
lwithin AR < 0.15 of 7, pr > 30 GeV, |n| < 2.3, loose tau ID 80 352
lwithin AR < 0.15 of e, pr > 10 GeV 63 181
lwithin AR < 0.15 of u, ppr > 10 GeV 56
EAR<05 <10 GeV 13

track with > 3 missing outer hits 2
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