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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−1.

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

1



by the Large Hadron Collider.

This thesis is organized as follows. In Chapter 2, we discuss the theoretical motiva-

tion for this search. Chapter 3 and Chapter 4 present an overview of the Large Hadron

Collider and the detector of interest in this search, the Compact Muon Solenoid. Next,

Chapter 5 lists the datasets used in this search, and Chapter 6 details the require-

ments placed on various selection samples used in this search. Chapter 7 shows how

experimental signatures from Standard Model particles can mimic that of the signal.

Chapter 8 discusses how the contribution from these sources is predicted while Chap-

ter 9 describes how the sources of uncertainty to this search are addressed. Then, in

Chapter 10, the results of the search are presented, and Chapter 11 lists the future

preparations. Finally, the conclusion is presented in Chapter 12.
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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)C×SU(2)L×U(1)Y gauge group. SU(3)C describes the color

interactions among quarks, SU(2)L 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 2.1.
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incorporation of the Higgs Mechanism in the 1960’s [16, 17, 18, 28, 62]. The addition

of the strong force and quantum chromodynamics in the 1970’s laid the foundation

for the standard model as we know it today, a non-abelian gauge theory with the

symmetry group

SU(3)C ⌦ SU(2)L ⌦ SU(1)Y (2.1)

where SU(3)C denotes the strong QCD interactions, SU(2)L the weak interactions,

and SU(1)Y the electromagnetic interaction. Elementary particles of the standard

model and allowed tree-level interactions are shown in Figure 2.1.

Figure 2.1. Elementary particles of the standard model and allowed
tree-level interactions represented by blue lines. The top row represents

fermions, the middle row the force mediating particles, and the bottom row
is the Higgs boson.

3

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)L×U(1)Y or electroweak symmetry. To accomplish

this, a SU(2) scalar doublet is introduced [30]

into the corresponding Lagrangian.

L = T− V = (∂µϕµ)
†(∂ϕµ)− µ2ϕ†ϕ− λ(ϕ†ϕ)2 (2.1)

where V (ϕ) = µ2ϕ†ϕ+ λ(ϕ†ϕ)2 (2.2)

The potential V (ϕ) is the ‘Mexican hat potential’ shown in Figure 2.2 with µ2 < 0

and λ > 0. The minimum for ϕ is ⟨ϕ⟩ =
√

−µ2

2λ
≡ ν√

2
. Since the minimum is non-zero
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Figure 2.3. Higgs potential showing stable and unstable minima. Reprinted
from [2].

weak interactions constrict m2
H to be roughly � (100GeV)2, which is compatible with

the 2012 findings. A problem is presented, however, when considering why the Higgs

mass should be this low. The one-loop correction to m2
H due to a Dirac fermion is

shown in Figure 2.4.

H

f

Figure 2.4. One-loop quantum correction to the Higgs squared mass
parameter m2

H , due to a Dirac fermion f

6

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:

⟨ϕ⟩ =

 0

ν√
2

 (2.3)

If we then expand ϕ about its VEV in the Lagrangian, a new scalar particle, the

Higgs boson, will be introduced with ⟨H⟩ =

√
m2

H

2λ
, where m2

H ≡ λν2. 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 [31, 32]. 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
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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 2.3 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

“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin

1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale MP = (8πGNewton)−1/2 =
2.4 × 1018 GeV, where quantum gravitational effects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a difficulty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if λ > 0 and m2
H < 0, resulting in ⟨H⟩ =

√
−m2

H/2λ. Since we

know experimentally that ⟨H⟩ is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = − |λf |2

8π2
Λ2
UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ΛUV (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The

H

f

(a)

S

H

(b)

Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due to (a) a Dirac

fermion f , and (b) a scalar S.

3

Figure 2.3: One loop corrections to the Higgs mass for (a) fermions (f) and (b) scalars
(S) [2].

for fermions are of the form:

∆m2
H = −|λf |2

8π2
Λ2

UV + ... (2.4)

λf is the coupling constant of the fermion to the Higgs, and ΛUV 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 λf as 1, for the largest correction which comes from the top quark,
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and ΛUV as the Planck scale or 1018 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:

∆m2
H =

λS

16π2
Λ2

UV + ... (2.5)

Therefore, if there were a symmetry between fermions and bosons that gives rise

to two complex scalars, with λS = |λf |2, 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 ∼1016

GeV, the electroweak and strong forces will unify to single strength as shown in

Figure 2.4. 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(Q†) 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 6.8: Two-loop renormaliza-
tion group evolution of the inverse
gauge couplings α−1

a (Q) in the Stan-
dard Model (dashed lines) and the
MSSM (solid lines). In the MSSM
case, the sparticle masses are treated
as a common threshold varied be-
tween 500 GeV and 1.5 TeV, and
α3(mZ) is varied between 0.117 and
0.121.
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This unification is of course not perfect; α3 tends to be slightly smaller than the common value of
α1(MU ) = α2(MU ) at the point where they meet, which is often taken to be the definition of MU .
However, this small difference can easily be ascribed to threshold corrections due to whatever new
particles exist near MU . Note that MU decreases slightly as the superpartner masses are raised. While
the apparent approximate unification of gauge couplings at MU might be just an accident, it may also
be taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [109]. In the DRED method, all momentum integrals
are still performed in d = 4 − 2ϵ dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than

61

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 2.5. Note that SUSY calls for two Higgs doublets; one (Hu) gives mass

to the up-type quarks and the other (Hd) gives mass to down-type quarks. Other,

unlisted supersymmetric particles or sparticles arise from linear combinations of those

listed in Figure 2.5. There are two linear combinations of charged winos and charged

higgsinos known as charginos (denoted by χ±). There are 4 states which result from

the mixing of the bino, neutral wino, and neutral higgsinos known as neutralinos
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Names spin 0 spin 1/2 SU(3)C , SU(2)L, U(1)Y

squarks, quarks Q (ũL d̃L) (uL dL) ( 3, 2 , 1
6)

(×3 families) u ũ∗R u†R ( 3, 1, −2
3)

d d̃∗R d†R ( 3, 1, 1
3)

sleptons, leptons L (ν̃ ẽL) (ν eL) ( 1, 2 , −1
2)

(×3 families) e ẽ∗R e†R ( 1, 1, 1)

Higgs, higgsinos Hu (H+
u H0

u) (H̃+
u H̃0

u) ( 1, 2 , +1
2)

Hd (H0
d H−

d ) (H̃0
d H̃−

d ) ( 1, 2 , −1
2)

Table 1.1: Chiral supermultiplets in the Minimal Supersymmetric Standard Model. The spin-0 fields
are complex scalars, and the spin-1/2 fields are left-handed two-component Weyl fermions.

Names spin 1/2 spin 1 SU(3)C , SU(2)L, U(1)Y

gluino, gluon g̃ g ( 8, 1 , 0)

winos, W bosons W̃± W̃ 0 W± W 0 ( 1, 3 , 0)

bino, B boson B̃0 B0 ( 1, 1 , 0)

Table 1.2: Gauge supermultiplets in the Minimal Supersymmetric Standard Model.

There are three families for each of the quark and lepton supermultiplets, Table 1.1 lists the first-family
representatives. A family index i = 1, 2, 3 can be affixed to the chiral supermultiplet names (Qi, ui, . . .)
when needed, for example (e1, e2, e3) = (e, µ, τ). The bar on u, d, e fields is part of the name, and does
not denote any kind of conjugation.

The Higgs chiral supermultiplet Hd (containing H0
d , H

−
d , H̃0

d , H̃
−
d ) has exactly the same Standard

Model gauge quantum numbers as the left-handed sleptons and leptons Li, for example (ν̃, ẽL, ν,
eL). Naively, one might therefore suppose that we could have been more economical in our assignment
by taking a neutrino and a Higgs scalar to be superpartners, instead of putting them in separate
supermultiplets. This would amount to the proposal that the Higgs boson and a sneutrino should be the
same particle. This attempt played a key role in some of the first attempts to connect supersymmetry to
phenomenology [6], but it is now known to not work. Even ignoring the anomaly cancellation problem
mentioned above, many insoluble phenomenological problems would result, including lepton-number
non-conservation and a mass for at least one of the neutrinos in gross violation of experimental bounds.
Therefore, all of the superpartners of Standard Model particles are really new particles, and cannot be
identified with some other Standard Model state.

The vector bosons of the Standard Model clearly must reside in gauge supermultiplets. Their
fermionic superpartners are generically referred to as gauginos. The SU(3)C color gauge interactions
of QCD are mediated by the gluon, whose spin-1/2 color-octet supersymmetric partner is the gluino. As
usual, a tilde is used to denote the supersymmetric partner of a Standard Model state, so the symbols
for the gluon and gluino are g and g̃ respectively. The electroweak gauge symmetry SU(2)L×U(1)Y is
associated with spin-1 gauge bosons W+,W 0,W− and B0, with spin-1/2 superpartners W̃+, W̃ 0, W̃−

and B̃0, called winos and bino. After electroweak symmetry breaking, the W 0, B0 gauge eigenstates
mix to give mass eigenstates Z0 and γ. The corresponding gaugino mixtures of W̃ 0 and B̃0 are called
zino (Z̃0) and photino (γ̃); if supersymmetry were unbroken, they would be mass eigenstates with
masses mZ and 0. Table 1.2 summarizes the gauge supermultiplets of a minimal supersymmetric
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Figure 2.5: Chiral multiplets (top) and vector multiplets (bottom). [2]

(denoted by χ0). 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.
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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 2.6.

(Hidden sector)
(Visible sector)

Supersymmetry
breaking origin

     MSSMFlavor-blind

interactions

Figure 7.2: The presumed schematic structure for supersymmetry breaking.

candidate gauge singlet whose F -term could develop a VEV. Therefore one must ask what effects are
responsible for spontaneous supersymmetry breaking, and how supersymmetry breakdown is “com-
municated” to the MSSM particles. It is very difficult to achieve the latter in a phenomenologically
viable way working only with renormalizable interactions at tree-level, even if the model is extended to
involve new supermultiplets including gauge singlets. First, on general grounds it would be problematic
to give masses to the MSSM gauginos, because the results of section 3 inform us that renormalizable
supersymmetry never has any (scalar)-(gaugino)-(gaugino) couplings that could turn into gaugino mass
terms when the scalar gets a VEV. Second, at least some of the MSSM squarks and sleptons would
have to be unacceptably light, and should have been discovered already. This can be understood from
the existence of sum rules that can be obtained in the same way as eq. (7.1.13) when the restrictions
imposed by flavor symmetries are taken into account. For example, in the limit in which lepton flavors
are conserved, the selectron mass eigenstates ẽ1 and ẽ2 could in general be mixtures of ẽL and ẽR.
But if they do not mix with other scalars, then part of the sum rule decouples from the rest, and one
obtains:

m2
ẽ1 +m2

ẽ2 = 2m2
e, (7.4.1)

which is of course ruled out by experiment. Similar sum rules follow for each of the fermions of the
Standard Model, at tree-level and in the limits in which the corresponding flavors are conserved. In
principle, the sum rules can be evaded by introducing flavor-violating mixings, but it is very difficult to
see how to make a viable model in this way. Even ignoring these problems, there is no obvious reason
why the resulting MSSM soft supersymmetry-breaking terms in this type of model should satisfy
flavor-blindness conditions like eqs. (6.4.4) or (6.4.5).

For these reasons, we expect that the MSSM soft terms arise indirectly or radiatively, rather than
from tree-level renormalizable couplings to the supersymmetry-breaking order parameters. Supersym-
metry breaking evidently occurs in a “hidden sector” of particles that have no (or only very small)
direct couplings to the “visible sector” chiral supermultiplets of the MSSM. However, the two sectors
do share some interactions that are responsible for mediating supersymmetry breaking from the hidden
sector to the visible sector, resulting in the MSSM soft terms. (See Figure 7.2.) In this scenario, the
tree-level squared mass sum rules need not hold, even approximately, for the physical masses of the
visible sector fields, so that a phenomenologically viable superpartner mass spectrum is, in principle,
achievable. As a bonus, if the mediating interactions are flavor-blind, then the soft terms appearing in
the MSSM will automatically obey conditions like eqs. (6.4.4), (6.4.5) and (6.4.6).

There have been two main competing proposals for what the mediating interactions might be.
The first (and historically the more popular) is that they are gravitational. More precisely, they are
associated with the new physics, including gravity, that enters near the Planck scale. In this “gravity-
mediated”, or Planck-scale-mediated supersymmetry breaking (PMSB) scenario, if supersymmetry is
broken in the hidden sector by a VEV ⟨F ⟩, then the soft terms in the visible sector should be roughly

msoft ∼ ⟨F ⟩/MP, (7.4.2)

by dimensional analysis. This is because we know that msoft must vanish in the limit ⟨F ⟩ → 0 where
supersymmetry is unbroken, and also in the limit MP → ∞ (corresponding to GNewton → 0) in which

74

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

Mi =
big

2
i

16π2
m3/2 (2.7)

where m3/2 is the gravitino mass, gi = g1, g2, g3 are the guage couplings to U(1),

SU(2), and SU(3), and bi 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 bi are (33
5
, 1, -3). From these, we can determine the following relation

between the gaugino masses [3].

M1 : M2 : M3 = 2.8 : 1 : −8.3 (2.8)

which differs from the relation of M1 : M2 : M3 = 1 : 2 : 7 in other gravity mediated

models. This implies that the lightest chargino (χ±
1 ) and neutralino (χ0) masses are

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

mχ±
1

= M2 −
M2

W

µ
sin 2β − M2M

2
W

µ2
+O

(
1

µ3

)
, (2.9)

mχ0 = M2 −
M2

W

µ
sin 2β − M2M

2
W

µ2
− M4

W tan2 θW
(M1 −M2)µ2

sin2 2β +O
(

1

µ3

)
.(2.10)

where M2 is one of the aforementioned gaugino masses, Mw represents the weak

scale (∼ 100 GeV), tanβ is the ratio of the Higgs vacuum expectation values, and µ is

the Higgsino mass parameter. Allowed values for µ and M2 are shown in Figure 2.7

for two values of tanβ.

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

∆m =
M4

W tan2 θW
(M1 −M2)µ2

sin2 2β (2.11)

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

∼ 150 MeV; thus ∆m is always greater than the pion mass [37]. The mass difference
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FIG. 4. Parameters allowed by current constraints on particle masses and radiative symmetry

breaking in the (µ,M2) plane for µ < 0 and tan β = 3 and 30. The contours are for constant
m0 = 250, 500, · · ·, 2000 GeV from the right. Similar results hold for µ > 0.

M1 : M2 : M3 ≈ 2.8 : 1 : −8.3 . (15)

Typical values of (µ, M2) allowed by radiative electroweak symmetry breaking in the minimal
anomaly-mediated model are given in Fig. 4. Combined with the anomaly-mediated relation
M1 ≃ 2.8M2, Fig. 4 implies M2 < M1 < |µ| with substantial hierarchies in these parameters
throughout parameter space. The chargino and neutralino mass eigenstates are therefore
well-approximated by pure gaugino and pure Higgsino states with masses

M2 : χ̃0
1 ≃ W̃ 0 , χ̃±

1 ≃ W̃±

M1 : χ̃0
2 ≃ B̃ (16)

|µ| : χ̃0
3,4 ≃ H̃0

u ± H̃0
d , χ̃±

2 ≃ H̃± ,

and the lightest of these is always a highly degenerate triplet of Winos.
In much of parameter space, as we will see in Sec. VB, these Winos are the LSPs. The

possibility of searching for supersymmetry in the Wino LSP scenario has been the subject
of much recent attention [5,6,15–17]. The detection of Wino LSPs poses novel experimental
challenges. Neutral Winos pass through collider detectors without interacting. Charged
Winos are detectable in principle, but are typically highly degenerate with neutral Winos,
with ∆m = mχ̃±

1

− mχ̃0
1
≈ 150 − 300 MeV and corresponding decay lengths cτ = 0.5 − 10

cm [5,6,15–18]. They therefore decay to invisible neutral Winos and extremely soft pions
before reaching the muon chambers, thereby escaping both conventional searches based on
energetic decay products and searches for long-lived charged particles that produce hits in
the muon chamber.

11

Figure 2.7: Allowed parameters in the (µ,M2) plane for µ < 0 and tanβ = 3 and 30.
Similar results hold for µ > 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, χ±
1 → χ0

1π
±. 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
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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, 39] as well as at the D0 [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 2.8, 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 of one are assumed and values shown in this plot are to be interpreted as upper
limits [4].

.

energy loss [42–44]. In Figure 2.9, 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 [45, 46]. 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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Figure 10: Left: Number of pMSSM points of the phase-space excluded at 95% C.L. as a function
of the chargino average decay length. Right: Zoom of the long-lived region. The SUS-12-030
search [10] only considered points with ct < 10 mm. The bottom panel shows the fraction of
parameter points excluded by the SUS-12-030 search [10] (blue) or by reinterpreting the long-
lived particle search [8] (red). A few points with ct � 1 km are not excluded despite a signal
acceptance of about 50% because of their theoretical cross section being at the level of ⇠ 0.1 fb.

function of the chargino average decay length. Only 2.6% (1.1%) of the tested models with ct
larger than 50 cm (10 m) have not been excluded by the search for long-lived charged particles.
On the other hand, these figures also highlight that none of the CMS searches is currently
sensitive to the region 10 mm ct 50 cm which contains 14% of the parameter phase-space.

Figure 11 shows the number of parameter points predicted, excluded by Ref. [10], excluded by
reinterpreting the results of Ref. [8] and not excluded by any of those searches as a function
of the chargino mass and the mass difference between the chargino and the neutralino. The
Figure 12 shows the same information as a function of the chargino mass and chargino decay
length.

5 Conclusions

A technique for reinterpreting the results of the CMS search for long-lived charged particles
has been presented. The technique was validated on a few benchmark BSM models : pair
production of staus, inclusive production of staus in the context of the GMSB model, pair pro-
duction of long-lived leptons with a null isospin and pair production of charginos in the context
of the pMSSM. A 10% agreement is obtained on the model acceptance between the proposed
technique and the acceptance estimated by a full simulation and reconstruction of the CMS de-
tector. The technique was used to constrain the long-lived sector of a sub-space of the pMSSM
chosen to cover particle masses up to about 3 TeV/c2. We conclude that 98.9% (97.4%) of the
considered sub-space predicting long-lived charginos with a decay length ct � 10 m (50 cm) is

Conven;onal"SUSY"
searches

LongClived"SUSY"
searches"(CMS)

This"thesis

Figure 2.9: Exclusion of points in the pMSSM for conventional SUSY searches (cτ
≲ 1 mm) and long-lived searches at CMS (cτ ≳ 1 m). This thesis closes the gap
between these two searches and covers 0.1 m ≲ cτ ≲ 1m.

.

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 2.10. The search detailed in the remainder of this thesis corroborates the results

presented by ATLAS. In addition, it rules out the 2σ excess that was seen in the pT

distribution, shown in Figure 2.11.

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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LEP2 result. This constraint is largely independent of tan!
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The analysis is not performed for signals having #~$1
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10 ns (corresponding !m~$1
being below the charged pion

mass) because a significant fraction of charginos would
traverse the ID before decaying, thereby reducing the event
selection efficiency. In these scenarios the charginos are
considered as stable particles and the main search tool
would be to look for tracks with anomalous ionization
energy loss [37]. In comparison with the previous result,
the sensitivity to charginos having #~$!

1
< 1 ns is signifi-

cantly improved and the exclusion reach is extended by
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Figure 7 shows the constraint on the allowed !m~$1
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neutralino states at two-loop level [39] is also indicated
in the figure. A new limit that excludes charginos ofm~$!
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270 GeV (corresponding !m~$1
and #~$!
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being"160 MeV

and"0:2 ns, respectively) at 95% C.L. is set in the AMSB
models.

IX. CONCLUSIONS

The results from a search for charginos nearly mass
degenerate with the lightest neutralino based on the
high-pT disappearing-track signature are presented. The
analysis is based on 20:3 fb#1 of pp collisions at

ffiffiffi
s

p ¼
8 TeV collected by the ATLAS experiment at the LHC.
The pT spectrum of observed candidate tracks is found to
be consistent with the expectation from SM background
processes, and no indication of decaying charginos is
observed. Constraints on the chargino mass, the mean
lifetime, and the mass splitting are set, which are valid
for most scenarios in which the lightest supersymmetric
particle is a nearly pure neutral wino. In the AMSB
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in the lower shaded region could have significantly longer life-
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chargino does not decay within the tracking volume. For this
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Figure 2.10: Expected and observed constraints on the allowed chargino lifetime
(τχ±

1
) and chargino mass (mχ±

1
). 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, ∆mχ±

1
,

in the AMSB model. The region to the left of the curve is excluded at 95% CL. The
prediction for ∆mχ±

1
from [5] is also indicated (bottom) [6].

.
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likelihood function for the track pT consists of one proba-
bility density function for the signal and four for the differ-
ent backgrounds derived in Sec. V. In the fit, the yields of
the signal, interacting-hadron, and pT-mismeasured tracks
are left free. The yields of electron and muon background
tracks are constrained to their estimated values within the
uncertainties. The effects of systematic uncertainties on the
yields and the parameters describing the pT-distribution
shapes of the background tracks are also incorporated into
the likelihood function.

The number of observed events having a high-pT dis-
appearing track above a given threshold and the expecta-
tion for the background, derived by the background-only fit
in the pT range below 75 GeV, are given in Table III. No
significant deviations from the background expectations
are found. The probability (p0 value) that a background-
only experiment is more signal-like than the observation
and the model-independent upper limit on the visible cross
section (!95%

vis ) at 95% confidence level (C.L.) are also
given in the table. Figure 5 shows the pT distribution for

the selected data events compared to the background model
derived by the background-only fit in the full pT range: the
best-fit values for the yields of interacting hadrons, electron
tracks, muon tracks, and pT-mismeasured tracks are
2187! 71, 852! 35, 23! 8, and 212! 33, respectively.
Three selected examples for the signal are also shown in
the figure.
An excess with a corresponding significance of "2! is

seen in Fig. 5 at pT around 90 GeV. Detailed investigation
of the events in this region show no peculiarities or
significant differences in event kinematics or track proper-
ties compared to candidates in nearby track-pT regions.
The discrepancy is also not consistent with any of the
signal hypotheses studied in this article. For the models
considered, high-pT tracks are expected and the best ex-
pected sensitivity derives from the region with pT above
200 GeV, where a deficit is observed as reported in
Table III.
Events with two disappearing-track candidates, being

particularly sensitive to chargino-pair production with a
long lifetime, are also explored. One candidate event is
found; however, the event lacks high-pT disappearing-
track candidates (their pT being 30 GeV and 18 GeV).

VIII. RESULTS

In the absence of a signal, constraints are set onm~"!
1
and

#~"!
1
. The upper limit on the production cross section for a

givenm~"!
1
and #~"!

1
at 95% C.L. is set at the point where the

C.L. of the ‘‘signalþ background’’ hypothesis, based on
the profile likelihood ratio [35] and the CLs prescription
[36], falls below 5% when scanning the C.L. along various
values of signal strength. The constraint on the allowed
#~"!

1
$m~"!

1
parameter space is shown in Fig. 6. The

expected limit is set by the median of the distribution of
95% C.L. limits calculated by pseudoexperiments with the
expected background and no signal, where the systematic
parameters are varied according to their systematic uncer-
tainties. The regions excluded by the previous ATLAS
search [8] and the LEP2 searches are indicated. The
example of the exclusion reached by the ALEPH experi-
ment [9] of 8 GeV at 95% C.L. that is derived for the
chargino mass in the case of heavy sfermions, irrespective
of the chargino-neutralino mass difference, is shown as the

TABLE III. Numbers of observed and expected background events as well as the probability
that a background-only experiment is more signal-like than observed (p0) and the model-
independent upper limit on the visible cross section (!95%

vis ) at 95% C.L.

ptrack
T > 75 GeV ptrack

T > 100 GeV ptrack
T > 150 GeV ptrack

T > 200 GeV

Observed events 59 36 19 13
Expected events 48:5! 12:3 37:1! 9:4 24:6! 6:3 18:0! 4:6
p0 value 0.17 0.41 0.46 0.44
Observed !95%

vis [fb] 1.76 1.02 0.62 0.44
Expected !95%

vis [fb] 1:42þ0:50
$0:39 1:05þ0:37

$0:28 0:67þ0:27
$0:19 0:56þ0:23

$0:16

 [GeV]
T

track p

T
ra

ck
s 

/ G
eV

-310

-210

-110

1

10

210

310

410

510
Data
Total background
Interacting hadron

-mismeasured track
T

p
Electron
Muon

 = 0.2 ns
1

±χ∼
τ = 200 GeV, 

1

±χ∼m
 = 0.2 ns

1

±χ∼
τ = 300 GeV, 

1

±χ∼m
 = 1.0 ns

1

±χ∼
τ = 300 GeV, 

1

±χ∼m

-1Ldt = 20.3 fb∫ = 8TeV,s

ATLAS

 [GeV]
T

Track p
20 30 40 100 200 300 1000

D
at

a 
/ F

it

0
0.5

1
1.5

2
2.5

FIG. 5 (color online). The pT distribution of disappearing-
track candidates. The solid circles show data and lines show
each background track pT spectrum obtained by the background-
only fit. The resulting uncertainties on the pT spectrum for each
background are indicated by the error bands. The signal expec-
tations are also shown. The ratio of the data to the background
track pT spectrum is shown at the bottom of the figure.
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Figure 2.11: The pT distribution of events that contain a candidate disappearing
track. The solid circles show data and lines show each background track pT spectrum
obtained by the background only fit. The resulting uncertainties on the pT spectrum
for each background are indicated by the error band. The signal expectations are also
shown. The ratio of the data to the background track pT spectrum is shown at the
bottom of the figure [6].

.

17



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 3.1, followed by a description of the injection chain in Section 3.2, and a

summary of some key features in Section 3.3. 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 (
√
s) of 14 TeV. In 2011,

√
s was 7 TeV and in 2012,

√
s 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 1011 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 = Lσevent (3.1)

where σevent is the cross section of the event and L is the instantaneous luminosity.

The instantaneous luminosity is determined by the beam parameters to be

L =
N2

b nbfrevγr
4πϵnβ∗

F (3.2)

where Nb is the number of particles per bunch, nb is the number of bunches per

beam, frev is the revolution frequency, and γr is the relativistic gamma factor. ϵn 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. β∗ 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: Nb is 1.15×1011 and nb is 2808,

frev is set by the LHC circumference to be 11.245 kHz, and γr is set by the beam

energy to be 4 TeV in 2012 or 7 TeV at the design energy. ϵn is 3.75 µm while β* and

the maximum crossing angle are set by the magnets at the intersection points to be

0.55 and 285 µrad, 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 1.0×1034 cm2s−1, and the peak luminosity

in 2012 was 7.67 ×1033cm2s−1 [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 3.1.
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Figure 3.1: Delivered and recorded luminosity by CMS in 2012 [7]

Figure 3.2 shows the layout of the LHC. It consists of eight arcs and 8 straight
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sections. Each 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 1034cm2s. At Point 8 lies a lower luminosity experiment dedi-

cated to B physics, LHCb, which expects a peak luminosity of 1032cm2s. At Point

2, there is one ion experiment, A Lead Ion Colliding Experiment (ALICE), which

expects 1027cm2s 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 3.3.2. 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 2.1: Schematic layout of the LHC (Beam 1- clockwise, Beam 2 — anticlockwise).

systems. The insertion at Point 4 contains two RF systems: one independent system for each LHC
beam. The straight section at Point 6 contains the beam dump insertion, where the two beams are
vertically extracted from the machine using a combination of horizontally deflecting fast-pulsed
(’kicker’) magnets and vertically-deflecting double steel septum magnets. Each beam features an
independent abort system. The LHC lattice has evolved over several versions. A summary of the
different LHC lattice versions up to version 6.4 is given in ref. [20].

The arcs of LHC lattice version 6.4 are made of 23 regular arc cells. The arc cells are 106.9 m
long and are made out of two 53.45 m long half cells, each of which contains one 5.355 m long
cold mass (6.63 m long cryostat), a short straight section (SSS) assembly, and three 14.3 m long
dipole magnets. The LHC arc cell has been optimized for a maximum integrated dipole field along
the arc with a minimum number of magnet interconnections and with the smallest possible beam
envelopes. Figure 2.2 shows a schematic layout of one LHC half-cell.

– 8 –

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 3.3.

The fine structure of the beam can be see in Figure 3.4. 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. [8]

gap of 119 bunches or 2.9 µs which allows for the LHC dump kicker rise time [9].

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 3.5.
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points 2 and 8 where experimental spectrometer magnets generate crossing angles in
the vertical and horizontal plane, respectively. However, to simplify the operation it was
agreed to follow the planes of these angles with the crossing angles necessary to separate
the beam-beam encounters. In interaction points 1 and 5, which are most important for
long range beam-beam effects, the choice of the crossing plane is entirely free. Moreover,
the optical layout would allow to change the crossing planes easily. Recently, the foreseen
introduction of a beam screen into the triplet quadrupoles reduces the available mechanical
aperture and, because of its asymmetric shape, may require a permanent choice of the
crossing plane.

In this report I shall summarize the main differences arising from different crossing
schemes and briefly address other possible effects which may influence the choice of the
crossing planes.

Although many of the concepts presented here can be found in earlier reports and
publications ([1] - [11]), I shall try to summarize all issues to give a coherent picture.
Furthermore, I shall answer some frequently asked questions giving a physical picture and
try to solve some open issues and misunderstandings.

1.2 PACMAN effects
An effect which is expected to play a very important role is caused by the bunch

filling pattern of the LHC, leading to so-called PACMAN effects. The nominal bunch
filling pattern of the LHC is shown in Fig. 2. The pattern exhibits a fourfold symmetry

......

72   bunches

∆ t 3∆ t 2 ∆ t 1

∆ t 1

∆ t 2 

∆ t 3

∆ t 4

8  bunches  missing

38  bunches missing

119   bunches missing

total number of bunches:   2808

39  bunches missing

∆ t 4

Figure 2: Bunch filling scheme for the LHC.

and has 39 batches of 72 bunches each, i.e. in total 2808 bunch positions of a maximum
possible of 3564 are filled (harmonic number h=35640). The gaps between the batches are
required for the risetime of the injection and extraction kickers of the LHC injectors and a
large gap at the end is needed to allow for the risetime of the kicker of the beam dumping
system. Ideally the holes in the bunch train of one beam should meet holes of the other
beam. This is true for all head-on collisions in interaction points 1 and 5. However the
bunches at the beginning and end of a batch miss long range interaction because they
encounter empty bunch positions either before or after the head-on collision (see Fig. 3).
This left-right asymmetry cannot be avoided. In the worst case, i.e. for the first or last
bunch of a batch near a large gap, only half of the long range interactions are encountered
[9]. Furthermore, in collision points 2 and 8 the large dump gap will meet a full batch and
reduce the number of long range collisions of some bunches further. The maximum and
minimum numbers of parasitic encounters become 120 and 40, respectively. Due to this

2

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 µm.

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 3.3: Cross-section of cryodipole (lengths in mm).

an important operation for the geometry and the alignment of the magnet, which is critical for the
performance of the magnets in view of the large beam energy and small bore of the beam pipe.
The core of the cryodipole is the “dipole cold mass”, which contains all the components cooled
by superfluid helium. Referring to figure 3.3, the dipole cold mass is the part inside the shrinking
cylinder/He II vessel. The dipole cold mass provides two apertures for the cold bore tubes (i.e. the
tubes where the proton beams will circulate) and is operated at 1.9 K in superfluid helium. It has an
overall length of about 16.5 m (ancillaries included), a diameter of 570 mm (at room temperature),
and a mass of about 27.5 t. The cold mass is curved in the horizontal plane with an apical angle of
5.1 mrad, corresponding to a radius of curvature of about 2’812 m at 293 K, so as to closely match
the trajectory of the particles. The main parameters of the dipole magnets are given in table 3.4.

The successful operation of LHC requires that the main dipole magnets have practically iden-
tical characteristics. The relative variations of the integrated field and the field shape imperfections
must not exceed ⇠10�4, and their reproducibility must be better than 10�4after magnet testing and
during magnet operation. The reproducibility of the integrated field strength requires close control
of coil diameter and length, of the stacking factor of the laminated magnetic yokes, and possibly
fine-tuning of the length ratio between the magnetic and non-magnetic parts of the yoke. The struc-
tural stability of the cold mass assembly is achieved by using very rigid collars, and by opposing
the electromagnetic forces acting at the interfaces between the collared coils and the magnetic yoke
with the forces set up by the shrinking cylinder. A pre-stress between coils and retaining structure
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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 10−6 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 10−10-10−11 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 4.1. 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 4.1; the layout of the trigger and

how data is acquired is explained in Section 4.2; and how the information for the

subdetectors is combined to define physics objects used in analyses is explained in

Section 4.3. 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 x axis points towards the center of the LHC
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Figure 1.1: A perspective view of the CMS detector.

to measure precisely the momentum of high-energy charged particles. This forces a choice of
superconducting technology for the magnets.

The overall layout of CMS [1] is shown in figure 1.1. At the heart of CMS sits a 13-m-
long, 6-m-inner-diameter, 4-T superconducting solenoid providing a large bending power (12 Tm)
before the muon bending angle is measured by the muon system. The return field is large enough
to saturate 1.5 m of iron, allowing 4 muon stations to be integrated to ensure robustness and full
geometric coverage. Each muon station consists of several layers of aluminium drift tubes (DT)
in the barrel region and cathode strip chambers (CSC) in the endcap region, complemented by
resistive plate chambers (RPC).

The bore of the magnet coil is large enough to accommodate the inner tracker and the
calorimetry inside. The tracking volume is given by a cylinder of 5.8-m length and 2.6-m di-
ameter. In order to deal with high track multiplicities, CMS employs 10 layers of silicon microstrip
detectors, which provide the required granularity and precision. In addition, 3 layers of silicon
pixel detectors are placed close to the interaction region to improve the measurement of the impact
parameter of charged-particle tracks, as well as the position of secondary vertices. The expected
muon momentum resolution using only the muon system, using only the inner tracker, and using
both sub-detectors is shown in figure 1.2.

The electromagnetic calorimeter (ECAL) uses lead tungstate (PbWO4) crystals with cov-
erage in pseudorapidity up to |h | < 3.0. The scintillation light is detected by silicon avalanche
photodiodes (APDs) in the barrel region and vacuum phototriodes (VPTs) in the endcap region. A
preshower system is installed in front of the endcap ECAL for p0 rejection. The energy resolution
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Figure 4.1: Cutaway view of CMS [10].

ring. ϕ is measured as the angle in the transverse (x − y) plane, and θ is the angle

measured between the beam line and the transverse plane. However, the pseudora-

pidity (η) is often used instead of the angle θ, where η = −tan[ln( θ
2
)]. 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: pT = pcosθ and ET = Ecosθ, where p and E are the magnitudes of the

momentum and energy vectors. The imbalance of momentum in the transverse plane

is denoted by E̸T . The CMS coordinate system is illustrated in Figure 4.2.

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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Figure 4.2: Illustration of coordinate system used at CMS [11].

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 |η| < 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 r < 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 100×150 µm2. 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 cm× ∼100µm.

Pixel Detector

The pixel detector is responsible for the reconstruction of secondary vertices from b

or τ 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 4.3 shows the layout of the pixel detector as well as the efficiency for

≥ 2 hits over the η 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 15−20µm.
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Figure 3.6: Geometrical layout of the pixel detector and hit coverage as a function of
pseudorapidity.

size of 100⇥150 µm2 emphasis has been put on achieving similar track resolution in both r-f and
z directions. Through this a 3D vertex reconstruction in space is possible, which will be important
for secondary vertices with low track multiplicity. The pixel system has a zero-suppressed read
out scheme with analog pulse height read-out. This improves the position resolution due to charge
sharing and helps to separate signal and noise hits as well as to identify large hit clusters from
overlapping tracks.

The pixel detector covers a pseudorapidity range �2.5< h <2.5, matching the acceptance
of the central tracker. The pixel detector is essential for the reconstruction of secondary vertices
from b and tau decays, and forming seed tracks for the outer track reconstruction and high level
triggering. It consists of three barrel layers (BPix) with two endcap disks (FPix). The 53-cm-long
BPix layers will be located at mean radii of 4.4, 7.3 and 10.2 cm. The FPix disks extending from
⇡6 to 15 cm in radius, will be placed on each side at z=±34.5 and z=±46.5 cm. BPix (FPix)
contain 48 million (18 million) pixels covering a total area of 0.78 (0.28) m2. The arrangement
of the 3 barrel layers and the forward pixel disks on each side gives 3 tracking points over almost
the full h-range. Figure 3.6 shows the geometric arrangement and the hit coverage as a function
of pseudorapidity h . In the high h region the 2 disk points are combined with the lowest possible
radius point from the 4.4 cm barrel layer.

The vicinity to the interaction region also implies a very high track rate and particle fluences
that require a radiation tolerant design. For the sensor this led to an n+ pixel on n-substrate detector
design that allows partial depleted operation even at very high particle fluences. For the barrel
layers the drift of the electrons to the collecting pixel implant is perpendicular to the 4 T magnetic
field of CMS. The resulting Lorentz drift leads to charge spreading of the collected signal charge
over more than one pixel. With the analog pulse height being read out a charge interpolation allows
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Figure 4.3: The layout of the pixel detector and the hit efficiency as a function of
|η|

.
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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 4.4 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

µm in the TIB, 530µm in the TOB and varies in the TEC.
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Figure 3.1: Schematic cross section through the CMS tracker. Each line represents a detector
module. Double lines indicate back-to-back modules which deliver stereo hits.

layers 5 and 6. It provides another 6 r-f measurements with single point resolution of 53 µm and
35 µm, respectively. The TOB extends in z between ±118cm. Beyond this z range the Tracker
EndCaps (TEC+ and TEC- where the sign indicates the location along the z axis) cover the region
124cm < |z| < 282cm and 22.5cm < |r| < 113.5cm. Each TEC is composed of 9 disks, carrying
up to 7 rings of silicon micro-strip detectors (320 µm thick on the inner 4 rings, 500 µm thick
on rings 5-7) with radial strips of 97 µm to 184 µm average pitch. Thus, they provide up to 9 f
measurements per trajectory.

In addition, the modules in the first two layers and rings, respectively, of TIB, TID, and
TOB as well as rings 1, 2, and 5 of the TECs carry a second micro-strip detector module which is
mounted back-to-back with a stereo angle of 100 mrad in order to provide a measurement of the
second co-ordinate (z in the barrel and r on the disks). The achieved single point resolution of this
measurement is 230 µm and 530 µm in TIB and TOB, respectively, and varies with pitch in TID
and TEC. This tracker layout ensures at least ⇡ 9 hits in the silicon strip tracker in the full range of
|h |< 2.4 with at least⇡ 4 of them being two-dimensional measurements (figure 3.2). The ultimate
acceptance of the tracker ends at |h |⇡ 2.5. The CMS silicon strip tracker has a total of 9.3 million
strips and 198 m2 of active silicon area.

Figure 3.3 shows the material budget of the CMS tracker in units of radiation length. It
increases from 0.4 X0 at h ⇡ 0 to about 1.8 X0 at |h |⇡ 1.4, beyond which it falls to about 1 X0 at
|h |⇡ 2.5.

3.1.3 Expected performance of the CMS tracker

For single muons of transverse momenta of 1, 10 and 100 GeV figure 3.4 shows the expected reso-
lution of transverse momentum, transverse impact parameter and longitudinal impact parameter, as
a function of pseudorapidity [17]. For high momentum tracks (100GeV) the transverse momentum
resolution is around 1�2% up to |h |⇡ 1.6, beyond which it degrades due to the reduced lever arm.
At a transverse momentum of 100GeV multiple scattering in the tracker material accounts for 20 to
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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

.
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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 4.5 shows a sample module with

two sensors.

wire%bonds

silicon%sensorsKapton%circuit

support%frame

Figure 4.5: Silicon strip tracker module with two sensors [12].

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 |η| < 1.479 while the endcaps cover 1.479 < |η| < 3.0. In the

barrel, there are 1700 crystals per supermodule, arranged in 20 × 85 grid in ϕ × η.

Two supermodules are laid end-to-end to form one row in ϕ 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 4.6.

The lead-tungstate crystals of the ECAL were chosen due to their radiation hard-

ness, short radiation length (X0 = 0.89 cm), and small Molière radius (2.2 cm). Since

most EM showers can be contained in 20 X0, a length of 230 mm, which corresponds

to 25.8X0, 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 4.7.

The energy resolution, σE/E, extracted from 2012 Z → ee events as a function of

η can be seen in Figure 4.8.
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Figure 4.5. Transverse view through the ECAL, with important ⌘ values
labeled.

two endcaps are preceded by a two layered pre-shower detector composed of a lead

absorber followed by silicon detectors, with the goal of better distinguishing between

neutral pions and prompt photons in the endcaps. A transverse section of the ECAL

can be seen in Figure 4.5.

4.4.1 ECAL crystals

The CMS detector requires a compact ECAL with high granularity. Lead tungstate

crystals were chosen for CMS because their unique physical properties fulfill both of

these requirements. The crystals have a high density of 8.3 g/cm3, a short radia-

tion length (�0) of 0.89 cm, and a small Molière radius of 2.2 cm. The front face

of the crystal measures 28.62x28.62 mm2, the rear faces measures 30x30 mm2, and

the length measures 220 mm. Pictures of the barrel and endcap crystals with photo-

detectors attached are shown in Figure 4.6.

The crystals are designed to have a cross section larger than the Molière radius

and a length of 24.7 �0 to ensure that electromagnetic showers will be contained

mostly in one crystal. Their scintillation decay time is also appropriate in the LHC
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Figure 4.5: Layout of the CMS electromagnetic calorimeter showing the arrangement of crystal
modules, supermodules and endcaps, with the preshower in front.

Figure 4.6: The barrel positioned inside the hadron calorimeter.
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Figure 4.6: Cross sectional view of the ECAL, with η ranges of interest labeled
(top). Layout of the ECAL showing the arrangement of modules, supermodules, and
endcaps preceded by the preshower (bottom)

.

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
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Figure 4.6. PbWO4 barrel crystal with APD attached (left). PbWO4

endcap crystal with VPT attached (right).

environment, as 80% of the light is emitted in 25 ns, the design bunch spacing time

of the LHC.

Light output for the crystals is relatively low, at ⇠4.5 photoelectrons per MeV,

necessitating the use of photomultipliers. The light output also varies with tempera-

ture, necessitating a temperature stability of ±0.05�C to preserve energy resolution.

The crystals emit blue-violet light, peaking broadly at 420-430 nm. The barrel crys-

tals are tapered in shape and are polished on all sides except one long end in order

to take advantage of total internal reflection and therefore maximal light collection

on the photodetector, while maintaining uniform light collection.

4.4.1.1 Photodetectors

In the barrel, avalanche photodiodes (APDs) which were specifically designed

for CMS are used. There are two APDs glued to the back of each ECAL crystal,

measuring 5x5 mm2 each.

In the endcap, vacuum phototriodes (VPTs) which were again specifically de-

signed for CMS are used. There is one VPT per crystal, with a diameter of 25

mm. VPTs are needed in the endcap for their superior resistance to radiation and

non-uniform magnetic fields.
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Figure 4.7: Barrel crystal with avalanche photodiode (left). Endcap crystal with
vacuum photodiode (right)
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4.5 Hadronic Calorimeter

The CMS HCAL provides a measurement of the hadronic content of an event.

When combined with the ECAL, this allows a complete calorimeter system for mea-

suring jets and Emiss
T . Figure 4.9 shows a longitudinal view of the HCAL. The HCAL

surrounds the ECAL, as seen in Figure 4.1, and is hermetic, which is necessary for

an accurate measurement of Emiss
T .

In the barrel, the HCAL comprises 17 layers of active plastic scintillator tiles in-

terspersed with layers of flat brass alloy absorber plates. The first scintillator layer

lies directly outside the ECAL, and is thicker than the others, in order to actively

gauge the energy loss due to low energy showering particles from support material be-

tween the ECAL and HCAL. The first and last absorber plates are constructed from
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Figure 4.8: ECAL energy resolution, σE/E, from 2012 Z → ee events as a function
of η. 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 ̸ET 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 4.9. Like the barrel of the ECAL,

Figure 4.9. Longitudinal view of the CMS HCAL detector

stainless steel for reasons of structural strength. In the endcap there are 19 active

scintillator layers, but the sampling fraction is reduced compared to the barrel. The

scintillating tiles are equipped with a single wavelength shifting fiber (WLS). The

WLS fibers are spliced to clear fibers, which are then optically added to all the cor-

responding projective tiles from each of the active layers, forming “towers” in ⌘. The

optical signal from the tower is detected with a pixelated hybrid photodiode. Outside

the HCAL, and outside also the magnet coil, lies the outer barrel hadron calorimeter

(HO) which samples energy leakage and “punch-through” from the inner portions of

the HCAL. At a distance of 11.2 m in the z direction lies the forward calorimeter

(HF). With the inclusion of the HO, the minimum depth of the calorimeter system

is at least 11 interaction lengths over the region ⌘ <1.26.
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Figure 4.9: Quarter cross sectional view of HCAL
.

HB is made of 36 ϕ-wedges. Each wedge is divided into 16 along η and 4 along ϕ,

yielding 64 readout towers per wedge. HE also has 36 ϕ-wedges with 38 readout towers

each. Lastly, HO consists of 5 rings around HB and HE with 72 ϕ-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, DTs are employed in four stations

and cover |η| <1.2. In each endcap, where the magnetic field is changing, 4 CSC

stations are used to identify muons with 0.9 < |η| < 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 4.10.
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Figure 4.10: A cross sectional quarter view of the muon system of CMS [14].
.

Each DT is 2.4 m in length and 13 mm × 42 mm in cross section. It is filled with

a gas mixture that is 85% Ar and 15% CO2. 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% CO2, and 10%

CF4 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 4.11 is 95-99%. The efficiency drops in regions of |η| = 0.25 and 0.8, the region

between 2 DT wheels, and |η| = 1.2, the transition between the DT and CSC systems.
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Figure 7.2: Muon reconstruction efficiency as a function of pseudorapidity for selected values of
pT . Left panel: standalone reconstruction (using only hits from the muon system with a vertex
constraint). Right panel: global reconstruction (using hits from both the muon system and the
tracker).

improves the momentum resolution by an order of magnitude at low momenta. At high momenta
(1 TeV) both detector parts together yield a momentum resolution of about 5% (figure 1.2). Note
that the muon system and the inner tracker provide independent muon momentum measurements;
this redundancy enhances fault finding and permits cross-checking between the systems.

A crucial characteristic of the DT and CSC subsystems is that they can each trigger on the
pT of muons with good efficiency and high background rejection, independent of the rest of the
detector. The Level-1 trigger pT resolution is about 15% in the barrel and 25% in the endcap.

Because of the uncertainty in the eventual background rates and in the ability of the muon
system to measure the correct beam-crossing time when the LHC reaches full luminosity, a com-
plementary, dedicated trigger system consisting of resistive plate chambers (RPC) was added in
both the barrel and endcap regions. The RPCs provide a fast, independent, and highly-segmented
trigger with a sharp pT threshold over a large portion of the rapidity range (|h | < 1.6) of the muon
system. The RPCs are double-gap chambers, operated in avalanche mode to ensure good operation
at high rates. They produce a fast response, with good time resolution but coarser position reso-
lution than the DTs or CSCs. They also help to resolve ambiguities in attempting to make tracks
from multiple hits in a chamber.

A total of 6 layers of RPCs are embedded in the barrel muon system, 2 in each of the first 2
stations, and 1 in each of the last 2 stations. The redundancy in the first 2 stations allows the trigger
algorithm to work even for low-pT tracks that may stop before reaching the outer 2 stations. In the
endcap region, there is a plane of RPCs in each of the first 3 stations in order for the trigger to use
the coincidences between stations to reduce background, to improve the time resolution for bunch
crossing identification, and to achieve a good pT resolution.

Finally, a sophisticated alignment system measures the positions of the muon detectors with
respect to each other and to the inner tracker, in order to optimize the muon momentum resolution.
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Figure 4.11: Muon reconstruction efficiency as a function of η for selected pT values
.

4.1.7 Summary

The arrangement of subdetectors in CMS and their general purposes are summarized

in Figure 4.12. 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 E̸T .

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. [15]

.

39



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 µs 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 4.13.

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

ET 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 pT 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 8.1: Architecture of the Level-1 Trigger.

determine the highest-rank calorimeter and muon objects across the entire experiment and transfer
them to the Global Trigger, the top entity of the Level-1 hierarchy. The latter takes the decision
to reject an event or to accept it for further evaluation by the HLT. The decision is based on al-
gorithm calculations and on the readiness of the sub-detectors and the DAQ, which is determined
by the Trigger Control System (TCS). The Level-1 Accept (L1A) decision is communicated to the
sub-detectors through the Timing, Trigger and Control (TTC) system. The architecture of the L1
Trigger is depicted in figure 8.1. The L1 Trigger has to analyze every bunch crossing. The allowed
L1 Trigger latency, between a given bunch crossing and the distribution of the trigger decision to
the detector front-end electronics, is 3.2 µs. The processing must therefore be pipelined in order to
enable a quasi-deadtime-free operation. The L1 Trigger electronics is housed partly on the detec-
tors, partly in the underground control room located at a distance of approximately 90 m from the
experimental cavern.

8.1 Calorimeter trigger

The Trigger Primitive Generators (TPG) make up the first or local step of the Calorimeter Trigger
pipeline. For triggering purposes the calorimeters are subdivided in trigger towers. The TPGs sum
the transverse energies measured in ECAL crystals or HCAL read-out towers to obtain the trigger
tower ET and attach the correct bunch crossing number. In the region up to |h | = 1.74 each trigger
tower has an (h ,f )-coverage of 0.087⇥ 0.087. Beyond that boundary the towers are larger. The
TPG electronics is integrated with the calorimeter read-out. The TPGs are transmitted through
high-speed serial links to the Regional Calorimeter Trigger, which determines regional candidate
electrons/photons, transverse energy sums, t-veto bits and information relevant for muons in the
form of minimum-ionizing particle (MIP) and isolation (ISO) bits. The Global Calorimeter Trigger
determines the highest-rank calorimeter trigger objects across the entire detector.
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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 5.2.

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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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 pT , 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 pT . 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 pT

and position.

2. 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 = BNfound − PNlost − χ2 , where Nfound is the number of

hits associated to the trajectory, Nlost 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 χ2 is taken from the

fit of all the hits associated to the trajectory. The trajectory with the highest

quality score Q is chosen as the candidate track.

3. 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.

4. 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 χ2 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 η and ϕ, 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 3×3 array of ECAL

crystals and 97% in a 5×5 array. For converted photons and the photons that result

from bremsstrahlung of electrons, the energy is spread along in ϕ. 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-kT 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 [54].

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-kt 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 pT spectrum and detector acceptance.

Lastly, any imbalance in the ET of the event from neutrinos or other weakly

interacting particles is accounted for. The missing transverse energy E̸T is defined as

the magnitude of the vector sum of the pT 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 2.5, using the MET data samples listed in

Table 5.1. In addition, the SingleElectron and SingleMu data samples listed in

Table 5.2 are used in the background predictions and assessments of their associated

uncertainties. These will be discussed in detail in Chapter 8.

Table 5.1: MET data samples in which the search is performed.
Dataset Integrated luminosity (fb−1)
/MET/Run2012A-22Jan2013-v1/AOD 0.686
/MET/Run2012B-22Jan2013-v1/AOD 4.412
/MET/Run2012C-22Jan2013-v1/AOD 7.055
/METParked/Run2012D-22Jan2013-v1/AOD 7.366
MET 19.5
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Table 5.2: Single lepton data samples used to estimate the backgrounds.
Dataset Integrated luminosity (fb−1)
/SingleElectron/Run2012A-22Jan2013-v1/AOD 0.875
/SingleElectron/Run2012B-22Jan2013-v1/AOD 4.37
/SingleElectron/Run2012C-22Jan2013-v1/AOD 7.04
/SingleElectron/Run2012D-22Jan2013-v1/AOD 7.4
SingleElectron 19.7
/SingleMu/Run2012A-22Jan2013-v1/AOD 0.876
/SingleMu/Run2012B-22Jan2013-v1/AOD 4.41
/SingleMu/Run2012C-22Jan2013-v1/AOD 7.05
/SingleMu/Run2012D-22Jan2013-v1/AOD 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 E̸T 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 pT of the ISR jet. The E̸T in this event is proportional to

the pT of the dichargino system and to the pT of the ISR jet.

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

following triggers:
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• HLTMonoCentralPFJet80_PFMETnoMu95_NHEF0p95,

• HLTMonoCentralPFJet80_PFMETnoMu105_NHEF0p95, or

• HLT_MET120_HBHENoiseCleaned.

The HLTMonoCentralPFJet80_PFMETnoMu105_NHEF0p95 trigger requires at least one

PF jet with pT > 80 GeV and |η| < 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, PFMetNoMu must be larger

than 105 GeV, where PFMetNoMu is the particle flow ̸ET calculated excluding the

pT of any muons in the event.

The HLTMonoCentralPFJet80_PFMETnoMu95_NHEF0p95 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 pT > 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 PFMetnoMu 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 ̸ET 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:

• HLT_IsoMu24_eta2p1 used in SingleMu

• HLT_Ele27_WP80 used in SingleElectron

The HLT_IsoMu24_eta2p1 trigger requires at least one, isolated muon with pT >

24 GeV and |η| < 2.1.
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The HLT_Ele27_WP80 trigger requires at least one electron with pT > 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, tt̄, Z→ ℓℓ (ℓ = e, µ, τ), Z→ νν; WW, ZZ, WZ, Wγ,

and Zγ boson pair production; and QCD multijet and single-top-quark production.

The W + jets and tt̄ 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→ ℓℓ, 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 A.

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

of various backgrounds. They are listed in Table 5.3.

Table 5.3: Particle gun samples.
Type Purpose pT (GeV) |η| Number of Events
pion study tau background 30 < 2.5 10,000

muon (narrow-η) study sources of missing outer hits 100 < 0.8 3,000
muon (wide-η) study muon inefficiency 100 < 1.4 1,000,000

5.4 Signal Monte Carlo Samples

Signal samples are simulated with pythia 6 for the processes qq̄′ → χ±
1 χ

0
1 and

qq̄ → χ±
1 χ

∓
1 in the AMSB framework. The SUSY mass spectrum in AMSB is de-
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termined by four parameters: the gravitino mass m3/2, the universal scalar mass m0,

the ratio of the vacuum expectation values of the Higgs field at the electroweak scale

tan β, and the sign of the higgsino mass term sgn(µ). Of these, only m3/2 significantly

affects the chargino mass. For this reason, we produce samples with variations of the

m3/2 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 isajet 7.80 [63] event generator. Table 5.4 lists the SUSY param-

eters for the simulated samples. The branching fraction of the χ±
1 → χ0

1π
± decay is

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

m0 (GeV) m3/2 (TeV) tan β sgn(µ) m(χ±
1 ) (GeV) ∆(m) (GeV)

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

set to 100%. While the chargino mean proper lifetime (cτ) 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 cτ .
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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:

• vtxprimary with ≥ 4 d.o.f.

• zprimary
vtx displaced from z = 0 by no more than 24 cm in z

• dprimary
vtx displaced from (x, y) = (0, 0) by no more than 2 cm in xy

• 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 5.2, 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:

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

subsample

• 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 5.3 and 5.4 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:

• E̸T > 100 GeV, near the trigger threshold, to maximize the signal acceptance,

as shown in the N-1 plot in Figure 6.1.
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• ≥ 1 jet with pT > 110 GeV and |η| < 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 [65]. The trigger efficiency as a function of

the pT of the leading jet is ∼ 100% for jet pT > 110 GeV [65].
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Figure 6.1: Distribution of E̸T (left) and leading jet pT (right) after all other (N-1)
Candidate Track criteria. We require ̸ET > 100 GeV and the jet to have pT > 110
GeV.

• Additional jets with pT > 30 and |η| < 4.5 are accepted, provided they meet

two additional criteria. The difference in azimuthal angle, ∆ϕ(dijet), between

any two jets in the event must be less than 2.5. The minimum ∆ϕ between the

̸ET vector and either of the two highest-pT 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 6.2.
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Figure 6.2: Distributions of two variables used to suppress the QCD background.
The left is the maximum ∆ϕ 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 ∆ϕ between the ̸ET and either of the two leading jets for events that
additionally pass the ∆ϕ(dijet) < 2.5 requirement (N-1 plot). The Candidate Track
selection requires ∆ϕ(̸ET -jet) > 0.5.

• Tracks are required to have pT >50 GeV and |η| < 2.1. Signal tracks typically

have large transverse momentum, as shown in Figure 6.3.

• Tracks are required to have |d0| < 0.02 cm and |dz| <0.5 cm.

• 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 6.3.

• The track must not miss any hits in the layers before the last hit on the track,

i.e., Nmid
miss = 0 and N inner

miss = 0. The number of missing middle hits, Nmid
miss, 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, N inner
miss , 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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Figure 6.3: Distribution of the track pT (left) and number of valid hits on the track
(right), after all other (N-1) Candidate Track criteria. The Candidate Track selection
requires pT > 50 GeV and at least 7 hits.

tracker modules traversed by the track trajectory. The signal predominantly

has no such missing hits, as shown in the N-1 plot in Figure 6.4.
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Figure 6.4: The number of missing inner (left) and middle (right) hits in tracks
passing all other (N-1) Candidate Track criteria. The Candidate Track selection
requires no missing inner or middle hits.

57



• Relative track isolation of (Σp∆R<0.3
T − pT )/pT < 0.05, where Σp∆R<0.3

T is the

sum of the pT of all other tracks within a cone of ∆R < 0.3 around the track.

Additionally, we require that there is no subleading jet within a cone of ∆R <

0.5 of the track. The background suppression of these requirements is illustrated

in the N-1 plot in Figure 6.5.
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Figure 6.5: Distributions of the relative track isolation (left) and the minimum ∆R
between the track and a jet (right), after all other (N-1) Candidate Track criteria. The
Candidate Track selection requires relative track isolation < 0.05 and ∆Rmin(track-
jet)> 0.5.

• Veto any tracks within ∆R < 0.15 of a reconstructed electron with pT > 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.

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

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

• Veto tracks within a cone of ∆R<0.05 of a dead or noisy ECAL channel; the
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determination of these channels is described in Section 7.2.

• 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 6.1.

Table 6.1: Widths of ECAL intermodule gaps.

-1.14018 < η < -1.1439
-0.791884 < η < -0.796051
-0.44356 < η < -0.447911

0.00238527 < η < -0.00330793
0.446183 < η < 0.441949
0.793955 < η < 0.789963
1.14164 < η < 1.13812

• Veto any tracks within ∆R < 0.15 of a tracker, standalone, or global muon with

pT > 10 GeV.

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

system, 0.15< |η| <0.35 are rejected.

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

tion efficiency.

• Veto tracks within ∆R < 0.25 of an errant CSC.

• Veto tracks within ∆R < 0.15 of a hadronically decaying tau with pT > 30

GeV and |η| < 2.3. These taus must also satisfy a set of loose isolation criteria;

namely, the sum of all charged hadrons and photons within ∆R < 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 6.6.
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Figure 6.6: N-1 distributions of ∆R 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 ∆R (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:

• The associated calorimeter energy E∆R<0.5
calo of the track must be less than 10

GeV. We compute E∆R<0.5
calo as the sum of the electromagnetic and hadronic

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

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

Figure 6.7.

• The track must have ≥ 3 missing outer hits Nouter
miss , i.e., those after the last hit

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 6.7.

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

ble 6.2.

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]: E∆R<0.5
calo = max((E∆R<0.5

calo )raw − Aρcalokt6 , 0), where
(E∆R<0.5

calo )raw is the sum of calorimeter clusters, A = π ∗ (0.5)2 is the effective area of the cone in the
η − ϕ plane, and ρcalokt6 is the density of calorimeter energy due to neutral pile-up particles. When
the correction is larger than the raw energy, E∆R<0.5

calo is set to 0.
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Table 6.2: Candidate Track and Disappearing Track subsamples

Subsample Description Requirements

Candidate Track

trigger HLTMonoCentralPFJet80_PFMETnoMu95_NHEF0p95,
HLTMonoCentralPFJet80_PFMETnoMu105_NHEF0p95, or
HLT_MET120_HBHENoiseCleaned

Missing Energy E̸T > 100 GeV

Leading jet criteria

pT > 110 GeV
|η| < 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

Additional jet criteria no jet pairs with ∆ϕ > 2.5

∆ϕ > 0.5 - E̸T && 2 highest-pT jets

Track quality

pT > 50 GeV
|η| < 2.1

d0 < 0.02 cm
dz < 0.5 cm
≥ 7 valid hits
0 missing middle hits
0 missing inner hits

Track isolation (Σp∆R<0.3
T − pT )/pT < 0.05

∆R > 0.5 between track and any jet

Lepton vetoes

!in ECAL barrel-endcap crack, 1.42 < |η| < 1.65

!in DT Wheel 0 gap, 0.15 < |η| < 0.35

!in region of larger µ reco. inefficiency 1.55 < |η| < 1.85

!within ∆R < 0.05 of dead or noisy ECAL cluster
!within intermodule gap of ECAL
!within ∆R < 0.25 of errant CSC
!within ∆R < 0.15 of e, pT > 10 GeV && multivar. score > 0

!within ∆R < 0.15 of µ, pT > 10 GeV
!within ∆R < 0.15 of τ , pT > 30 GeV, |η| < 2.3, loose tau ID

Disappearing Track Isolate signal
Candidate Track criteria (above)
E∆R<0.5

calo < 10 GeV
≥ 3 missing outer hits
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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 E∆R<0.5

calo < 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:

• In each lepton control sample, the corresponding lepton veto is removed.

• In the Electron Control Sample and Tau Control Sample, the E∆R<0.5
calo < 10 GeV

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

identification.

The lepton control sample definitions are summarized in Table 6.3.
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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

Electron Control Sample !in ∆R < 0.15 of e (electron veto)
E∆R<0.5

calo < 10
Muon Control Sample !in ∆R < 0.15 of µ (muon veto)

Tau Control Sample !in ∆R < 0.15 of τ (tau veto)
E∆R<0.5

calo < 10 GeV

6.4.2 Lepton tag and probe samples

We use Electron, 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→ ℓℓ decay. The

criteria used to define the Electron, Muon, and Tau Tag and Probe Samples are listed

in Tables 6.4, 6.5, 6.6, 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 Nouter
miss requirement is removed. These criteria are listed in Table 6.7.

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: Electron Tag and Probe Sample selection criteria.

trigger HLT_Ele27_WP80

Tag electron

pT > 30 GeV
|η| < 2.5
pass tight ID
|d0| < 0.02, |dz| < 0.1
relative isolation < 0.15
0 lost hits
pass conversion veto
pT > 30 GeV
|η| < 2.1
d0 < 0.02 cm
dz < 0.5 cm
≥ 7 valid hits
0 missing middle hits
0 missing inner hits
(Σp∆R<0.3

T − pT )/pT < 0.05
Probe track that passes the track criteria ∆R > 0.5 between track and any subleading jet
of Disappearing Track selection with some !in ECAL barrel-endcap crack, 1.42 < |η| < 1.65
modifications, indicated by bold face !in DT Wheel 0 gap, 0.15 < |η| < 0.35

!in 1.55 < |η| < 1.85
!in ∆R < 0.05 of dead or noisy ECAL cluster
!in ∆R < 0.25 of errant CSC
!in ∆R < 0.15 of µ
!in ∆R < 0.15 of τ
≥ 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 6.8.

6.4.3 Z → µµ Control Sample, Z → ee Control Sample, Muon
Fake Track Control Sample, Electron Fake Track Con-
trol Sample, and Kinematic Selection Sample

The Z → µµ Control Sample, Z → ee Control Sample, Muon Fake Track Control

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

used to estimate the background from fake tracks.

In the Z → µµ Control Sample and Z → ee Control Sample, we require two
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Table 6.5: Muon Tag and Probe Sample selection criteria.

trigger HLT_IsoMu24_eta2p1

Tag muon
pT > 25 GeV
|η| < 2.1

passes tight ID
relative isolation < 0.12

pT > 30 GeV
|η| < 2.1

d0 < 0.02 cm
dz < 0.5 cm
≥ 7 valid hits
0 missing middle hits
0 missing inner hits
(Σp∆R<0.3

T − pT )/pT < 0.05

Probe track that passes the track criteria ∆R > 0.5 between track and any subleading jet
of Disappearing Track selection with some !in ECAL barrel-endcap crack, 1.42 < |η| < 1.65

modifications, indicated by bold face. !in DT Wheel 0 gap, 0.15 < |η| < 0.35

!in 1.55 < |η| < 1.85

!in ∆R < 0.05 of dead or noisy ECAL cluster
!in ∆R < 0.25 of errant CSC
!in ∆R < 0.15 of e
!in ∆R < 0.15 of τ
E∆R<0.5

calo < 10

≥ 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 6.9 and 6.10.

The Muon Fake Track Control Sample sample is composed of events in the Z → µµ

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_eta2p1
pT > 25 GeV

tag muon consistent |η| < 2.1

with τ → µνν decay passes tight ID
relative isolation < 0.12

mT (µ,E̸T ) < 40 GeV
pT > 30 GeV
|η| < 2.1

d0 < 0.02 cm
dz < 0.5 cm
≥ 7 valid hits
0 missing middle hits
0 missing inner hits
(Σp∆R<0.3

T − pT )/pT < 0.05

Probe track that passes the track criteria ∆R > 0.5 between track and any subleading jet
of Candidate Track selection with some !in ECAL barrel-endcap crack, 1.42 < |η| < 1.65

modifications, indicated by bold face. !in DT Wheel 0 gap, 0.15 < |η| < 0.35

!in 1.55 < |η| < 1.85

!in ∆R < 0.05 of dead or noisy ECAL cluster
!in ∆R < 0.25 of errant CSC
!in ∆R < 0.15 of e
!in ∆R < 0.15 of µ

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 6.11 and 6.12.

The Kinematic Selection Sample is defined as the events that pass only the ̸ET

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 6.13.

67



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

trigger HLT_Ele27_WP80

Tag electron

pT > 20 GeV
|η| < 2.5
pass tight ID
|d0| < 0.02, |dz| < 0.1
relative isolation < 0.15
0 lost hits
pass conversion veto
pT > 30 GeV
|η| < 2.1
d0 < 0.02 cm
dz < 0.5 cm
≥ 7 valid hits
0 missing middle hits
0 missing inner hits
(Σp∆R<0.3

T − pT )/pT < 0.05
Probe track that passes the track criteria ∆R > 0.5 between track and any subleading jet
of Disappearing Track selection with some !in ECAL barrel-endcap crack, 1.42 < |η| < 1.65

!in intermodule gaps of ECAL
modifications, indicated by bold face !in DT Wheel 0 gap, 0.15 < |η| < 0.35

!in 1.55 < |η| < 1.85
!in ∆R < 0.25 of errant CSC
!in ∆R < 0.15 of e
!in ∆R < 0.15 of µ
!in ∆R < 0.15 of τ
E∆R<0.5

calo < 10 GeV

Tag electron and probe track opposite in sign
80 < m(tag, probe) < 100 GeV

6.4.4 E∆R<0.5
calo and Nouter

miss Sideband Samples

The E∆R<0.5
calo Sideband Sample and Nouter

miss 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 pT > 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_eta2p1

Tag muon
pT > 25 GeV
|η| < 2.1

passes tight ID
relative isolation < 0.12

pT > 30 GeV
|η| < 2.1

d0 < 0.02 cm
dz < 0.5 cm
≥ 7 valid hits
0 missing middle hits
0 missing inner hits
(Σp∆R<0.3

T − pT )/pT < 0.05

Probe track that passes the track criteria ∆R > 0.5 between track and any subleading jet
of Disappearing Track selection with some !in ∆R < 0.15 of e
modifications, indicated by bold face !in ∆R < 0.15 of µ

!in ∆R < 0.15 of τ
E∆R<0.5

calo < 10

≥ 3 missing outer hits

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

Table 6.9: Z → µµ Control Sample selection criteria.

trigger HLT_IsoMu24_eta2p1

Two muons

pT > 25 GeV
|η| < 2.5
pass tight ID
relative isolation < 0.12
|d0| < 0.02 cm, |dz| < 0.02 cm
opposite in sign
80 < m(µµ) < 100 GeV
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Table 6.10: Z → ee Control Sample selection criteria.

trigger HLT_IsoMu24_eta2p1

Two electrons

pT > 25 GeV
|η| < 2.5
pass tight ID
relative isolation < 0.15
|d0| < 0.02 cm, |dz| < 0.1 cm
opposite in sign
80 < m(ee) < 100 GeV

• In the E∆R<0.5
calo Sideband Sample, the associated calorimeter energy of the track

must be greater than 10 GeV.

• In the Nouter
miss Sideband Sample, the track is required to have ≤ 2 missing outer

hits.

The definitions of the E∆R<0.5
calo and Nouter

miss Sideband Samples are summarized in Ta-

bles 6.14 and 6.15.

6.4.5 Selection summary

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

rized in Table 6.16.
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Table 6.11: Muon Fake Track Control Sample selection criteria.

trigger HLT_IsoMu24_eta2p1

Two muons

pT > 25 GeV
|η| < 2.5
pass tight ID
relative isolation < 0.12
|d0| < 0.02 cm, |dz| < 0.02 cm
opposite in sign
80 < m(µµ) < 100 GeV
pT > 50 GeV
|η| < 2.1
d0 < 0.02 cm
dz < 0.5 cm
≥ 7 valid hits
0 missing middle hits
0 missing inner hits
(Σp∆R<0.3

T − pT )/pT < 0.05
Track that passes track criteria ∆R > 0.5 between track and any subleading jet
of Disappearing Track subsample !in ECAL barrel-endcap crack, 1.42 < |η| < 1.65

!in DT Wheel 0 gap, 0.15 < |η| < 0.35
!in 1.55 < |η| < 1.85
!in ∆R < 0.05 of dead or noisy ECAL cluster
!in intermodule gap of ECAL
!in ∆R < 0.25 of errant CSC
!in ∆R < 0.15 of e
!in ∆R < 0.15 of µ
!in ∆R < 0.15 of τ
E∆R<0.5

calo < 10
≥ 3 missing outer hits
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Table 6.12: Electron Fake Track Control Sample selection criteria.

trigger HLT_IsoMu24_eta2p1

Two electrons

pT > 25 GeV
|η| < 2.5
pass tight ID
relative isolation < 0.15
|d0| < 0.02 cm, |dz| < 0.1 cm
opposite in sign
80 < m(ee) < 100 GeV
pT > 50 GeV
|η| < 2.1
d0 < 0.02 cm
dz < 0.5 cm
≥ 7 valid hits
0 missing middle hits
0 missing inner hits
(Σp∆R<0.3

T − pT )/pT < 0.05
Track that passes track criteria ∆R > 0.5 between track and any subleading jet
of Disappearing Track subsample !in ECAL barrel-endcap crack, 1.42 < |η| < 1.65

!in DT Wheel 0 gap, 0.15 < |η| < 0.35
!in 1.55 < |η| < 1.85
!in ∆R < 0.05 of dead or noisy ECAL cluster
!in intermodule gap of ECAL
!in ∆R < 0.25 of errant CSC
!in ∆R < 0.15 of e
!in ∆R < 0.15 of µ
!in ∆R < 0.15 of τ
E∆R<0.5

calo < 10
≥ 3 missing outer hits

Table 6.13: Kinematic Selection Sample selection criteria.

Missing Energy E̸T > 100 GeV

Leading jet criteria

pT > 110 GeV
|η| < 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

Additional jet criteria no jet pairs with ∆ϕ > 2.5
∆ϕ > 0.5 - E̸T && 2 highest-pT jets
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Table 6.14: E∆R<0.5
calo Sideband Sample selection criteria.

All requirements of the Candidate Track subsample,
but with two modified track criteria:

pT > 30 GeV
E∆R<0.5

calo > 10 GeV

Table 6.15: Nouter
miss Sideband Sample selection criteria.

All requirements of the Candidate Track subsample,
but with two modified track criteria:

pT > 30 GeV
Nouter

miss ≤ 2

Table 6.16: Selections employed in the analysis.
Sample Purpose Definition Dataset
Candidate Track study track quality cuts Table 6.2 MET
Disappearing Track search sample Table 6.2 MET
Lepton Control bkgd. estimate Table 6.3 MET
Lepton Tag & Probe bkgd. est. syst. uncertainty Tables 6.4 to 6.6 SingleMu/Elec.
Electron-ECAL Channel Tag and Probe study dead/noisy ECAL channels Table 6.7 SingleElec
Muon Fiducial-Study Tag and Probe study muon inefficiency regions Table 6.8 SingleMu
Z → µµ, Z → ee Control fake track bkgd. estimate Tables 6.9 and 6.10 SingleMu/Elec.
Muon/Electron Fake Track Control fake track bkgd. estimate Tables 6.11 and 6.12 SingleMu/Elec.
Kinematic Selection Sample fake track bkgd. estimate Table 6.13 SingleMu
E∆R<0.5

calo , Nouter
miss Sideband bkgd. estimate validation Tables 6.14 and 6.15 MET
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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 (pT > 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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η) single particle sample listed in Table 5.3. We require |η| < 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 7.2, 7.3, and 7.4.

As discussed in Section 4.3.1, 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 Q =

BNfound−PNlost−χ2, whereNfound 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 χ2 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 χ2

or a larger Nlost, resulting in a larger quality score Q. 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:

• 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 Nlost. Figure 7.1 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-η) single particle
sample.

• 2.7%: An alternate trajectory with fewer missing outer hits is found, but its χ2

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 7.2.

• 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.

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

to the last bin of the histogram in Figure 7.2.

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

these unreconstructed electrons can pass the E∆R<0.5
calo < 10 criterion. To avoid a

background from these electrons, we reject tracks within a cone of ∆R<0.05 of a

dead/noisy ECAL channel. To study these channels, we use events in the Electron-

ECAL Channel Tag and Probe Sample defined in Table 6.7. 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 Electron-ECAL Channel Tag and

Probe Sample are shown in Figure 7.3. Most clusters in η,ϕ for the data coincide with

known dead or noisy ECAL channels.
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Figure 7.3: Distribution of ϕ versus ECAL detector η for the dead/noisy ECAL
channels, denoted by x’s (left). The map of dead/noisy ECAL channels overlaid with
the ϕ versus ECAL detector η distribution of the probe track (right). The probe
track is selected from the Electron-ECAL Channel Tag and Probe Sample defined in
Table 6.7. Most clusters in η, ϕ for the data coincide with a known dead or noisy
ECAL channel.
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Figure 7.4 shows the η,ϕ distribution for the probe track in the same sample after

vetoing tracks within ∆R < 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 η,ϕ 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 7.1. 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 E∆R<0.5
calo < 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<

|η| <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 6.1.

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

η ϕ
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
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Figure 7.4: The map of dead or noisy ECAL channels (denoted by x’s) overlaid with
the distribution of ϕ versus ECAL detector η in the Electron-ECAL Channel Tag
and Probe Sample defined in Table 6.7. Additionally, we have vetoed events in which
the probe track is within ∆R < 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 Nouter
miss ≥ 3 criterion by having

missing outer hits due to the algorithmic sources described in Section 7.1 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 7.5.

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 Electron Tag and Probe
Sample. The highlighted electron has a pT 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 pT 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 pT > 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:

• ∆X < 3.0 cm, where ∆X is the absolute difference in the local x position

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

• σX < 4.0, where σX = ∆X/
√

(σsegment
X )2 + (σtrack

X )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-η) single particle sample listed in Table 5.3. 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 × 10−5. We examine these 68 events in an event display, and classify their

signatures into several categories:

• 6 events: An ECAL deposit of at least 10 GeV is produced. This is consistent

with a µ → eνν decay. An example event is shown in Figure 7.6.

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

is shown in Figure 7.7.

• 19 events: One or more DT or CSC muon segments are produced but fail the

tracker muon quality criteria (∆X < 3 cm or σX < 4). An example event is

shown in Figure 7.8.

• 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 7.9.

The contributions of these signatures are summarized in Table 7.2.

Signature Relative contribution
ECAL deposit > 10 GeV 9%
HCAL deposit > 10 GeV 43%
DT or CSC muon segments, but fail (∆X < 3 cm or σX < 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.

• Tracks with 0.15< |η| <0.35 are eliminated to avoid the gap between Wheel 0

and Wheel 1 of the DT stations, as shown in Figure 7.10.
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Figure 7.6: A simulated pT =100 GeV muon single particle event, in which the muon
decays and produces an ECAL deposit of 84 GeV.

• Tracks with 1.55< |η| <1.85 are rejected. This region also has larger muon

inefficiency, as shown in Figure 7.10.

• Tracks that are within ∆R < 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 7.11.

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

substantial fraction pass the E∆R<0.5
calo < 10 requirement. A muon may pass the

Nouter
miss ≥ 3 criterion as a consequence of the algorithmic sources of missing outer hits

described in Section 7.1.
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Figure 7.7: A simulated pT =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, τ → πν, 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 pT and very little energy deposited in the calorimeters, E∆R<0.5
calo . Since most

taus deposit an energy in the calorimeters that is on the order of their reconstructed

pT , this mismatch causes the tau to fail the tau reconstruction. This imbalance is the

result of the discrepancy between the generated track pT and the reconstructed track

pT .

In addition to failing the tau reconstruction, the pion from the τ → πν decay
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Figure 7.8: A simulated muon single particle event, in which a generated muon with pT
=100 GeV produces a DT segment (blue) that fails the matching criteria: ∆X = 9.3
cm and σX = 17.7. RPC hits (magenta) are also recorded.

could also pass the E∆R<0.5
calo < 10 GeV criterion. For this to happen, a pion must have

a low true pT (e.g. pT ∼ 20 GeV). Such a pion will fail the pT > 50 GeV requirement,

provided its pT is accurately measured. However, if the pT of the pion is significantly

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

mimic the signal since it has a large reconstructed pT and little E∆R<0.5
calo . One such

event is displayed in Figure 7.13.

This class of background is studied using the pion single particle sample listed

in Table 5.3. We first study how the pT 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 pT =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 pT which is

significantly mismeasured than tracks with few missing outer hits. Figure 7.14 shows

the distribution of reconstructed pT 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 E∆R<0.5
calo . Since the

amount of energy that a track deposits in the calorimeters is only a function of the

generated pT of the pion, the E∆R<0.5
calo distribution is independent of the number of

missing outer hits. Figure 7.14 shows the distribution of E∆R<0.5
calo for pion tracks with

5 hits, 6 hits, and 7 hits.

The pT resolution increases the greater the lever arm used to measure the curvature

such that tracks with 7 hits have a better pT resolution. As shown in Figure 7.14,

the number of tracks with poorer pT resolution decreases as the number of valid hits
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Figure 7.10: Top: Distribution of |η| of probe tracks in Muon Fiducial-Study Tag
and Probe Sample. The regions in |η| that are excluded are defined by the magenta
lines. Bottom: layout of one-quarter of the CMS muon system.
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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.

14 May 2013 Disappearing tracks, J Brinson !7

14 May 2013 Disappearing tracks, J Brinson !7

Figure 7.13: A W → τν event in which the tau decay products include a charged
pion. The pion track has been highlighted in magenta. The reconstructed pT of the
track is 74.8 GeV, but the generated pT is only 15.2 GeV. E∆R<0.5

calo is 8.1 GeV. Since
the pT 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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calo spectrum for tracks from the pion single
particle sample (right).

Lastly, a pion from a τ → πν decay can pass the Nouter
miss criterion if it undergoes a

nuclear interaction. An example event display is shown in Figure 7.12.

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→lν+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 |d0|, Nhits, and Nmiddle
miss require-

ments have been removed. Most of these tracks have only three or four valid hits,

as shown in Figure 7.15 and are effectively rejected by the Candidate Track selection

criterion of Nhits ≥ 7. Fake tracks typically have many missing outer hits and little
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associated calorimeter energy, as shown in Figure 7.16. 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 |d0|, Nhits, and Nmiddle

miss requirements.
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Figure 7.16: Distributions of E∆R<0.5
calo andNouter

miss for fake tracks passing the Candidate
Track criteria without the |d0|, Nhits, and Nmiddle

miss requirements.
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Chapter 8
Background estimates and

associated systematic
uncertainties

For each of the background sources described in Sections 7.2 to 7.5 the yield in the

Disappearing Track subsample is estimated. The dominant source of background in

this search arises from W → ℓν events.

One of the critical variables used to isolate signal from the lepton backgrounds,

Nouter
miss , 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 Nouter
miss . We

only rely on the MC to simulate the lepton inefficiency, i.e. the probability to survive

the lepton veto, and, for electrons and taus, the probability to pass the E∆R<0.5
calo

requirement. The efficiency to pass the Nouter
miss 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 8.1 to 8.6

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 8.7 and 8.8.

8.1 Electrons

After applying the electron veto as well as the fiducial cuts motivated in Section 7.2,

the background from electrons is largely rejected. The remaining electron background

is estimated as N e = N e
ctrlP

e, where N e
ctrl is the data yield in the Electron Control

Sample and P e is the electron inefficiency determined with MC. The inefficiency P e

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

E∆R<0.5
calo 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 e with the W→lν+jets MC, which comprises 84% of the Electron

Control Sample as shown in Figure 8.1. The upper limit on the electron inefficiency is

determined with the MC to be P e < 6.3×10−5, based on the yields given in Table 8.1.
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The data yield in the Electron Control Sample is N e
ctrl = 7785 events. From these

inputs, we compute the 68% C.L. upper limit of the electron background estimate to

be Ne < 0.49stat events, as given in Table 8.2. We assess the systematic uncertainty

on this estimate in the following section.
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Figure 8.1: The transverse momentum of tracks in the Electron 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→lν+jets
MC events in the Disappearing Track subsample and Electron Control Sample.

N e
ctrl (MC) 18104

N e (MC) < 1.1
P e = N e/N e

ctrl < 6.3× 10−5
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Table 8.2: Electron background estimate.
N e

ctrl (data) 7785
P e (MC) < 6.3× 10−5

N e < 0.49

8.2 Electron estimate systematic uncertainty

To assess the systematic uncertainty in P e, the electron inefficiency is calculated in

the Electron Tag and Probe Sample sample. In this sample, the electron inefficiency

is computed as P e = N e,T&P/(2N e,T&P
ctrl ), where N e,T&P

ctrl is the number of events in the

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

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

electron veto and the E∆R<0.5
calo requirement. A factor of 2 is included in the ineffi-

ciency calculation to account for the possibility of either of the electrons to fail the

identification. Figure 8.2 shows that the sample retains 99% purity even after the

electron veto and E∆R<0.5
calo cuts are applied. P e is (1.70 ± 0.25) × 10−5 in the data

and (1.98 ± 0.26) × 10−5 in the MC. The values used to calculate P e are shown in

Table 8.3. The ratio of P e 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 + Ustatσ
2/2) (8.1)

where Ustat is the upper limit excluding the systematic uncertainty, and σ is the

relative systematic uncertainty. From this formulation we arrive at a final electron

background estimate of Ne < 0.50stat+syst events.
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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 Electron Tag and Probe Sample sample for which the probe track survives the
electron veto and the E∆R<0.5

calo cut.

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

Ne,T&P
ctrl : Total yield (1.384± 0.001)× 106 (1.457± 0.001)× 106

Ne,T&P: Probe track passes e veto and E∆R<0.5
calo cut 47.0± 6.9 57.6± 7.6

P e = Ne,T&P/(2Ne,T&P
ctrl ) (1.7± 0.25)× 10−5 (1.98± 0.26)× 10−5

8.3 Muons

After applying the muon veto as well as the fiducial cuts motivated in Section 7.3,

the background from muons is largely rejected. The remaining muon background is

estimated as Nµ = Nµ
ctrlP

µ, where Nµ
ctrl is the data yield in the Muon Control Sample,

and P µ is the muon inefficiency calculated by the MC. The muon inefficiency P µ 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 e with the W→lν+jets
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MC, which comprises 85% of the Muon Control Sample as shown in Figure 8.3. There

is one unweighted W→lν+jets MC event in the Disappearing Track subsample. The

muon inefficiency is determined to be P µ = (1.6+3.6
−1.3)×10−4, based on the ratio of the

muon yields in the Disappearing Track subsample and the Muon Control Sample given

in Table 8.4. The number of data events in the Muon Control Sample is Nµ
ctrl = 4138

events, as given in Table 8.5. From these inputs, the muon background estimate is

determined to be Nµ = 0.64(+1.5
−0.53)stat 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 µ 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→lν+jets MC
events in the Disappearing Track subsample and the Muon Control Sample.

Nµ
ctrl (MC) 6421

Nµ (MC) 1.0+2.3
−0.83

P µ = Nµ/Nµ
ctrl (1.6+3.6

−1.3)× 10−4

Table 8.5: Muon background estimate.
Nµ

ctrl (data) 4138
P µ (MC) (1.6+3.6

−1.3)× 10−4

Nµ 0.64+1.5
−0.53

Tag and Probe Sample. In this sample, the muon inefficiency is computed as P µ =

Nµ,T&P/(2Nµ,T&P
ctrl ), where Nµ,T&P

ctrl is the number of events in the Muon Tag and

Probe Sample, and Nµ,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 8.4. 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 8.6. P µ is (1.87±0.53)×10−5 in the data and (2.26±0.61)×10−5

in the MC. The ratio of P µ between data and MC in the Muon Tag and Probe Sample

is 0.83 ± 0.32. The systematic uncertainty in P µ 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 Nµ = 0.64(+1.47
−0.53)stat ± 0.32syst 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 µ veto applied to the probe track.

Data MC
Nµ,T&P

ctrl : Total yield 376693.0± 614.0 276786.0± 499.0
Nµ,T&P: Probe track passes µ veto 15.0± 3.9 13.5± 3.5

non-µ yield 0.92± 0.92 0.92± 0.92
Nµ,T&P: µ yield 14.1± 4.0 12.5± 3.4

P µ = Nµ,T&P/(2Nµ,T&P
ctrl ) (1.87± 0.53)× 10−5 (2.26± 0.61)× 10−5

8.5 Taus

As discussed in Section 7.4, the potential source of background from single prong

tau decays in which the pT 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 N τ = N τ
ctrlP

τ , where N τ
ctrl is the yield in the Tau Control Sample and
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P τ is the tau inefficiency. The inefficiency P τ is the probability of a track from a

tau to survive the tau veto and the E∆R<0.5
calo < 10 GeV requirement, after passing all

other Disappearing Track criteria. We determine P τ with the W→lν+jets MC, which

comprises 75% of the Tau Control Sample, as shown in Figure 8.5. The upper limit

on the tau inefficiency is calculated to be P τ ≤ 0.019, as shown in Table 8.7. The

data yield in the Tau Control Sample is N τ
ctrl = 29 events. From these inputs, we

compute the central value of the tau background estimate to be Nτ < 0.55stat events,

as given in Table 8.8. 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→lν+jets MC
events in the Disappearing Track subsample and the Tau Control Sample.

N τ
ctrl (MC) 60

N τ (MC) < 1.1
P τ = N τ/N τ

ctrl < 0.019

Table 8.8: Tau background estimate.
N τ

ctrl (data) 29
P τ (MC) < 0.019
N τ < 0.55

8.6 Tau estimate systematic uncertainty

The systematic uncertainity in the tau inefficiency is assessed by calculating P τ in the

Tau Tag and Probe Sample. In this sample, the tau inefficiency is computed as P τ =

N τ,T&P/(2N τ,T&P
ctrl ), where N τ,T&P

ctrl is the number of events in the Tau Tag and Probe

Sample sample, and N τ,T&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 8.6). After subtracting the

non-tau contribution, P τ is found to be 0.187±0.016 in data and 0.150±0.006 in the

MC. The values used to calculate P τ are shown in Table 8.9. The ratio of P τ between

data and MC is 1.25±0.12. The relative systematic uncertainty in P τ 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 Nτ < 0.57stat+syst events.
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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
N τ,T&P

ctrl : Total yield 5188± 72 5880± 126
N τ,T&P: Probe track passes τ veto 1420± 38 1340± 79

non-τ yield 452± 74 452± 74
N τ,T&P: τ yield 972.2± 83 885± 28

P τ = N τ,T&P/N τ,T&P
ctrl 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 69%.

8.7 Fake tracks

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

N fake = NkinP fake, where Nkin is the number of events in the Kinematic Selection

Sample and P fake 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 fake is determined as the fraction of events in the Z → µµ

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 P fake = N fake
ctrl /N

Z→ll,

where N fake
ctrl = 2 is the sum of the number of events in the Muon Fake Track Control

Sample and Electron Fake Track Control Sample. Likewise, NZ→ll is the sum of the

number of events in the Z → µµ Control Sample and Z → ee Control Sample. It is

found to be P fake = (2.0+2.7
−1.3) × 10−7, as given in Table 8.10. The data yield in the

Kinematic Selection Sample is Nkin = 1.77×106 events as shown in Table 8.11. From

these inputs, we compute the central value of the fake track background estimate

to be Nfake = 0.36(+0.47
−0.23)stat events. We assess the systematic uncertainty on this

estimate in the following section.

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

NZ→ll 9.84× 106

N fake
ctrl 2.0

P fake = N fake
ctrl /N

Z→ll (2.0+2.7
−1.3)× 10−7

Table 8.11: Fake track background estimate.
N fake

ctrl (data) 1.77× 106

P fake (data) (2.0+2.7
−1.3)× 10−7

N fake 0.36+0.47
−0.23
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8.8 Fake track estimate systematic uncertainty

The fake track rate P fake 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 8.7. 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 8.8. Because the

fake track rate is similar in events with different underlying physics processes, it is

expected to be similar in the Z → µµ 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 8.9.

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 ∆ϕ, the difference in azimuthal angle between the

candidate track momentum and the E̸T vector. This angle is uniform for fake tracks

that are uncorrelated with the physics process of the event. Figure 8.10 shows that

in the Disappearing Track subsample modified to require exactly 4 hits, the data

and background have a uniform distribution of ∆ϕ, while the signal tracks more

commonly have ∆ϕ 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 8.11 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) × 10−6 in the

Kinematic Selection Sample and (10.2± 1)× 10−6 in the composite Z → µµ Control

Sample and Z → ee Control Sample.The ratio between the rates in these two samples

is 0.89 ± 0.24. The largest one-sigma deviation from unity in the ratio of these fake

104



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 Nfake = 0.36(+0.47
−0.23)stat ± 0.13syst

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 E∆R<0.5
calo and Nouter

miss sideband

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

above. In addition to the raw event yields, the pT distribution is also obtained for each
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Figure 8.8: The fake track rate P fake 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 pT distribution is

taken from the corresponding lepton control sample. For the fake track background,

the shape of the pT distribution is taken from that of the tracks in the Muon Fake

Track Control Sample. The shapes of the pT distributions are normalized by the

estimated background yield.

The pT distribution of the data in the Candidate Track subsample is compared

with the estimated backgrounds in Figure 8.12. The pT distributions of the data in

the sideband samples are compared with the estimated backgrounds in Figure 8.13.

The data yields and estimates in each of these samples are consistent within the

uncertainties, as shown in Table 8.12.
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Figure 8.9: The ratio of the fake track rate P fake in data between the Kinematic
Selection Sample and the Z → ll Control Sample, for different numbers of hits on the
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
E∆R<0.5

calo sideband sample 197 195.4± 13.0 1.01± 0.10
Nouter

miss sideband sample 112 102.9± 8.8 1.09± 0.14

8.10 Summary of background systematic uncertain-
ties

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

Table 8.13.
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Figure 8.10: The difference in azimuthal angle between the candidate fake track and
the ̸ET 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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Figure 8.12: The transverse momentum of tracks in the Candidate Track subsample.
The data are compared with the background estimate.
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Figure 8.13: The transverse momentum of tracks in the E∆R<0.5
calo sideband sample

(left), and in the Nouter
miss sideband sample (right) The data are compared with the

background estimate.
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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 5.2, we trigger on events in which the dichargino system recoils

from one or more ISR jets, and the resultant E̸T is directly proportional to the pT of

the dichargino system, as shown in Figure 9.1.

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 → µµ +jets

sample, a study similar to that presented in [70]. We select Z → µµ +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 pT > 30 GeV. The data are taken

from the /DoubleMuParked/Run2012*-22Jan2013-v1/AOD datasets, and a Z → µµ

MC sample generated with Pythia 6 is used:
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Figure 9.1: The pT of the χχ system versus ̸ET (left) and versus the jet recoil pT
(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 6.2.

/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 A.1. The MC is nor-

malized to the yield of the data to focus on shape differences. In this Z → µµ +jets

sample Pythia predicts a softer dimuon pT spectrum than that measured in the data,

as shown in Figure 9.2. The ratio of data to MC in the dimuon pT spectra is used to

reweight the signal MC.

We define the systematic as the difference between the original signal efficiency,

ϵorig, and the signal efficiency after reweighting, ϵrwtd. ϵorig is fraction of generated

events that pass the Disappearing Track selection, and ϵrwtd 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 → µµ +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 pT of the dimuon system in the Z → µµ +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 → µν control sample. We first require

all events to pass the HLT_IsoMu24_eta2p1 trigger. Next, we apply all of the offline

criteria of the Candidate Track subsample, excluding the muon veto and E̸T cut. In

addition, we require exactly one muon in the event, to reduce the contamination from

Z → µµ. 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_NHEF0p95. 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 5.2. 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 PFMetNoMu, calculated for the signal
MC in the Disappearing Track sub-sample without the ̸ET requirement, and for
the background MC in the W → µν control sample. All background MC listed in
Table A.1 are included with the dominant (90%) contribution coming from W → µν
MC.

|∆ϕ(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 → µν events,

with 90% purity.

As shown in Figure 9.3, W → µν and signal have similar trigger efficiencies as a

function of PFMetNoMu. In Figure 9.4, 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 pT of the leading jet is ∼ 100% for jet

pT > 110 GeV [65]. Since the offline selection requires the leading jet pT to be greater

than 110 GeV, a separate systematic uncertainty for the trigger efficiency as function

of jet pT is not calculated.
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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_NHEF0p95, is available, and in 2012C
and 2012D, the higher threshold trigger, HLT_MonoCentralPFJet80_PFMETnoMu105_
NHEF0p95 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 B. 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 PDF4LHC recommendation [73, 74]. Events are reweighted

with up/down variations of the eigenvectors of the CTEQ6.6, MSTW08, 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 E∆R<0.5
calo , N outer

miss , N inner
miss , and Nmid
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Figure 9.5: Distribution of E∆R<0.5
calo 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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The systematic uncertainty associated with the simulation of E∆R<0.5
calo is assessed

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

Control Sample, as shown in Figure 9.5. In this sample, the efficiency of the E∆R<0.5
calo <

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

difference, 6%, is taken as the uncertainty associated with modeling E∆R<0.5
calo .

The uncertainty associated with the modeling of Nouter
miss is assessed by varying the

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

MC in the Nouter
miss distribution in a control sample of muon tracks. Since muons are

predominantly affected by the algorithmic sources of missing outer hits described in

Section 7.1, they reflect how well the Nouter
miss 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 9.1 and 9.2. 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.

ϵ(N inner
miss == 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.

ϵ(Nmid
miss == 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→ µν 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 9.6. 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 9.3.

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

Jet radiation (ISR) 3–11%
Jet energy scale / resolution 0–7%
PDF 1–10%
Trigger efficiency 1–8%
Nouter

miss modeling 0–7%
N inner

miss , Nmid
miss modeling 2–3%

E∆R<0.5
calo 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. qq̄′ → χ±
1 χ

0
1

and qq̄ → χ±
1 χ

∓
1 . These limits allow us to exclude certain ranges of parameter space

explored by the theoretical models to which we are sensitive.

In Section 10.1, we will detail the calculation used for the upper limit, then in

Section 10.2, 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 CLS 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 10.1.1. Then, the CLS method and profile likelihood test statistic will be

discussed in Section 10.1.2.

10.1.1 Signal Efficiency × Acceptance

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

acceptance × efficiency, A × ϵ. 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 E̸T > 100 GeV containing a chargino

with pT > 50 GeV and |η| < 2.1 divided by the number of generated events. ϵ is

the fraction of those events which pass the remainder of Disappearing Track criteria.

A× ϵ for some representative mass and lifetimes are listed in Table 11.1. A detailed

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

Table 10.1: A× ϵ for signal events.

Chargino mass [GeV] 300 300 300 500 500 500
Chargino cτ [cm] 10 100 1000 10 100 1000
E̸T > 100 GeV, pT > 50 GeV, |η| < 2.1 4.1% 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 CLS

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 + 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: µs + b, where µ is a dimensionless parameter used to characterize the signal

121



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 5.4 and

the signal efficiency discussed in Section 10.1.1, and b corresponds to the background

estimates detailed in Chapter 8. In the case of µ = 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 + background hypothesis is defined as

L(data|µ, θ) =
N∏
i=1

µsi(θ) + bi(θ)

ni!
e−µsi(θ)−bi(θ)p(θ̃|θ) (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), si(θ) is the expected number of signal

events, bi(θ) is the expected number of background events, ni is the number of events

in bin i, and θ represents all nuisance parameters (parameters that are not directly

under investigation in the search, but still impact the result). p(θ̃|θ) is the product

of probability distribution functions (pdfs) for the nuisance parameters and θ̃ is the

default value of the nuisance parameter. For this search, the nuisance parameters

consist of the additional systematic uncertainties as discussed in Chapter 9 and the

statistical + systematic uncertainties on the background predictions as detailed in

Chapter 8. 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 [78]. Similarly, the

likelihood function for the background-only hypothesis is defined as

L(data|0, θ) =
N∏
i=1

bi(θ)

ni!
e−bi(θ)p(θ̃|θ) (10.2)

Note, that in Equations (10.1) and (10.2), the likelihood functions depend on µ as

well as the nuisance parameters, θ. Since µ is the only parameter of interest in this

search, we can instead use profile likelihoods [79]. L(data|µ, θ) becomes L(data|µ, θ̂µ),

where θ̂µ is the value of θ that maximizes L(data|µ, θ̂µ) for a specified value of µ, i.e.

the conditional maximum-likelihood. Now we can define the test statistic as the

profile likelihood ratio

q̃µ = −2ln
L(data|µ, θ̂µ)
L(data|µ̂, θ̂)

; 0 ≤ µ̂ ≤ µ (10.3)

where, in the denominator, µ̂ and θ̂ represent the values that maximize L(data|µ̂, θ̂),

i.e. the unconditional or global maximum likelihood. We require 0 ≤ µ̂ to ensure

that the signal rate is always positive and µ̂ ≤ µ 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 q̃µ for the observed data, ˜qobsµ , using given values of µ.

• Next, we determine the best values for the nuisance parameters that correspond

to the observed data, θobsµ and θobs0 . θobsµ corresponds to the signal + background

hypothesis and θobs0 to the background-only hypothesis.
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• Using θobsµ and θobs0 , we perform many pseudo-experiments using toys to build

pdfs of the test statistic, q̃µ. The pdfs are defined as f(q̃µ|0, θ̂obs0 ) for the

background-only hypothesis and f(q̃µ|µ, θ̂obsµ ) 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:

pµ = P (q̃µ ≥ ˜qobsµ |signal+ background) =
∫ ∞

q̃obsµ

f(q̃µ|µ, θ̂obsµ )dq̃µ (10.4)

Larger values of pµ indicate an agreement with the signal + background hypoth-

esis. On the other hand, smaller values of pµ 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 pµ ≤ 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, µ is close to zero, this

leads to exclusions of models to which the analysis is not sensitive. To avoid this

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

associated with the background-only hypothesis

1− pb = P (q̃µ ≥ ˜qobsµ |background-only) =
∫ ∞

q̃obs0

f(q̃µ|0, θ̂obs0 )dq̃µ (10.5)

Then, we define CLS(µ) as

CLs =
pµ

1− pb
(10.6)

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

has low sensitivity to a value of µ, pµ ≲ 1 − pb, then CLS(µ)≲ 1 and µ will not be
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excluded. On the other hand, in the realm of high sensitivity, pµ ≪ 1− pb so models

excluded by pµ ≤ 0.05 will also be excluded using the CLS method.

Finally, we can determine the observed upper limit on the cross section as the

lowest value of µ for which CLS(µ)= 0.05, µ95%CLs , times the expected signal model

cross section.

Lastly, we can define the expected upper limits as well as the ±1σ and ±2σ bands

associated with the background hypothesis by using only toys. We generate this

pseudo-data and calculate µ95%CLs for each of them which builds a pdf , f(µ95%CLs
toy )

Therefore,

median expected upper limit → 0.5 =

∫ µ95%CLs
exp

0

f(µ95%CLs
toy )dµ95%CLs

toy (10.7)

−1σ band → 0.16 =

∫ µ95%CLs
−1σ,exp

0

f(µ95%CLs
toy )dµ95%CLs

toy (10.8)

+1σ band → 0.84 =

∫ µ95%CLs
+1σ,exp

0

f(µ95%CLs
toy )dµ95%CLs

toy (10.9)

−2σ band → 0.025 =

∫ µ95%CLs
−2σ,exp

0

f(µ95%CLs
toy )dµ95%CLs

toy (10.10)

+2σ band → 0.975 =

∫ µ95%CLs
+2σ,exp

0

f(µ95%CLs
toy )dµ95%CLs

toy (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 D. The numbers of expected events

from background sources compared with the data in the search sample are shown

in Table 10.2. 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± 1.2 events.

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

electrons < 0.49stat < 0.50stat+syst
muons 0.64(+1.47

−0.53)stat ± 0.32syst
taus < 0.55stat < 0.57stat+syst
fake tracks 0.36(+0.47

−0.23)stat ± 0.13syst
data 2

The events are displayed in Figures 10.1 and 10.2. The distributions of several

quantities are compared between the observed events and the estimated backgrounds

in Figure 10.3. 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 → ll 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 10.1,

and the constraint on the allowed chargino lifetime and mass is presented in Fig-

ure 10.4. The maximum sensitivity is for charginos with lifetime of 7 ns, for which
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Figure 10.1: Data event 1049991863, which is in the Disappearing Track sub-sample.
The candidate track is highlighted in red.

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 10.5, we show the constraint on the mass of the chargino and the mass

difference between the chargino and neutralino, ∆mχ1 = mχ±
1
−mχ0

1
, 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 10.2 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 τχ±
1
are converted into limits on ∆mχ1 according to [83].

The two-loop level calculation of ∆mχ1 for wino-like lightest chargino and neutralino

states [5] 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 ∆mχ1 = 160 MeV.

In Figure 10.6, we show the observed upper limit on the total cross section of

pp → χ±
1 χ

0
1 plus pp → χ±

1 χ
∓
1 processes in terms of chargino mass and lifetime.
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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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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 5.2 collected events containing

an ISR jet in which the E̸T arises from the recoil of the dichargino system against the

ISR jet. As shown in Table 11.1, 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 cτ [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 E̸T as the seed for this trigger (> 70 GeV). To

131

HLT_MET75_IsoTrk50


ensure the greatest signal acceptance, we keep the E̸T requirement at the HLT level

as low as possible (> 75 GeV). Next, to separate signal from background we require

at least one high-pT track (> 50 GeV). Lastly, to keep the rate down, we place quality

requirements on the track and require that each track have E∆R<0.5
calo < 100 GeV. The

details of these trigger requirements are as follows:

• L1 E̸T seed > 70 GeV

• HLT E̸T > 75 GeV

• ≥ 1 track with pT > 50 GeV

• ≥ 1 track with relative track isolation, (Σp∆R<0.3
T − pT )/pT < 0.05

• ≥ 1 track with Nhits ≥ 5

• ≥ 1 track with N inner
miss = 0

• ≥ 1 track with Nmid
miss = 0

• E∆R<0.5
calo < 100 GeV

11.2 Gain in Signal Efficiency

To determine the gain in signal efficiency, signal MC samples were generated as de-

scribed in Section 5.2 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 cτ 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:

• E̸T > 100 GeV

132



• χ track pT > 50 GeV

• χ track with relative track isolation, (Σp∆R<0.3
T − pT )/pT < 0.05

• χ track with |η| < 2.5

• χ track with Nhits ≥ 5

• χ track with N inner
miss = 0

• χ track with Nmid
miss = 0

The signal efficiency for a chargino with a mass of 300 GeV and cτ of 100 cm for

HLT_MET75_IsoTrk50 compared to other E̸T triggers available for Run 2 are listed in

Table 11.2. The addition of HLT_MET75_IsoTrk50 increases the signal efficiency by

at least 45%.

Table 11.2: Trigger efficiency of various ̸ET triggers for signal MC with a chargino
mass of 300 GeV and cτ of 100 cm.

Trigger name Signal efficiency (% )
HLT_MET75_IsoTrk50 55
HLT_PFMET170NoiseCleaned 36
HLT_CaloMET200_NoiseCleaned 23
HLT_PFCenJet140_PFMETNoMu100_PFMHTNoMu140 38

In Figure 11.1, the trigger efficiency as a function of E̸T is shown for the E̸T -based

triggers available in Run 2 as well as HLT_MET75_IsoTrk50. For ̸ET < 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 E̸T ∼ 400 GeV.
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Figure 11.1: Distribution of trigger efficiencies as a function of ̸ET for ̸ET -based
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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−1, two events are observed in the search sample.

Thus, no significant excess above the estimated background of 1.4 ± 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 pT 80− 120 QCD_Pt-80to120_*_8TeV_pythia6_**-v3_AODSIM
QCD pT 120− 170 QCD_Pt-120to170_*_8TeV_pythia6_**-v3_AODSIM
QCD pT 170− 300 QCD_Pt-170to300_*_8TeV_pythia6_v2_**-v1_AODSIM
QCD pT 300− 470 QCD_Pt-300to470_*_8TeV_pythia6_v3_**-v1_AODSIM
QCD pT 470− 600 QCD_Pt-470to600_*_8TeV_pythia6_**-v2_AODSIM
QCD pT 600− 800 QCD_Pt-600to800_*_8TeV_pythia6_**-v2_AODSIM
QCD pT 800− 1000 QCD_Pt-800to1000_*_8TeV_pythia6_**-v2_AODSIM
QCD pT 1000− 1400 QCD_Pt-1000to1400_*_8TeV_pythia6_**-v1_AODSIM
QCD pT 1400− 1800 QCD_Pt-1400to1800_*_8TeV_pythia6_**-v1_AODSIM
QCD pT 1800−∞ QCD_Pt-1800_*_8TeV_pythia6_**-v1_AODSIM
t (s− channel) T_s-channel_*_8TeV-powheg-tauola_**-v1_AODSIM
t̄ (s− channel) Tbar_s-channel_*_8TeV-powheg-tauola_**-v1_AODSIM
t (t− channel) T_t-channel_*_8TeV-powheg-tauola_**-v1_AODSIM
t̄ (t− channel) Tbar_t-channel_*_8TeV-powheg-tauola_**-v1_AODSIM

t (tW − channel) T_tW-channel-DR_*_8TeV-powheg-tauola_**-v1_AODSIM
t̄ (tW − channel) Tbar_tW-channel-DR_*_8TeV-powheg-tauola_**-v1_AODSIM
tt̄ (hadronic) TTJets_HadronicMGDecays_8TeV-madgraph_**_ext-v1_AODSIM

tt̄ (semi− leptonic) TTJets_SemiLeptMGDecays_8TeV-madgraph_**_ext-v1_AODSIM
tt̄ (leptonic) TTJets_FullLeptMGDecays_8TeV-madgraph_**-v2_AODSIM

Z →νν (pT 50− 100) ZJetsToNuNu_50_HT_100_TuneZ2Star_8TeV_madgraph_**-v1_AODSIM
Z →νν (pT 100− 200) ZJetsToNuNu_100_HT_200_TuneZ2Star_8TeV_madgraph_**-v1_AODSIM
Z →νν (pT 200− 400) ZJetsToNuNu_200_HT_400_TuneZ2Star_8TeV_madgraph_**-v1_AODSIM
Z →νν (pT 400−∞) ZJetsToNuNu_400_HT_inf_TuneZ2Star_8TeV_madgraph_**-v1_AODSIM

Z→ee DYToEE_M-20_CT10_*_v2_8TeV-powheg-pythia6_**-v1_AODSIM
Z→µµ DYToMuMu_M-20_CT10_*_v2_8TeV-powheg-pythia6_**-v1_AODSIM
Z→ττ DYToTauTau_M-20_CT10_*_v2_8TeV-powheg-tauola-pythia6_**-v2_AODSIM
WW WW_*_8TeV_pythia6_tauola_**-v1_AODSIM
WZ WZ_*_8TeV_pythia6_tauola_**-v1_AODSIM
ZZ ZZ_*_8TeV_pythia6_tauola_**-v1_AODSIM
Zγ ZG_Inclusive_8TeV-madgraph_v2_**-v1_AODSIM
Wγ WGToLNuG_*_8TeV-madgraph-tauola_**-v1_AODSIM

W→lν (high pT ) WJetsToLNu_PtW-100_*_8TeV-madgraph_**-v1_AODSIM
W→lν (4 Jets) W4JetsToLNu_TuneZ2Star_8TeV-madgraph_**-v1_AODSIM

W→lν(inclusive) WJetsToLNu_TuneZ2Star_8TeV-madgraph-tarball_**-v2_AODSIM
* TuneZ2star
** Summer12_DR53X-PU_S10_START53_V7A
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Table A.2: Background MC samples.
Composite

Dataset
Color

Composite
Dataset

Nickname

Individual
Dataset

Nickname
Generated

Events

Cross
Section

(pb)

Weighting
Factor

for 19.5 fb−1

■ QCD

QCD pT 80− 120 5 988 720 1 034 000.0 3 370

QCD pT 120− 170 5 813 966 156 300.0 525

QCD pT 170− 300 18 932 228 34 140.0 35.2

QCD pT 300− 470 19 177 012 1 760.0 1.79

QCD pT 470− 600 3 903 001 113.9 0.57

QCD pT 600− 800 3 932 576 26.99 0.134

QCD pT 800− 1000 3 527 123 3.55 0.019 6

QCD pT 1000− 1400 1 919 722 0.737 8 0.007 5

QCD pT 1400− 1800 1 957 800 0.033 52 0.000 334

QCD pT 1800−∞ 953 491 0.001 829 3.74e − 05

■ single top

t (s− channel) 259 657 3.79 0.285

t̄ (s− channel) 139 835 1.76 0.246

t (t− channel) 3 754 544 56.4 0.293

t̄ (t− channel) 1 933 504 30.7 0.31

t (tW − channel) 496 918 11.1 0.436

t̄ (tW − channel) 492 779 11.1 0.44

■ tt̄

tt̄ (hadronic) 31 171 004 112.3 0.070 3

tt̄ (semi− leptonic) 25 303 396 107.7 0.083 1

tt̄ (leptonic) 12 100 452 25.8 0.041 6

■ Z →νν

Z →νν (pT 50− 100) 4 039 920 381.2 1.84

Z →νν (pT 100− 200) 4 414 132 160.3 0.709

Z →νν (pT 200− 400) 5 047 844 41.49 0.16

Z →νν (pT 400−∞) 1 001 970 5.274 0.103

■ Z→ll

Z→ee 42 695 270 1 915.0 0.876

Z→µµ 48 810 855 1 915.0 0.766

Z→ττ 48 768 831 1 915.0 0.766

■ Diboson

WW 9 993 617 54.84 0.107

WZ 9 993 251 33.21 0.064 9

ZZ 9 741 539 17.65 0.035 4

Zγ 6 320 039 123.9 0.383

Wγ 4 801 097 461.6 1.88

■ W→lν

W→lν (high pT ) 12 718 810 282.4 0.433

W→lν (4 Jets) 13 335 067 264.0 0.386

W→lν(inclusive) 57 698 420 37 510 .0 12.7
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Appendix B
Implementation of Trigger

Emulation

Since only the HLT_MonoCentralPFJet80_PFMETnoMu95_NHEF0p95 trigger is available

in the background MC, we emulate the HLT_MonoCentralPFJet80_PFMETnoMu105_

NHEF0p95 trigger using information stored in our ntuples. To emulate the HLT_

MonoCentralPFJet80_PFMETnoMu105_NHEF0p95 trigger, we apply cuts on the fol-

lowing HLT filters:

• pT of hltL1sL1ETM40 > 40 GeV

• pT of hltCentralJet65L1FastJet > 65 GeV

• pT of hltMET65 > 65 GeV

• pT of hltCentralPFJet80 > 80 GeV

• pT of hltPFMETnoMu > 105 GeV

If an events passes the above criteria, we consider it to pass the HLT_MonoCentralPFJet80_

PFMETnoMu105_NHEF0p95 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 9.4. 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 C.1, and the marginal efficiencies are shown in Table C.2.
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Appendix D
Cutflow for data

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

are shown in Table D.1.
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L = 19.519 fb−1 Event yield
data

trigger 1.19× 107

E̸T > 100 GeV 6.13× 106

leading jet with pT > 110 GeV 4.86× 106

leading jet with |η| < 2.4 4.7× 106

leading jet with charged hadron energy fraction > 0.2 4.08× 106

leading jet with charged EM energy fraction < 0.5 4.07× 106

leading jet with neutral hadron energy fraction <0.7 4.07× 106

leading jet with neutral EM energy fraction < 0.7 4.03× 106

0 jet pairs with ∆ϕ > 2.5 1.79× 106

∆ϕ > 0.5− E̸T && 2 highest pT jets 1.77× 106

track with pT > 50 GeV 660 842
track with |η| < 2.1 605 783
!in ECAL barrel-endcap crack, 1.42 < |η| < 1.65 551 710
!in DT Wheel 0 gap, 0.15 < |η| < 0.35 494 445
!in region of larger µ inefficiency, 1.55 < |η| < 1.85 452 382
!within ∆R < 0.05 of dead or noisy ECAL cluster 420 309
!within intermodule gaps of ECAL 416 479
!within ∆R < 0.25 of errant CSC 398 100
track with |d0| < 0.02cm 311 701
track with |dz| < 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 (Σp∆R<0.3

T − pT )/pT < 0.05 86 726
∆R > 0.5 between track and subleading jet 82 500
!within ∆R < 0.15 of τ , pT > 30 GeV, |η| < 2.3, loose tau ID 80 352
!within ∆R < 0.15 of e, pT > 10 GeV 63 181
!within ∆R < 0.15 of µ, pT > 10 GeV 56
E∆R<0.5

calo < 10 GeV 13
track with ≥ 3 missing outer hits 2
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