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Chapter 1

INTRODUCTION

Particle physics describes the fundamental particles that make up the universe and

the forces that they feel. Humankind has always wondered about nature at its most

basic level, from at least the time of the ancient Greek philosophers. 19th century

scientists developed atomic theory and the periodic table, and around the turn of

the 20th century, we discovered that the supposedly �indivisible� atom was in fact

composed of smaller particles such as electrons. The discovery of the electron by J.J.

Thompson in 1897 really kick-started the �eld of elementary particle physics. During

the 20th century, we discovered the other main constituents of atoms: the proton and

neutron.

Today, we understand that there are more particles besides protons, neutrons,

and electrons; for example, protons and neutrons are made up of smaller particles

called quarks. The theory that describes the current understanding of the elementary

particles and their interactions is called the Standard Model (SM) of particle physics.

The SM has been developed over the past forty years or so, and it has been shown to

accurately describe the behavior of elementary particles. Many measurements taken

over decades have con�rmed the SM predictions and parameter values.

The SM has been experimentally veri�ed to a high level of precision, but it is
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incomplete because it fails to incorporate, for instance, gravity, dark matter, or the

matter-antimatter asymmetry in the universe. These and other experimental obser-

vations are not included in the SM. Furthermore, there are a number of failings of

the theory itself, such as the hierarchy problem. As a result, several theories beyond

the SM (BSM), such as supersymmetry, extra dimensions, and hidden valley theories,

have been proposed over the past few decades. These BSM theories provide theoret-

ical frameworks that bring us closer to explaining everything in our universe in one

complete, consistent theory.

The SM and theories beyond it can be tested experimentally at particle colliders

such as the Tevatron, outside Chicago, and the Large Hadron Collider (LHC), outside

Geneva. The Tevatron was a particle collider at Fermilab, and the two largest exper-

iments there were D0 and the Collider Detector at Fermilab (CDF). The Tevatron is

the former highest energy particle collider in the world; that title has now shifted to

the LHC at CERN. The two largest experiments at the LHC are the Compact Muon

Solenoid (CMS) Experiment and A Toroidal LHC Apparatus (ATLAS). These four

experiments use general purpose detectors to search for the Higgs boson, which was

the last particle in the SM to be discovered, and new physics beyond the SM.

This thesis describes a search for particles beyond the SM at the CMS Experiment

at the LHC. Some theories beyond the SM predict new, long-lived particles. The main

analysis described here searches for long-lived particles that decay to muons, which

an elementary particle in the SM that is basically a heavy cousin of the electron. The

search exploits the experimental signature of the long-lived exotic particles, and the

data are examined to determine whether it is consistent with background processes.

If the data are not consistent with background, it could indicate new physics; if the

data are consistent with background, limits can be placed on BSM theories.

This thesis is organized as follows: Chapter 2 introduces the theoretical back-

ground for this study; that is, it describes the SM, the problems with the SM, and
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some theories beyond the SM. Chapter 3 describes the experimental apparatus: the

LHC and the CMS detector. Chapter 4 provides an introduction to long-lived exotic

particles: why we should search for them, the theories beyond the SM that predict

them, their detector signature, and previous searches for long-lived particles at collid-

ers. Chapter 5 describes the main analysis, which is the search for delayed muons at

CMS, and includes the preparations done for this analysis for Run 2. Chapter 6 sum-

marizes this analysis. Appendix A describes another search for long-lived particles,

which was conducted at D0 at the Fermilab Tevatron Collider.
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Chapter 2

THE STANDARD MODEL AND

BEYOND

The Standard Model (SM) of particle physics is a precise theory of elementary par-

ticles and their interactions, but it is incomplete for many reasons. For instance,

the SM fails to incorporate one of the fundamental forces, gravity. This chapter will

�rst describe the SM in detail, then explain the many reasons why the theory is

incomplete, and lastly introduce some theoretical models beyond the SM.

2.1 The Standard Model (SM)

The SM of particle physics is a theory of the elementary particles and three forces

that govern their interactions: electromagnetism and the strong and weak forces

(see Fig. 2.1) [1�5]. The SM, which is de�ned by a local SU(3)CÖSU(2)LÖU(1)Y

symmetry, is generally considered to be a highly successful theory, as it has precisely

predicted the properties of many particles that have been experimentally discovered.

One of the �rst breakthroughs that led to the SM was the uni�cation of the

electromagnetic and weak forces by Sheldon Glashow in 1960, resulting in the so-

called electroweak theory. The Higgs Mechanism was proposed in the early 1960's
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Figure 2.1: The standard model fundamental particles.

by Robert Brout and Francois Englert, independently by Peter Higgs, and by Gerald

Guralnik, C. R. Hagen, and Tom Kibble in order to generate the masses of the gauge

bosons and the fermions in the SM. The Higgs Mechanism was then incorporated

into the electroweak theory in 1967 by Steven Weinberg and Abdus Salam. The full

electroweak theory and Quantum Chromodynamics (QCD), which is the theory of

the strong force, make up the SM as it is known today.

2.1.1 The Particle Content of the SM

There are two main classes of particles in the SM: fermions and bosons. Fermions,

such as protons, neutrons, and electrons, are the particles that make up matter, while

bosons are basically the force carriers. Fermions have spins of 1
2
, and bosons have

spins of 0, 1, and 2. Fermions are further classi�ed into leptons and quarks ; bosons

may be the gauge bosons or the Higgs boson.

There are also composite particles in the SM called hadrons, which are made up

of quarks. There are two types of hadrons observed in nature: baryons, which are
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fermionic hadrons, and mesons, which are bosonic hadrons.

2.1.1.1 Fermions

Fermions are the SM particles that form matter. They have half-integer spin and

obey Fermi-Dirac statistics. Each fermion has an antiparticle, which has the same

spin and mass but opposite electric charge. Fermions are organized into three known,

successive generations. The mass of the fermions increases with each generation, but

the particles in all three generations share the same quantum numbers. Fermions

come in two types: leptons and quarks.

Leptons The mass eigenstates of the leptons are shown in blue in Fig. 2.1. The

three leptons with charge -1, given in units of the proton charge, are the electron

(e−), the muon (µ−), and the tau (τ−). They have corresponding antiparticles with

charge +1, denoted e+ (called the positron), µ+, and τ+. These particles interact

electromagnetically, since they are charged, as well as via the weak force. Each

of these three leptons has a corresponding neutrino and antineutrino: the electron

neutrino (ν−e ), the muon neutrino (ν−µ ), and the tau neutrino (ν−τ ). All the neutrinos

are electrically neutral and have been measured to have very small but nonzero masses.

Since the neutrinos are neutral, they interact only via the weak force, which made

them di�cult to discover. The electron, electron neutrino, and their antiparticles are

in the �rst generation; the muon, muon neutrino, and their antiparticles are in the

second generation; and the tau, tau neutrino, and their antiparticles are in the third

generation, for a total of 12 leptons.

Quarks The mass eigenstates of the quarks are shown in green in Fig. 2.1. Quarks

carry fractional charge. The up (u), charm (c), and top (t) quarks have charge 2/3,

while the down (d), strange (s), and bottom (b) quarks have charge -1/3. These

six quarks give the six di�erent �avors of quarks. Each quark also has a weak hy-
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percharge, denoted Y , and a weak isospin, denoted I. Thus, quarks interact elec-

tromagnetically and via the weak force. The antiparticles of the quarks are (ū, d̄),

(c̄, s̄), and (t̄, b̄). The up quark, the down quark, and their antiparticles are in the

�rst generation; the charm quark, the stange quark, and their antiparticles are in the

second generation; and the top quark, the bottom quark, and their antiparticles are

in the third generation.

Quarks also interact via the strong force because, in addition to electric charge,

they carry color or color charge. There are three kinds of color: red, green, and

blue. Quarks are bound by con�nement, which results in quarks only being found

in color-neutral composite particles called hadrons. The process by which quarks

form hadrons is called hadronization. There are two forms of hadrons: baryons and

mesons. Baryons are of the form qqq and anti-baryons are of the form q̄q̄q̄, where

each quark in the baryon or anti-baryon has a di�erent color. Mesons are of the

form qq̄, where the q will be, for example, blue, and the q̄ will be anti-blue. Baryons

are fermionic hadrons because they carry half-integer spin, while mesons are bosonic

hadrons because they carry integer spin. Commonly known baryons are the proton

(p), which has quark content uud and charge +1, and the neutron (n), which has

quark content udd and charge 0. A commonly known meson is the pion (π+), which

has quark content ud̄ and charge +1. As there are six �avors of quarks, every quark

has an antiquark, and there are three colors, there are a total of 36 di�erent quarks.

Hadronization and con�nement are further described in Section 2.1.6.

2.1.1.2 Bosons

In addition to fermions, there are also bosons in the SM. Bosons obey Bose-Einstein

statistics and have integer spin. The mass eigenstates of the bosons are shown in red

in Fig. 2.1.
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Gauge Bosons The fermions interact with each other by exchanging gauge bosons,

which are the force mediators. All of the gauge bosons have spin 1, and each gauge

boson mediates a di�erent fundamental force.

The photon (γ) mediates the electromagnetic force among charged particles. The

photon is massless and has no electric charge. See Section 2.1.3 for a description of

Quantum Electrodynamics (QED), the quantum theory of electromagnetism.

The W± and Z bosons mediate the weak force among quarks and leptons. The W±

bosons have charge±1 and a mass of 80.4 GeV, while the Z boson is electrically neutral

and has a mass of 91.2 GeV. See Section 2.1.5 for a description of the electroweak

force, the quantum theory of electromagnetism and the weak force.

The gluon (g) mediates the strong force among color charged particles, which

are quarks and other gluons. The gluon is massless, electrically neutral, and carry

a color-anticolor charge. There are eight gluons because there are eight interacting

linear combinations of red, blue and green. See Section 2.1.6 for a description of

Quantum Chromodynamics (QCD), the quantum theory of the strong force.

Higgs Boson The Higgs boson, �nally observed at the LHC in 2012, was the last

SM particle to be discovered [6�9]. Theory states that the Higgs boson has spin

zero, making it a scalar boson, and the measurements of the observed particle are

consistent with that of a spin zero particle. The Higgs boson plays a key role in

explaining the origins of the mass of the other elementary particles. See Section 2.1.8

for more on the Higgs boson and the Higgs Mechanism, by which particles acquire

mass.

In summary, there are 12 leptons, 36 quarks, 12 gauge bosons, and 1 Higgs boson

in the SM.
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2.1.1.3 Mass and Gauge Eigenstates

It should be noted that all of the particles discussed above are the mass eigenstates,

which are the states with de�nite mass, and therefore the ones that are observed.

However, in the theory, we often deal with the gauge eigenstates, which are the states

that have de�nite interactions with the gauge bosons in the Lagrangian. Indeed, we

will refer to the gauge eigenstates later in this chapter, when each of the pieces of

the SM are discussed in more detail. The gauge eigenstates mix to form the mass

eigenstates. The gauge eigenstates are right- and left-handed quarks and leptons. For

example, the electron e− we are familiar with is the mass eigenstate formed from the

linear combination of eL and eR, which are gauge eigenstates. The U(1)Y gauge boson

is known as the B boson and the SU(2)L gauge bosons are the W+, W−, and the W0.

After spontaneous symmetry breaking, the B and W0 mix to form the photon and Z

boson. The gauge eigenstates and their associated �elds are described in Tables 2.1

- 2.3.

Table 2.1: The SM fermions and their �elds. Right-handed (RH) and left-handed
(LH) �elds.

Particles Field

LH leptons LL
LH quarks QL

RH leptons LR
RH up-type quarks UR

RH down-type quarks DR

Table 2.2: The SM gauge �elds.

Gauge Group Field

U(1)Y Bµ

SU(2)L W i
µ

SU(3)C Gµ
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Table 2.3: The SM scalar �eld for the Higgs boson.

Description Field

Complex scalar doublet φ

2.1.2 The Fundamental Forces

There are four fundamental forces that govern all of the interactions we observe in

nature: electromagnetism, the weak force, the strong force, and gravity. The �rst

three forces are incorporated into the SM, but gravity is not explained in the SM,

which is a major hole in the theory.

Electromagnetism describes the interaction among charged and magnetized ob-

jects. The quantum mechanical version of electromagnetism is Quantum Electrody-

namics (QED).

The weak force governs radioactive decay and describes the interaction among

particles with �avor. The full quantum version is described by the uni�ed electroweak

theory.

The strong force is responsible for binding quarks and gluons into hadrons and for

binding hadrons together. The strong force is what keeps protons and neutrons bound

together in the nucleus of the atom and is responsible for nuclear fusion. The strong

force acts on particles with color, and it is the strongest of the four fundamental

forces. The full quantum mechanical version of the strong force is described by

Quantum Chromodynamics (QCD).

The most complete theory of gravity we have today is Einstein's theory of General

Relativity (GR). GR states that spacetime is curved in the presence of mass. Gravity

is the weakest of the fundamental forces. We currently have no accepted quantum

theory of gravity.

See Fig. 2.2 for a summary of the particles (mass eigenstates) and interactions of

the SM. Figure 2.3 shows the allowed interactions of the SM in the form of vertices
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of Feynman diagrams.

We will now describe the fundamental forces in more detail and explain their

Lagrangians in the context of the SM. We will �rst introduce QED, weak interactions,

electroweak uni�cation, and QCD without including the Higgs mechanism, and then

we will describe the Higgs mechanism and how that e�ects the di�erent SM sectors.

2.1.3 Quantum Electrodynamics (QED)

QED is the relativistic quantum �eld theory of electromagnetism. It describes the

interaction of charged particles, mediated by the photon. The gauge invariant U(1)

QED Lagrangian is:

LQED = ψ̄(iγµDµ −m)ψ − 1

4
FµνF

µν (2.1)

where ψ is a fermion �eld with mass m and ψ̄ = ψ†γ0. Dµ is the covariant derivative,

which is de�ned as Dµ ≡ ∂µ − ieAµ for QED. Fµν is the electromagnetic �eld tensor,

given by Fµν = ∂µAν − ∂νAµ. Aµ is the electromagnetic gauge �eld of the photon.

The �rst term in the QED Lagrangian is the Dirac Lagrangian with an additional

U(1) symmetry, and the second term is the gauge invariant kinematic term for the

photon. The photon is required to be massless to preserve the invariance over local

gauge transformations, and of course, we observe a massless photon in nature.

If we expand the covariant derivative, we �nd:

LQED = ψ̄(iγµ∂µ −m)ψ − 1

4
FµνF

µν − JµAµ

= LDirac + LEM (2.2)

where LDirac is the Dirac Lagrangian, which describes the �eld of fermions, where

LEM is the Lagrangian of classical electrodynamics, and where we have identi�ed the
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Figure 2.3: The interactions of the SM. Feynman diagrams are built from these
vertices. Modi�cations involving Higgs boson interactions and neutrino oscillations
are omitted. The conjugate of each listed vertex (i.e. reversing the direction of the
arrows) is also allowed.

Noether current associated with the U(1) symmetry of the �eld Aµ as:

Jµ = ieψ̄γµψ (2.3)

Thus, electromagnetism arises from imposing a local U(1) symmetry on the Dirac

Lagrangian.

QED involves the interaction of charged particles by exchange of a virtual photon.

The basic QED vertex is the top middle vertex in Fig. 2.3, involving a photon and

two charged particles. Each QED vertex is characterized by the coupling constant

ge =
√

4παe. αe is the �ne structure constant, given by αe = e2/4π = 1/137, when
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charge is measured in Heaviside-Lorentz units and setting ~ = c = 1 1.

The basic processes in QED, such as Compton scattering (γ + e− → γ + e−), pair

production (γ + γ → e+ + e−), and pair annihilation (e+ + e− → γ + γ) are shown in

Fig. 2.4. See Section 3.2.1 for more about QED processes in matter.

Figure 2.4: Feynman diagrams of the basic QED processes [2].

There are more complicated QED processes as well, but since the �ne structure

constant is small, every diagram with more and more vertices contributes less and

less to the full physical processes. Thus, to a given degree of accuracy, the more

complicated diagrams can be ignored.

An important feature of QED is that it is renormalizable. A number of Feynman

diagrams in QED, namely, those involving closed loops, can give integrals that are

divergent. A technique called renormalization, which absorbs the in�nities into �renor-

malized� masses and coupling constants, was developed. Renormalization results in

1Throughout this thesis, we will use natural units where ~ = c = kB = 1 for simplicity and
because it is an often-adopted convention in particle physics.
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a coupling constant that re�ects what is actually measured in nature. Furthermore,

the coupling constant will now depend on the momentum transferred in the collision

and distance between the particles in the collision. This is the so-called �running� of

the coupling constants, and it is further described in Section 2.1.9.

2.1.4 Weak Interactions

The weak force describes the interaction of particles with �avor. There are neutral

weak interactions, mediated by the Z boson, and charged weak interactions, mediated

by the W bosons.

The fundamental vertex for neutral weak interactions is the top left vertex in

Fig. 2.3, involving a Z boson and two fermions. The Z boson mediates processes such

as neutrino-electron scattering (νµ + e− → νµ + e−).

The charged weak interactions are shown in the two left-most diagrams in the

second row in Fig. 2.3. They involve a W boson and either leptons or quarks. It is

only the charged weak interactions that produce a change in �avor; a lepton converts

into a neutrino (or vise-verse) or an up-type quark converts into a down-type quark

(or vise-verse). Muon decay (µ→ e+ νµ + ν̄e), neutron decay (n→ p+ e+ ν̄e), and

pion decay (π− → l− + ν̄l) are all examples of charged weak interactions.

The W and Z bosons also can couple to themselves, each other, or the W can

couple to the photon (see the two left-most diagrams in the bottom row in Fig. 2.3).

The weak coupling constant is gw =
√

4παw, where αw = 1/29.

2.1.5 Electroweak Uni�cation

At su�ciently high energies, the electromagnetic and weak forces are uni�ed into one

force called the electroweak force. The gauge invariant SU(2)LÖU(1)Y electroweak

Lagrangian is:
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LEW = −1

4
W a
µνW

µν
a −

1

4
BµνB

µν + L̄iiDµγ
µLi + ēRiiDµγ

µeRi

+Q̄iiDµγ
µQi + ūRiiDµγ

µuRi + d̄RiiDµγ
µdRi (2.4)

The �rst two terms are kinematic terms for the generators of the SU(2)L and U(1)Y

groups, respectively. The rest are the kinematic terms for the fermions, where Dµ is

the covariant derivative, which is de�ned as Dµ ≡ ∂µ− igs τa2 G
a
µ− ig2

τa
2
W a
µ − ig1

Yq
2
Bµ.

However, for the weak singlet, the covariant derivative does not have the −ig2
τa
2
W a
µ

term.

All the particles in the electroweak theory are massless, as shown above; mass

terms for the fermions and gauge bosons are forbidden by the gauge symmetry. The

symmetry must be broken in order to obtain masses for the particles in the the-

ory. Thus, electroweak symmetry breaking (EWSB) and the Higgs mechanism are

required. This will be discussed in Section 2.1.8.4.

2.1.6 Quantum Chromodynamics (QCD)

QCD is the quantum theory of the strong interaction, governing the interactions

between quarks and gluons. The gauge invariant SU(3)C Lagrangian is analogous to

the Lagrangian for QED and is given by:

LQCD = ψ̄(iγµDµ −m)ψ − 1

4
GµνG

µν (2.5)

where ψ is a quark �eld with mass m and Dµ is the covariant derivative for QCD.

Gµν is the gluon �eld tensor, given by Gµν = ∂µA
a
ν − ∂νA

a
µ + gfabcA

b
µA

c
ν . A

a
µ is the

gauge �eld of the gluon.

The basic QCD vertices are in the right-most column of Fig. 2.3. They involve

a gluon and two quarks, three gluons, or four gluons. As previously mentioned in
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Section 2.1.1, quarks and gluons carry color; quarks can be blue, red, or green, and

gluons have a color-anticolor charge. Thus, a quark can change color as it undergoes

the �rst vertex. The diagrams with three or four gluons exist because the gluons

themselves carry color.

Quarks and gluons are never observed as free particles; they obey the law of

con�nement. Only singlets of SU(3)C are physically observable.

Each QCD vertex is characterized by the coupling constant gs =
√

4παs. αs has

been experimentally determined to be large, which in principle would mean that more

complicated diagrams would contribute more to the overall processes. However, the

coupling constant is also highly dependent on the distance between the particles and

is not constant at all. The coupling strength increases as the distance between the

partons increases. As partons are pulled apart from each other, the potential energy

increases, and eventually there is enough energy to spontaneously create new hadrons

from the vacuum by drawing quarks from the quark sea. This process is known as

hadronization. Conversely, at very short distances, that is, less than the size of a

proton, the QCD coupling constant is very small. Thus, within a hadron, the partons

interact very little; this phenomenon is called �asymptotic freedom.�

2.1.7 The SM before the Higgs Mechanism

Before the Higgs Mechanism was introduced, the SM Lagrangian stood as follows:

LSM = −1

4
Ga
µνG

µν
a −

1

4
W a
µνW

µν
a −

1

4
BµνB

µν + L̄iiDµγ
µLi + ēRiiDµγ

µeRi

+Q̄iiDµγ
µQi + ūRiiDµγ

µuRi + d̄RiiDµγ
µdRi (2.6)

where Ga
µν , W

a
µν , and Bµν correspond to the generators of the SU(3)C , SU(2)L, and

U(1)Y groups, respectively [2, 10]. More speci�cally, these three terms are the gluon,
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W boson, and B boson. Li and Qi are the left-handed lepton and quark doublets,

while eRi, uRi, and dRi are the right-handed lepton and quark singlets (electron,

muon, and tau leptons; up, charm, and top quarks; down, strange, and bottom

quarks). Finally, Dµ is the covariant derivative, which is de�ned as Dµ ≡ ∂µ −

igs
τa
2
Ga
µ− ig2

τa
2
W a
µ − ig1

Yq
2
Bµ for the quarks. In this expression, gs,1,2 are the coupling

constants of the SU(3)C , SU(2)L, and U(1)Y groups, respectively, τa are the 2 × 2

Pauli matrices, and Yq is the hypercharge.

This Lagrangian is invariant under local SU(3)CÖSU(2)LÖU(1)Y gauge trans-

formations. A local gauge transformation is a transformation of the form ψ(x) →

ψ′(x) = eiα(x)ψ(x). As one can see, a transformation of this type is a change in phase

that is generally di�erent at each point in space. LSM can be shown to be invariant

under local gauge transformations in the electroweak sector (i.e. SU(2)LÖU(1)Y ), for

example, by making the following transformations:

L(x) → L′(x) = eiαa(x)Ta+iβ(x)YL(x)

R(x) → R′(x) = eiβ(x)YR(x)

−→
Wµ(x) →

−→
Wµ
′(x) =

−→
Wµ(x)− 1

g2

∂µ
−→α (x)−−→α (x)×

−→
Wµ(x)

Bµ(x) → B′µ(x) = Bµ(x)− 1

g1

∂µβ(x) (2.7)

The problem with the SM Lagrangian occurs when one tries to introduce mass

terms for the fermions and gauge bosons. If mass terms are explicitly introduced, the

local gauge invariance is violated:

1

2
m2AµA

µ → 1

2
m2(Aµ +

1

e
∂µα)(Aµ +

1

e
∂µα) 6= 1

2
m2AµA

µ (2.8)

where we have introduced the transformation Aµ → Aµ + 1
e
∂µα to make the electro-
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magnetic �elds invariant. The Higgs Mechanism of spontaneous symmetry breaking

was introduced to resolve this di�culty by providing a way to generate the fermion

and gauge boson masses without violating local SU(2)LÖU(1)Y invariance.

2.1.8 Spontaneous Symmetry Breaking

We will �rst discuss the simplest case of spontaneous symmetry breaking, that is,

a discrete spontaneous symmetry breaking. We will then gradually examine more

complex examples until we can discuss the Higgs Mechanism in the SM.

2.1.8.1 Discrete Spontaneous Symmetry Breaking

Consider a simple Klein-Gordon Lagrangian of a massless scalar (spin-0) �eld in a

potential:

L =
1

2
(∂µφ)(∂µφ)− V (φ) (2.9)

where V (φ) = −1
2
µ2φ2 + 1

4
λ2φ4, φ is a simple scalar �eld, and µ and λ are real

constants. This Lagrangian is invariant under the re�ection symmetry φ → −φ

because there are no cubic terms. Note that the �rst term in the potential is not the

mass term, since the sign would be wrong.

The minimum of the potential can easily be shown to be at φ = ±µ
λ
(see Fig. 2.5).

This minimum is called the vacuum expectation value of the scalar �eld φ.

One should consider Feynman calculus as a perturbation procedure and discuss

�uctuations around the ground state. In this case, since the ground state is not at

0, we should introduce a new variable η de�ned by η ≡ φ ± µ
λ
. In terms of η, the

Lagrangian is now:

L =
1

2
(∂µη)(∂µη)− µ2η2 ± µλη3 − 1

4
λ2η4 +

1

4

(
µ2

λ

)2

(2.10)
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Figure 2.5: Graph of V (φ) for the Lagrangian in equation (2.9) [2].

The second term is now the mass term, and so one can see that the mass associated

with η is mη =
√

2µ. The third and fourth terms represent cubic and quartic cou-

plings, respectively, while the last term is simply a constant. When one writes the

Lagrangian in this way, the re�exive symmetry from before is now broken, due to the

presence of the cubic term. This is the simplest example of spontaneous symmetry

breaking. We refer to the symmetry breaking as �spontaneous� because there is no

external agent to cause it and as �discrete� because there are only two ground states.

2.1.8.2 Continuous Spontaneous Symmetry Breaking

The example above can be easily extended to a continuous spontaneous symmetry

breaking. Consider a Lagrangian that is very similar to equation 2.11, except now

with two scalar �elds:

L =
1

2
(∂µφ1)(∂µφ1) +

1

2
(∂µφ2)(∂µφ2) +

1

2
µ2(φ2

1 + φ2
2)− 1

4
λ2(φ2

1 + φ2
2)2 (2.11)

This Lagrangian is invariant under rotations in φ1, φ2 space.

Figure 2.6 shows the graph of V (φ1, φ2). The minima of the potential now lie on

a circle of radius µ
λ
:
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φ2
1min

+ φ2
2min

=
µ2

λ2
(2.12)

Figure 2.6: Graph of V (φ1, φ2) for the Lagrangian in equation 2.11 [2].

We must choose a particular ground state, that is, a particular vacuum expectation

value, for example:

φ1min
=

µ

λ
(2.13)

φ2min
= 0 (2.14)

We will then introduce new variables, which are �uctuations about the ground state

we have chosen, as we did before:

η1 ≡ φ1 −
µ

λ
(2.15)

η2 ≡ φ2 (2.16)

Substituting these new variables into the original Lagrangian gives:
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L =
1

2

(
∂µ

[
η1 +

µ

λ

])(
∂µ
[
η1 +

µ

λ

])
+

1

2
(∂µη2) (∂µη2)

+
1

2
µ2

([
η1 +

µ

λ

]2

+ η2
2

)
− 1

4
λ2

([
η1 +

µ

λ

]2

+ η2
2

)2

=
1

2
(∂µη1) (∂µη1) +

1

2
(∂µη2) (∂µη2)

+
1

2
µ2

(
η2

1 + 2
µ

λ
η1 +

µ2

λ2
+ η2

2

)
− 1

4
λ2

(
η2

1 + 2
µ

λ
η1 +

µ2

λ2
+ η2

2

)2

(2.17)

The last term above becomes:

− 1

4
λ2

(
η4

1 + 4
µ

λ
η3

1 + 6
µ2

λ2
η2

1 + 4
µ3

λ3
η1 + η4

2 + 2
µ2

λ2
η2

2 + 2η2
1η

2
2 + 4

µ

λ
η1η

2
2 +

µ4

λ4

)
(2.18)

And so the �nal Lagrangian is:

L =

[
1

2
(∂µη1) (∂µη1)− µ2η2

1

]
+

[
1

2
(∂µη2) (∂µη2)

]
−
[
µλ
(
η3

1 + η1η
2
2

)
+

1

4
λ2
(
η4

1 + η4
2 + 2η2

1η
2
2

)]
+

1

4

(
µ2

λ

)2

(2.19)

The �rst two terms above are free Klein-Gordon Lagrangians for the �elds η1 and

η2 with masses mη1 =
√

2µ and mη2 = 0, the third term de�nes the couplings, and the

last term is a constant. The second term with a zero mass points to the reason we have

included this example, namely, to demonstrate Goldstone's Theorem. Goldstone's

Theorem states that for every spontaneously broken continuous symmetry, a massless

scalar (spin-0) particle, called the Goldstone boson, appears. The Goldstone boson is,

of course, not a real particle that exists in nature, but rather a mathematical entity

that must be overcome in order to eventually generate gauge bosons with mass.

22



2.1.8.3 The Higgs Mechanism in an Abelian Theory

We will now move to continuous spontaneous symmetry breaking in a local gauge

invariant �eld. If we combine the two �elds φ1 and φ2 into a complex �eld φ ≡

φ1 + iφ2, introduce a massless vector (spin-1) �eld A
µ, and replace the derivatives by

the covariant derivative Dµ ≡ ∂µ + ieAµ, then our Lagrangian will be:

L = −1

4
F µνFµν +

1

2
(Dµφ∗)(Dµφ) +

1

2
µ2(φ∗φ)− 1

4
λ2(φ∗φ)2 (2.20)

This Lagrangian is invariant under local U(1) transformations of the form φ(x) →

eiα(x)φ(x) and Aµ(x)→ Aµ(x)− 1
e
∂µα(x).

Since the potential is the same as in the previous section, it will have the same

vacuum expectation value. We will need to introduce the same �elds as before (see

equations (2.15) and (2.16)) for the particular ground state. Substituting these �elds

into the Lagrangian in equation (2.20) will give:

L =

[
−1

4
F µνFµν +

1

2

(
e
µ

λ

)2

AµA
µ

]
+

[
1

2
(∂µη1) (∂µη1)− µ2η2

1

]
+

[
1

2
(∂µη2) (∂µη2)

]
+e [η1(∂µη2)− η2(∂µη1)]Aµ + e2µ

λ
η1AµA

µ +
1

2
e2(η2

1 + η2
2)AµA

µ

−µλ
(
η3

1 + η1η
2
2

)
− 1

4
λ2
(
η4

1 + η4
2 + 2η2

1η
2
2

)
+e

µ

λ
(∂µη2)Aµ +

1

4

(
µ2

λ

)2

(2.21)

The �rst line in the Lagrangian is for the scalar particle η1 with mass
√

2µ, the

Goldstone boson η2, and now we have the free gauge �eld Aµ with a mass 2
√
πeµ

λ
.

In e�ect, we have given a mass to the photon! The second and third line of the

Lagrangian describes the couplings of η1, η2, and Aµ, and the second term in the

fourth line is the constant. However, the �rst term in the last line, eµ
λ
(∂µη2)Aµ,

implies a vertex in which the Goldstone boson turns into a photon, which suggests
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that we have incorrectly identi�ed the particles in the theory.

So to summarize our issues, we have:

1. A Goldstone boson

2. A massive photon

3. A Goldstone boson becoming a photon

For the second issue, the massive photon will become the massive gauge bosons in the

next section. However, we can deal with the �rst and third issues now by exploiting

the local gauge invariance of the Lagrangian to transform η2 away entirely. We can

choose a particular gauge, called the unitary gauge, such that when the �eld from

equation (2.20) transforms (i.e. φ → φ′ = eiαφ), φ′ will be real. φ′ will be real if

we choose α = − tan−1
(
φ2
φ1

)
. Thus, η2 will now be 0. In this unitary gauge, the

Lagrangian will now be:

L =

[
−1

4
F µνFµν +

1

2

(
e
µ

λ

)2

AµA
µ

]
+

[
1

2
(∂µη1) (∂µη1)− µ2η2

1

]
+

{
e2µ

λ
η1AµA

µ +
1

2
e2η2

1AµA
µ − µλη3

1 −
1

4
λ2η4

1

}
+

1

4

(
µ2

λ

)2

(2.22)

In essence, the photon, with two degrees of freedom, has absorbed the Goldstone

boson and become massive, e�ectively taking on three degrees of freedom. Also, the

o�ensive term in the previous Lagrangian no longer exists. The U(1) gauge symmetry

has been spontaneously broken, and this is what is called the Higgs Mechanism.

2.1.8.4 The Higgs Mechanism in the the Electroweak Sector of the SM

Since the Higgs Mechanism will not a�ect QCD, we can just apply it to the electroweak

sector of the SM, which is, of course, locally gauge invariant. Our goals in what follows
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will be to:

1. Keep the photon massless

2. Keep Quantum Electrodynamics (QED) as an exact symmetry

3. Generate masses for the three gauge bosons, the fermions, and the Higgs boson

4. Generate the Higgs boson couplings to the gauge bosons and the fermions

We will �rst generate the gauge boson masses, then include the fermions, and then

deal with the Higgs boson itself and its couplings.

Generation of the Gauge Boson Masses The simplest choice for the Higgs

�eld will be a complex SU(2) doublet of scalar �elds with a hypercharge (Y ) of 1:

Φ =

 φ+

φ0

 =
1√
2

 φ1 + iφ2

φ3 + iφ4

 (2.23)

To the electroweak Lagrangian, which is the SM Lagrangian without the strong in-

teraction part:

LEW = −1

4
W a
µνW

µν
a −

1

4
BµνB

µν + L̄iiDµγ
µLi + ēRiiDµγ

µeRi

+Q̄iiDµγ
µQi + ūRiiDµγ

µuRi + d̄RiiDµγ
µdRi (2.24)

we need to add the Lagrangian for the scalar �eld:

LS = (DµΦ)+(DµΦ) +
1

2
µ2(Φ+Φ)− 1

4
λ2(Φ+Φ)2 (2.25)

where in this case, Dµ ≡ ∂µ − ig2
τa
2
W a
µ − ig1

1
2
Bµ. g1 is the strength of the B boson

coupling to the weak hypercharge Y , g2 is the strength of the W boson coupling to

the left-handed weak isospin doublets, and τa are the 2 × 2 Pauli matrices.
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If we preserve the symmetry of U(1)QED, then the vacuum expectation value will

have φ+ = 0 such that:

Φmin =
1√
2

 0

µ/λ

 (2.26)

We will then introduce new �elds η1,2,3,4:

Φη =
1√
2

 η1 + iη2(
η3 + µ

λ

)
+ iη4

 (2.27)

Then, we will again chose the unitary gauge so that Φη → eiα(x)Φη = R . In other

words, η2 = η4 = 0 and

Φη →
1√
2

 0

η3 + µ
λ

 (2.28)

With this choice, we will focus on the expansion of the |DµΦ|2 term in the Lagrangian:
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|DµΦ|2 =

∣∣∣∣∣∣∣
(
∂µ − ig2

τa
2
W a
µ − ig1

1

2
Bµ

)
1√
2

 0

η3 + µ
λ


∣∣∣∣∣∣∣
2

=
1

2

∣∣∣∣∣∣∣
 ∂µ − i

2
(g2W

3
µ + g1Bµ) − ig2

2
(W 1

µ − iW 2
µ)

− ig2
2

(W 1
µ + iW 2

µ) ∂µ + i
2
(g2W

3
µ − g1Bµ)


 0

η3 + µ
λ


∣∣∣∣∣∣∣
2

=
1

2

∣∣∣∣∣∣∣
− ig2

2
(W 1

µ − iW 2
µ)
(
η3 + µ

λ

)
(
∂µ + i

2
(g2W

3
µ − g1Bµ)

) (
η3 + µ

λ

)
∣∣∣∣∣∣∣
2

=
1

2

(
∂µ

(
η3 +

µ

λ

))2

+
1

8
g2

2

(
η3 +

µ

λ

)2 ∣∣W 1
µ − iW 2

µ

∣∣2
−1

8

(
η3 +

µ

λ

)2 ∣∣g2W
3
µ − g1Bµ

∣∣2 +
i

2

(
η3 +

µ

λ

)2

∂µ
∣∣g2W

3
µ − g1Bµ

∣∣2
=

1

2
(∂µη3)2 +

1

8
g2

2

(
η3 +

µ

λ

)2 ∣∣W 1
µ − iW 2

µ

∣∣2
−1

8

(
η3 +

µ

λ

)2 ∣∣g2W
3
µ − g1Bµ

∣∣2 (2.29)

The mass eigenstates will be de�ned as:

W± ≡ 1√
2

(W 1
µ ∓ iW 2

µ) (2.30)

Zµ ≡
1√

g2
2 + g2

1

(g2W
3
µ − g1Bµ) (2.31)

Aµ ≡
1√

g2
2 + g2

1

(g2W
3
µ + g1Bµ) (2.32)

And then the mass terms, M2
WW

+
µ W

−µ, 1
2
M2

ZZµZ
µ, and 1

2
M2

AAµA
µ, show that the

masses are:
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MW =
g2

2

µ

λ
(2.33)

MZ =

√
g2

2 + g2
1

2

µ

λ
(2.34)

MA = 0 (2.35)

Thus, we have generated the masses of the three gauge bosons, kept the photon

massless, and kept the symmetry of QED unbroken.

Generation of the Fermion Masses We can generate the fermion masses by

assuming a Higgs �eld Φ with Y = 1 as before, plus the isodoublet Φ̃ = iτ2Φ∗, which

has Y = −1 . The Lagrangian will become LEW + LS + LF , where the �rst two

terms are de�ned in equations (2.4) and (2.25) and the last term is:

LF = −λeL̄ΦeR − λdQ̄ΦdR − λuQ̄Φ̃uR + h.c. (2.36)

LF is invariant under rotations in SU(2)LÖU(1)Y .

We will then repeat the same procedure as above, eventually getting the fermion

masses:

me,u,d =
λe,u,d√

2

µ

λ
(2.37)

One thing to note is that for quarks, the physical states are obtained by diagonal-

izing the up and down quark mass matrices by four unitary matrices. The charged

weak interactions couple to the physical up and down-type quarks with couplings

given by the Cabibbo-Kobayakshi-Maskawa (CKM) matrix:
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VCKM =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 (2.38)

The CKM matrix can be parametrized by the three mixing angles and a CP-

violating phase:

VCKM =


c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

 (2.39)

where sij = sin θij, cij = cos θij, and δ is the phase responsible for all CP-violating

phenomena in �avor changing processes in the SM.

Generation of the Higgs Boson and its Couplings to the Gauge Bosons and

Fermions All that remains is to deal with the Higgs boson itself. In Equation 2.29,

we found the kinetic part of the Higgs �eld, 1
2

(∂µη3)2, which came from the |DµΦ|2

term. The mass and self-interaction parts will come from the potential V (Φ) =

−1
2
µ2Φ+Φ + 1

4
λ2(Φ+Φ)2, so that the Higgs Lagrangian is:

LH =
1

2
(∂µη3)2 +

1

2
µ2

(
0 η3 + µ

λ

) 0

η3 + µ
λ

− 1

4
λ2

∣∣∣∣∣∣∣
(

0 η3 + µ
λ

) 0

η3 + µ
λ


∣∣∣∣∣∣∣
2

=
1

2
(∂µη3)2 +

1

2
µ2
(
η3 +

µ

λ

)2

− 1

4
λ2
(
η3 +

µ

λ

)4

=

[
1

2
(∂µη3)2 − µ2η2

3

]
− µλη3

3 −
1

4
λ2η4

3 +
1

4

(
µ2

λ

)2

(2.40)

Clearly, the mass of the Higgs boson is mη3 =
√

2µ, and it has cubic and quartic
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self-interactions. To get the couplings of the Higgs boson to the gauge bosons and

fermions, we notice that the Lagrangians for the gauge bosons and fermions are such

that:

LMGB
∼ M2

GB

(
1 +

λ

µ
η3

)2

(2.41)

LMf
∼ Mf

(
1 +

λ

µ
η3

)
(2.42)

Then the couplings can be found:

gH,f,f = i
λ

µ
Mf (2.43)

gH,GB,GB = −2i
λ

µ
M2

GB (2.44)

gH,H,GB,GB = −2i

(
λ

µ

)2

M2
GB (2.45)

Figure 2.7 shows the Higgs boson self-interactions and couplings to the gauge

bosons and fermions in terms of the vacuum expectation value v ≡ µ
λ
and the Fermi

constant Gµ. In the notation of the �gure, Vµ corresponds to a gauge boson.

The Electroweak Lagrangian In summary, the full gauge invariant electroweak

Lagrangian is:

LfullEW = LEW + LS (2.46)

where LEW is given by Equation 2.24 and LS is given by Equation 2.25.
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Figure 2.7: The Higgs boson self-interactions and couplings to the gauge bosons and
fermions [10].

2.1.9 Measurements of the SM

The SM has been proven to be extremely accurate. It predicted particles such as the

W and Z boson before they were observed. Fig. 2.8 shows a recent global �t of the SM,

which displays the high agreement between theoretical predictions and experimental

values.

There are 19 free parameters in the SM:

� The masses of the electron, muon, tau, and six quarks

� The four CKM angles

� The QCD vacuum angle

� The vacuum expectation value

� The Higgs mass

31



Figure 2.8: Di�erences between the SM prediction and the measured parameter, in
units of the uncertainty for the �t including MH (color) and without MH (gray) [11].

� The three gauge couplings

The coupling constants ge, gs, and gw are actually not constant as a function of the

energy or distance scale because of the contributions from virtual particles in higher

order diagrams (see Fig. 2.9, left). That is, the strength of the force depends on how

far away the particles in question are from one another; the coupling constants are said

to �run� with the energy scale. The left side of Fig. 2.9 describes measurements that

have been made in the accessible energy ranges, and then extrapolations to higher

energies. As you can see, the coupling constants almost intersect at around 1016 GeV.

For some Grand Uni�ed Theories (GUT) beyond the SM, the three lines actually

intersect at a point because the particle content is di�erent (see the right-hand side

of Fig. 2.9). This describes the main idea behind GUTs: there is some energy scale

where all the fundamental forces are uni�ed into one. See more about GUTs and
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beyond the SM in general in Section 2.3.

Figure 2.9: The inverse of the three coupling constants as a function of energy scale
in the SM (left) and in the supersymmetric extension of the SM (MSSM) (right). In
this �gure, α1 = ge, α2 = gw, and α3 = gs [12].

2.1.10 Summary of the Fundamental Forces

The complete SM Lagrangian, governing the electromagnetic, weak, and strong forces,

is:

LSM = LfullEW + LQCD (2.47)

where LfullEW is given by Equation 2.46 and LQCD is given by Equation 2.5.

The last fundamental force, gravity, is described by Einstein's equations [13, 14].

The Lagrangian for GR is:

LGR =
1

128πG
R
√
−g (2.48)

where R is the Ricci scalar, G is Newton's constant and g = det gµν is the determinant
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of the metric tensor. GR is inherently non-renormalizable and therefore has not been

quantized and incorporated into the SM.

2.2 Why the SM is Incomplete

The SM is a highly precise theory of elementary particles and their interactions, but it

is incomplete because it does not include some observed phenomena, such as gravity

or neutrino oscillations, and because of a number of theoretical problems, such as the

hierarchy problem and CP violation.

2.2.1 Unexplained Phenomena

We will �rst describe several experimentally observed hints that the SM is incomplete.

2.2.1.1 Gravity

Gravity, which is one of the four fundamental forces, is not included in the SM. We

have not found a gravity particle or gravitino. Although gravity is well described

by Einstein's General Relativity, we do not have an accepted quantum theory of

gravity [13,14]. Several quantum theories of gravity have been proposed, such as string

theory and loop quantum gravity [15, 16], but they have not been widely accepted,

largely due to the lack of experimental evidence.

2.2.1.2 Neutrino Oscillations

In the SM, neutrinos have zero mass because there are only left-handed neutrinos

and therefore, there can be no mass term in the Lagrangian. However, neutrinos

have been observed to posses some, albeit small, mass. This non-zero mass is a direct

consequence of the fact that neutrinos have been observed to oscillate between the

di�erent �avors. In other words, a neutrino will change its state as it travels through
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space from, for example, νe to νµ or ντ . Then, since the �avor eigenstates are linear

superpositions of the mass eigenstates, changing from one �avor to another e�ectively

means that the mass of the neutrino will change. Since the mass di�erences between

the neutrinos are small, the coherence length for neutrino oscillations is long, and

thus this quantum mechanical e�ect can be observed macroscopically [2].

Neutrino oscillations have been observed in solar and atmospheric neutrinos, and

in neutrinos produced at nuclear reactors and particle accelerators. The �rst obser-

vation of neutrino oscillation was Ray Davis's Homestake Experiment in the 1960s,

which observed a de�cit of solar neutrinos with respect to the Standard Solar Model,

using a chlorine-based detector [17]. Since then, neutrino observations have famously

been observed at the Sudbury Neutrino Observatory [18], with Kamiokande II [19],

at Daya Bay [20], with the T2K Experiment [21], and others.

2.2.1.3 Dark Matter and Dark Energy

Ordinary matter, which is described by the particles in the SM, makes up only about

4% of the energy of the observable universe (see Fig. 2.10) [22]. 23% of the energy is

dark matter, and 73% is dark energy.

Figure 2.10: Pie chart showing the fractions of energy in the universe contributed by
di�erent sources. Ordinary matter is divided into luminous matter, that is, the stars,
luminous gases, and radiation, and nonluminous matter, that is, intergalactic gas,
neutrinos, and supermassive black holes. The majority of the universe, dark matter
and dark energy, is unknown [22].

Dark matter accounts for some �missing mass� in the universe, which is inferred

from the gravitational e�ects on ordinary matter. Dark matter is necessary to explain
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the rotational curves of galaxies and galaxy clusters [23, 24], and there is evidence

for it from studies of gravitational lensing and the cosmic microwave background

(CMB) [25�27]. We have not yet found the particle responsible for dark matter;

the most popular model for dark matter posits the existence of weakly interacting

massive particles (WIMPs). This model is for cold dark matter, meaning that dark

matter is non-relativistic, and in this model, WIMPs interact only via gravity and the

weak force. There are many experiments that are searching for WIMPs, including

LUX [28], XENON100 [29], CDMS [30], DAMA/LIBRA [31], PAMELA [32], and

IceCube [33]. We can infer the existence of dark matter from experiments, but there

is no corresponding neutral, stable, weakly interacting particle for it in the SM. Some

theories beyond the SM have a natural dark matter candidate, such as SUSY, which

predicts a lightest stable particle (LSP).

Most of the energy in the universe is due to dark energy, which is theorized

to explain the acceleration of the expansion of the universe [34]. The fact that the

universe is accelerating in its expansion has been observed by groups studying type Ia

supernovae [35,36], WMAP [25,26], and Planck [27]. Dark energy is uniformly spread

throughout the universe and is gravitationally self-repulsive. Like dark matter, there

is no consideration of dark energy in the SM. Dark energy could be incorporated into

General Relativity if the cosmological constant is reintroduced into the equations.

2.2.1.4 The Baryon-Antibaryon Asymmetry

There is more matter than antimatter in the universe. However, the Big Bang should

have produced equal amounts of matter and antimatter, and they would have anni-

hilated each other. Since that obviously did not happen, there must be some reason

why there is more matter in the universe. Sakharov identi�ed the necessary condi-

tions for this to happen: a violation of baryon and lepton number, a universe out of

thermal equilibrium, and a violation of charge-parity (CP) [37]. We have observed
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CP violation in the weak interactions of quarks, but it is not enough to account for

the matter dominance in the universe. The nature of the CP violation responsible for

the baryon dominance in the universe is needed in order to understand why we have

more matter than antimatter [2].

2.2.2 Theoretical Problems

There are also several theoretical problems with the SM, which we will describe in

this section [38].

2.2.2.1 Arbitrary Assumptions and Parameters

There are a number of arbitrary assumptions and parameters in the SM. For example,

there are many free parameters in the theory, including the masses of particles and

parameters describing the mixings and couplings, such as the CKM angles and weak

mixing angle. We know these values from experiments, but if the SM were a mature

theory, it would explain them.

Furthermore, there are three generations of fermions in the SM, but why? Ordi-

nary matter in an atom is made of up quarks, down quarks (which form protons and

neutrons) and electrons, which are all in the �rst generation. What is the purpose

of the other two generations? In addition, we could also ask why there are three

generations and if there are more?

There are other questions about the assumptions of the SM, such as why are there

three colors? Also, why are left-handed fermions in SU(2) doublets and right-handed

fermions in SU(2) singlets?

2.2.2.2 The Hierarchy Problem, Naturalness, and Fine Tuning

The Hierarchy Problem has to do with the fact that there is a large di�erence in the

energy scales in particle physics: in particular, there is a large di�erence between the
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electroweak scale (∼ 102GeV) and the Planck scale (∼ 1019GeV) [39].

The Higgs boson mass, to second order, is given by:

m2
H = 2µ2 + ∆m2

H,i (2.49)

where ∆m2
H,i indicates the quantum corrections from particle i (see Section 2.1.8.4).

All massive particles couple to the Higgs boson, resulting in large quantum corrections

to the Higgs boson mass. This is a problem because the Higgs boson has recently

been discovered and its mass is about 125 GeV [6�9].

For example, the one-loop Feynman diagrams for fermions and scalars coupling

to the Higgs boson are given in Fig. 2.11. These give corrections to the Higgs boson

mass of:

∆m2
H,f = −|λf |

2

8π2
Λ2

UV + . . . (2.50)

for the fermion and

∆m2
H,S =

λS
16π2

[
Λ2

UV − 2m2
S ln(

ΛUV

mS

) + . . .

]
(2.51)

for the scalar. λf and λS are the coupling between the Higgs �eld and the fermion

and scalar, respectively, and mS is the mass of the scalar. ΛUV is the ultraviolet

momentum cuto�, which is the least energy scale at which new physics enters. If

ΛUV is of the order of the Planck scale, then these quantum corrections to the Higgs

boson mass are several orders of magnitude larger than the observed mass of the

Higgs boson.

It is possible that the quantum contributions to the Higgs boson mass could be

made to cancel out, thus keeping the Higgs boson mass small. One way this could be

done is by carefully choosing the parameters of the SM so that the quantum correc-

tions cancel. However, this requires a large amount of �ne tuning of the parameters,
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Figure 2.11: One-loop quantum corrections to the Higgs squared mass (m2
H), due to

(a) a fermion f and (b) a scalar S [39].

and is generally considered to be �unnatural� and theoretically inelegant.

The quantum corrections could also cancel if a theory beyond the SM is introduced

in which additional particles exist and more �naturally� cancel the quantum contri-

butions. For example, in Supersymmetry (SUSY), additional bosons are introduced

for every SM fermion, and additional fermions are introduced for every SM boson.

The SUSY particle contributions would exactly cancel the contributions of their SM

partners because the contributions would be the same but with opposite sign. See

Section 2.3.1 for more on SUSY.

2.2.2.3 Strong CP Problem

As mentioned above, CP violation has been observed in the weak interactions, but a

theoretical problem with the SM is that it has not been observed in QCD. In principle,

there should be no reason why CP is violated in the electroweak interactions but not

in the strong interactions, and so this creates a type of �ne tuning problem. There

are natural terms in the QCD Lagrangian that could break the CP symmetry, but no

such symmetry breaking has been observed.
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2.3 Theories Beyond the SM

There are many theories beyond the SM, and we will discuss some popular ones

here [40]. Most of the theories try to incorporate gravity or dark matter, solve the

hierarchy problem, or in some way, �x the problems with the SM. Here we will focus

on di�erent classes of theories, while in Section 4.2, we will focus on speci�c models

that predict long-lived exotic particles.

2.3.1 Supersymmetry (SUSY)

Supersymmetry (SUSY) is a class of theories beyond the SM in which every particle

in the SM has a superpartner that has a 1
2
di�erence in spin, but the remaining

quantum numbers are the same [39]. In other words, every boson in the SM has a

fermion superpartner, and every fermion in the SM has a boson superpartner. SUSY

would double the number of elementary particles because none of the SM particles

that di�er by 1
2
in spin share other quantum numbers.

The SM particles and their superpartners are listed in Table 2.4. The leptons are

paired with sleptons, the quarks with squarks, and the gauge bosons with gauginos.

Slepton and squark are short for �scalar lepton� and �scalar quark,� respectively. As

one can see in the table, the symbol for a superpartner is the same as its corresponding

SM particle, except with a tilde (˜) over it. Each SM particle and superpartner form a

chiral or gauge supermultiplet. The Higgs boson would be in a chiral supermultiplet,

and there are two Higgs supermultiplets, in order to preserve the electroweak gauge

symmetry.
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Table 2.4: The SM particles and their superpartners. RH means right-handed, and
LH mean left-handed.

SM Particle SM Symbol Superpartner SUSY
Symbol

Leptons Sleptons
RH electron, muon, tau eR, µR, τR RH selectron, smuon,

stau
ẽR, µ̃R, τ̃R

LH electron, muon, tau eL, µL, τL LH selectron, smuon,
stau

ẽL, µ̃L, τ̃L

Electron, muon, tau
neutrino

νe, νµ, ντ Electron, muon, tau
sneutrino

ν̃e, ν̃µ, ν̃τ

Quarks Squarks
RH up, charm, top quark uR, cR, tR RH up, charm, top

squark
ũR, c̃R, t̃R

LH up, charm, top quark uL, cL, tL LH up, charm, top
squark

ũL, c̃L, t̃L

RH down, strange,
bottom quark

dR, sR, bR RH down, strange,
bottom squark

d̃R, s̃R, b̃R

LH down, strange,
bottom quark

dL, sL, bL LH down, strange,
bottom squark

d̃L, s̃L, b̃L

Gauge Bosons Gauginos

W bosons W±,W0 Winos W̃±, W̃ 0

B boson B Bino B̃
Gluon g Gluino g̃

Neutral Higgs h0,H0,A0 Neutral Higgsinos h̃0, H̃0, Ã0

Charged Higgs H± Charged Higgsinos H̃±

Graviton G Gravitino G̃

Since many of the superpartners share the same quantum numbers, the gauge

eigenstates listed in Table 2.4 will mix to form mass eigenstates, as listed in Table

2.5. The mass eigenstates of the �rst and second generation sleptons and squarks are

the same as their gauge eigenstates because the amount of mixing is proportional to

the Yukawa couplings, and these couplings for the �rst and second generations are

small. The Yukawa couplings describe the interaction between a scalar �eld and a

Dirac �eld: in this case, between the Higgs �eld and the fermion �elds. The Yukawa

couplings for the third generation, on the other hand, are large, and so the mass

eigenstates are staus, stops, and sbottoms, as listed in the table. The winos, binos,
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and Higgsinos mix to form charginos and neutralinos. The gluino is a color octet

fermion, and so does not mix with any other states. Similarly, the gravitino's mass

eigenstate is the same as its gauge eigenstate. The mass eigenstate subscript denotes

how massive the state is, with one denoting the lowest mass eigenstate.

Table 2.5: The superpartner mixing states.

Names Gauge Eigenstates Mass Eigenstates

Sleptons
ẽR, ẽL, ν̃e (same)
µ̃R, µ̃L, ν̃µ (same)
τ̃R, τ̃L, ν̃τ τ̃1, τ̃2, ν̃τ

Squarks
ũR, ũL d̃R, d̃L (same)
c̃R, c̃L s̃R, s̃L (same)

t̃R, t̃L b̃R, b̃L t̃1, t̃2 b̃1, b̃2

Gauginos

W̃±, H̃± χ̃±1 , χ̃
±
2

W̃ 0, B̃ ˜, H
0

u, H̃
0
d χ̃0

1, χ̃
0
2, χ̃

0
3, χ̃

0
4

g̃ (same)

G̃ (same)

Once this symmetry between bosons and fermions is assumed, the hierarchy prob-

lem is solved naturally because the higher order contributions to the scalar masses are

canceled. The correction from a scalar loop will be the opposite sign as the correction

resulting from a fermion loop, so if the SM particles had exactly the same mass as

their superpartners, the terms would cancel exactly. However, the superpartners have

not been observed with the same mass as their SM partners. But if the superpart-

ners have somewhat similar masses to their SM partners, there will still be a large

cancellation in the correction factors and the Higgs mass can be kept relatively small.

A new symmetry called R-parity is often assumed in SUSY models. The SM

particles have even R-parity (R = +1), while the SUSY particles have odd R-parity

(R = −1). If R-parity is conserved, the superpartners will be produced in pairs, and

the lightest supersymmetric particle (LSP) will be neutral and stable, thus making it

a natural dark matter candidate.
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2.3.1.1 SUSY Breaking

To explain why SUSY has not yet been observed, one usually assumes that the masses

of the superpartners are somewhat large, thus making it di�cult to detect them

at particle colliders without having su�ciently high energies. If the masses of the

SM particles and their superpartners are not the same, then the symmetry must be

spontaneously broken; we call this SUSY breaking.

SUSY models can be classi�ed by the mediation of the SUSY breaking. SUSY

could be broken by interactions that take place at the gravitational strength; we call

this gravity mediation. Some SUSY models where the SUSY breaking is mediated by

gravity are minimal supergravity (mSUGRA) and anomaly mediated supersymmetry

breaking (AMSB). SUSY could also be broken by gauge interactions; this model is

called gauge mediated supersymmetry breaking (GMSB). SUSY might also be broken

by bulk mediation. This class of models combines SUSY with extra dimensions the-

ories, which are described below. Some or all of the SM �elds are sequestered on a

�brane,� a kind of slice through the full �bulk� space that includes the extra dimen-

sions. SUSY is broken by dynamics on a di�erent brane. The messengers of SUSY

breaking to the SM sector are via �elds that propagate in the full bulk space. An

example of a bulk mediation SUSY model is gaugino mediation. See Section 4.2 for

more on a few speci�c SUSY models.

2.3.2 Extra Dimensions

Theories with more than the usual three spatial dimensions have been proposed over

the years, largely in an e�ort to unify the fundamental forces [1]. The �rst theory of

extra dimensions was proposed by Kaluza and Klein in 1921 [41]. Since then, several

types of extra dimensions have been proposed, including large extra dimensions and

warped extra dimensions.
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2.3.2.1 Kaluza-Klein Theories

Kaluza and Klein developed a theory of �ve spacetime dimensions in the early 1920s

in order to try to unify gravity and electromagnetism [41�44]. In the theory, the �fth

dimension would have to be very small, thus explaining why we do not observe it

in our normal macroscopic lives. Kaluza-Klein theories, which extend this idea to

more than �ve compact extra dimensions, are still being developed today. Kaluza-

Klein theories gained momentum in the 1980s, after string theory proposed extra

dimensions in order to create a quantum theory of gravity. See Section 2.3.5 for more

on string theory.

2.3.2.2 Large Extra Dimensions

In 1998, Arkani-Hamed, Dimopoulos, and Dvali realized that theories with extra

dimensions could be created where the dimensions were larger than the Planck length

if only gravity were allowed to propagate in the extra dimensions [45, 46]. In the

ADD theory, the weakness of gravity could be explained by having two or more

extra dimensions in which only gravity could propagate. If gravity propagates in

4 + d dimensions, then we know the force between two bodies of masses m1 and m2

separated by a distance r is given by:

F = Ggrav
m1m2

r2+d
(2.52)

where Ggrav is the equivalent to Newton's constant in 4 + d dimensions. If this is

true, then the gravity force decreases faster as r increases, that is, F ∝ 1/r2+d, than

for the gauge forces, where , F ∝ 1/r2. These extra dimensions would be between 1

mm and 1 TeV−1.
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2.3.2.3 Warped Extra Dimensions

Shortly after the publication of the �rst ADD paper, Randall and Sundrum discov-

ered that if extra dimensions were curved or �warped,� as opposed to the �at extra

dimensions we have described so far, gravitons would behave di�erently than gauge

bosons, which would explain why they couple di�erently to matter [47]. The RS

theory is a 5D Anti-de Sitter (AdS) spacetime theory where the extra dimension is

compacti�ed. Because the �fth dimension is warped, gravity is strong on one brane,

but not on the brane that we experience.

2.3.3 New Strong Dynamics and Little Higgs

There are several BSM theories that address electroweak symmetry breaking, but

without introducing a Higgs boson [48]. Instead, electroweak symmetry breaking

is governed by some new strong interactions, and in this way, mass is given to the

W and Z bosons. New strong dynamics theories have a larger gauge group, which

spontaneously breaks down to the SM gauge group, thus explaining why we have

not observed these interactions at the energies we can currently probe. The �rst and

simplest of these models was called Technicolor, and it was posited to be similar to

QCD, but with a much larger characteristic energy scale. In order to produce the

quark and lepton masses, Technicolor must be extended to include additional gauge

interactions.

Theories with new strong dynamics are attractive because they avoid the hierarchy

problem, as there is usually no Higgs boson in these theories. However, with the

discovery of the Higgs boson, it has become more important to include the new boson

in the BSM strong dynamics theories. These new theories do not usually predict a

particle like the Higgs boson, but they can accommodate such a particle.

There are a number of Little Higgs theories, sometimes called pseudo-Nambu-

Goldstone boson (PNGB) Higgs theories [49,50]. These theories state that the Higgs
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boson is a pseudo-Nambu-Goldstone boson, corresponding to a spontaneously broken

global symmetry of a new strong interaction at about 10 TeV. This spontaneously

broken global symmetry stabilizes the Higgs boson mass. The global symmetry is also

explicitly broken because part of the global symmetry is gauged in order to become

the weak interaction. Therefore, the Higgs boson is naturally light, compared to the

10 TeV scale.

The explicit breaking of the global symmetry requires that we make additional as-

sumptions to avoid quadratic divergences from loops of gauge bosons and top quarks.

What is typically done is to introduce heavy partners for the SM particles and have

them cancel the divergences at the the loop diagram level.

One of the simplest models of this type is the Little Higgs with T-parity model,

in which every SM particle has a heavy partner with the same quantum numbers

except the top quark, which has extra partners [51,52]. The lightest partner particle

is stable due to T-parity and therefore makes a good dark matter candidate. Another

popular model is the Twin Higgs model, in which the partner particles form a mirror

copy of their SM particles under some hidden gauge interactions [53].

2.3.4 Hidden Valley Theories

Hidden valley theories are BSM theories that propose new, hidden sectors that con-

tain relatively light particles [54, 55]. We would have already found these new light

particles, were it not for some barrier, possibly an energy barrier, preventing us from

reaching this sector. The new particles would interact minimally with SM particles

and could be subject to new conservation laws. SUSY or other BSM theories discussed

above could have hidden sectors.

In hidden valley theories, the SM gauge group GSM is extended by a non-Abelian

group Gν . The new, low mass valley particles are charged under Gν but neutral

under GSM, while SM particles are neutral under Gν . Higher dimension operators
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allow interactions between SM and hidden valley particles. In a con�ning hidden

valley model, all the new particles assemble into Gν-neutral �ν-hadrons,� which can

decay to SM particles.

Hidden valley theories typically have a few common characteristics. There are of-

ten long-lived ν-hadrons, which could decay at a displaced vertex in an LHC detector.

Some long-lived ν-hadrons could be absolutely stable, giving rise to a dark matter

candidate. However, in general, hidden valley particles could have a wide range of

lifetimes, such that they could decay promptly, produce displaced vertices, or decay

after passing through the detector. Furthermore, some ν-hadrons would decay pref-

erentially to heavy �avor particles, while others would decay more democratically to

any fermion-antifermion or fermion-antifermion plus another ν-hadron state. Other

�nal states could include two or three gluons, or pairs of W or Z bosons. Another

common characteristic of hidden valley theories is that ν-hadron production multi-

plicities at the LHC may be large, especially if the ν-con�nement scale is much less

than 1 TeV.

Much work has been done recently to incorporate dark matter into hidden valley

theories [56,57]. If the dark matter particle existed in a hidden, dark sector, it would

help to explain why we have not yet observed the dark matter particle. Models have

been developed where a variety of particles can mediate between the dark sector and

our visible sector.

2.3.5 Grand Uni�ed Theories and Theories of Everything

Some theories beyond the SM have been developed with the goal of unifying the

fundamental forces [2, 40]. Electricity and magnetism were uni�ed into the theory

of electromagnetism by James Clerk Maxwell in 1873, and then the weak force and

electromagnetism were uni�ed into the electroweak force in the 1960s. We could

theoretically continue this trend and unify the electroweak force and the strong force;
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such theories are called Grand Uni�ed Theories (GUTs).

We might also take it one step further and unify all four fundamental forces; that

is, add in gravity as well. Such theories are called Theories of Everything (TOE).

However, as they are currently formulated, general relativity and quantum mechanics

are fundamentally incompatible. One TOE that has gained popularity in recent years

is Superstring Theory, often simply called String Theory. String Theory holds that

the elementary particles are really vibrations of tiny supersymmetric strings, rather

than tiny point particles. By modeling particles as one or more dimensional strings,

and often by invoking the existence of several other extra dimensions, String Theory

could provide a quantum theory of gravity. However, even if SUSY exists, it would

be very di�cult to prove String Theory was correct.

We can test the SM and theories beyond the SM at particle colliders, like the

Large Hadron Collider (LHC), and with particle detectors, like the Compact Muon

Solenoid (CMS) Experiment.
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Chapter 3

THE COMPACT MUON

SOLENOID EXPERIMENT AT THE

LARGE HADRON COLLIDER

The Compact Muon Solenoid (CMS) Experiment is a general-purpose detector that

measures the properties of particles produced from pp and heavy ion elastic collisions

in the Large Hadron Collider (LHC). The LHC accelerates proton bunches around a

ring that is 27 km in circumference and has a design center-of-mass (C.M.) energy

√
s of 14 TeV. The proton bunches collide at regular intervals along the ring, and one

such collision point is at the center of the CMS detector. Then, the decay products

of these collisions travel radially outward through the di�erent sub-detectors of CMS.

Depending on how these particles interact with the di�erent materials in each of the

sub-detectors, one can identify and characterize them.

3.1 The Large Hadron Collider (LHC)

The LHC is the world's largest high-energy particle accelerator and collider [58�60],

located at the European Center for Nuclear Research (CERN) in Geneva, Switzerland.
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The accelerator primarily collides protons, but it also collides heavy nuclei, usually

lead ions, for a few months each year1.

The LHC was designed in the 1980s and 1990s, and the CERN Council approved

the construction of the LHC in 1994. The four main experiments around the LHC

ring, namely, A Large Ion Collider Experiment (ALICE), A Toroidal LHC Appa-

ratus (ATLAS), CMS, and Large Hadron Collider beauty (LHCb), received o�cial

approval and started construction between 1996 and 1998. ATLAS and CMS are

large, general-purpose detectors that can study a wide variety of fundamental pro-

cesses. The primary aim of these two experiments is to discover and study the Higgs

boson and other new physics beyond the SM. The ALICE experiment was built to

study the quark-gluon plasma using collisions of heavy ions, and LHCb studies the

matter-antimatter imbalance by focusing on B meson physics. Since the late 1990s,

three other smaller experiments have been installed around the LHC: TOTal Elastic

and di�ractive cross section Measurement (TOTEM), Monopole and Exotics Detec-

tor at the LHC (MoEDAL), and Large Hadron Collider forward (LHCf). See Fig. 3.1

for a diagram of the layout of the LHC.

1Protons are accelerated around the LHC ring instead of electrons because they are more massive,
so they loose less energy through synchrotron radiation, which is the radiation of charged particles
in a curved trajectory
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Figure 3.1: Diagram of the LHC.

The LHC tunnel was actually constructed between 1983 and 1988, as it was �rst

the tunnel for another collider, the Large Electron-Positron Collider (LEP) [61]. The

LHC tunnel is between 50 and 175 m underground, and it crosses the border be-

tween France and Switzerland, near Geneva. The tunnel contains two parallel beam

pipes, each containing their own proton (or heavy ion) beam, and these two beams

intersect at points along the ring, where the major experiments are located. The two

beams travel down the pipes in opposite directions, and are made to collide at the

intersection points. 1232 dipole magnets keep the protons in their circular path, and

392 quadrupole magnets focus the beams. The 15 m long, 35 ton, superconducting

dipoles are especially important to the LHC operation because the maximum achiev-

able C.M. energy is proportional to the strength of the dipole magnetic �eld, which

will be 8.3 T at the design speci�cations. The 8.3 T �eld can be achieved when the

dipoles' niobium-titanium (NbTi) cables are cooled to 1.9 K using super�uid helium.

See Fig. 3.2 for a diagram of an LHC dipole.
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Figure 3.2: Diagram of an LHC dipole. The two beam pipes can be seen at the center
of the dipole [62].

3.1.1 The Proton Acceleration

At the design speci�cations, the proton bunches will travel around the LHC ring

at 7 TeV each. In order to get the protons to this energy, they are accelerated in

several steps. First of all, protons are extracted from hydrogen atoms by stripping

the electrons from the hydrogen atoms. The protons are accelerated to 50 MeV using

the Linac2, a linear accelerator. They are then injected into the Proton Synchrotron

Booster, which accelerates the protons to 1.4 GeV; then into the Proton Synchrotron,

which accelerates them to 25 GeV; and �nally into the Super Proton Synchrotron

(SPS), which accelerates them to 450 GeV. After the SPS, the protons are fed into

the LHC, which accelerated them to 4 TeV in 2012, but will eventually take them

to 7 TeV. See Fig. 3.3 for a diagram of the CERN accelerator complex. The proton

beams usually circulate and collide around the LHC ring for several hours; one period

of beam injection and circulation is called a �ll. As the protons continue to collide

during the �ll, the number of protons per bunch decreases, and thus so too does the

probability that any two protons will collide. Thus, the event rate naturally decreases

52



throughout the �ll.

Figure 3.3: Diagram of the CERN accelerator complex.

Protons are accelerated in the LHC with eight radio frequency (RF) cavities per

beam. RF cavities contain oscillating electromagnetic �elds, and the phase of the

oscillations is adjusted so that when protons enter the cavities, they become grouped

together in bunches and are accelerated in the ring. The RF cavities, which operate

at 400 MHz, keep the protons tightly bunched in order to maximize the number of

proton collisions with each crossing. At the design speci�cations, each proton bunch

will have 1.1× 1011 protons, and there will be 2808 proton bunches per beam and 25

ns between each bunch. Figure 3.4 shows the bunch structure at design speci�cations.
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Figure 3.4: Diagram of the LHC bunch �lling scheme, at 25 ns and with 3564 total
bunches (2808 colliding) [63]. See also [64,65] for updates.

3.1.2 Luminosity, Vertices, and Pileup

The number of events in a collider is given by:

N = σ

ˆ
Ldt (3.1)

where L is the instantaneous luminosity,
´
Ldt is the integrated luminosity, and σ

is the interaction cross section. The instantaneous luminosity depends only on the

beam parameters and can be written for a Gaussian beam distribution, assuming the

parameters for the two beams are the same, as:

L =
N2
b nbfrevγ

4πεnβ ∗
√

1 +
(
θcσz
2σ∗

)2
(3.2)
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See Table 3.1 for the de�nitions and design values of the parameters in Equation 3.2.

A lumi section is the smallest period of time, de�ned to be 23 seconds, in which the

instantaneous luminosity should be constant.

Table 3.1: The variables used in the de�nition of instantaneous luminosity [59].

Symbol De�nition Value and/or Units

Nb Number of protons per bunch 1.1× 1011

nb Number of proton bunches per beam 2808
frev Frequency of revolution 11.245 kHz
γ 1√

1−β2
for the protons 7461

εn Normalized transverse beam emittance 3.75 µm rad
β∗ Optical β function at the interaction point 55 cm
θc Beam crossing angle 285 µ rad
σz RMS longitudinal bunch length 7.55 cm
σ∗ RMS transverse beam size 16.7 µm

When two protons collide in a head-on, high energy collision, they create a pri-

mary vertex. Subsequent decays of the daughter particles of this interaction happen

at secondary vertices. In addition, there could be more than one head-on proton

collision in a single bunch crossing, due to the large number of protons per bunch.

This phenomenon is called in-time pileup; only the most energetic proton collision is

considered, and the other primary vertices created from less energetic proton colli-

sions are called pileup vertices. See Fig. 3.5 for a sketch of an LHC collision and the

di�erent types of vertices, and Fig. 3.6 for a pileup event in CMS in 2012 data. There

is also out-of-time pileup, which is when there are particles still in the detector from

previous bunch crossings. Most of the time when pileup is mentioned, it refers to

in-time pileup, and so that is what we will do here. At the LHC, especially in 2012,

pileup was a signi�cant problem, with an average of about 21 and a maximum of 35

pileup interactions per crossing recorded at CMS [66], even though this was about the

number of pileup interactions expected at the LHC design speci�cations (almost twice

the C.M. energy and 20-40% increased instantaneous luminosity). Fig. 3.7 shows the
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distribution of the average pileup in CMS in 2012.

Figure 3.5: Diagram of a pp collision at the LHC [67].

Figure 3.6: Event display of a collision in CMS, showing 29 distinct pileup vertices
[68].
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Figure 3.7: Distribution of the average pileup in CMS in 2012 [66].

3.1.3 Data-Taking at the LHC

The LHC �rst operated at a C.M. energy of 7 TeV in 2010 and 2011, and then at

8 TeV in 2012. Short heavy ion runs were performed at the end of 2011 and the

beginning of 2013, after which the LHC shut down for several years. This �rst long

shutdown (LS1) lasted until early 2015 and was intended to allow the LHC and the

experiments around the ring to prepare for running at 13 TeV. The data used in

this thesis corresponds to 19.7 fb−1 of data collected at 8 TeV in 2012, during which

time there were usually about 1380 bunches colliding and 50 ns spacing between

them. The LHC delivered 23.3 fb−1 of data to CMS and ATLAS in 2012, and out of

the data recorded by CMS, 20.6 fb−1 was certi�ed to be suitable for analyses using

muons. The analysis only uses 19.7 fb−1 of data because there was a problem with

the con�guration of the trigger for the analysis in the beginning of the 2012 run.
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Figure 3.8: The delivered integrated luminosity at CMS for pp collisions in 2010-
2012 [66].

3.2 The Compact Muon Solenoid Experiment

(CMS)

CMS was so named for three key features of its design [1, 69�72]. First of all, it is

compact in the sense that it has a small volume, when compared to A Toroidal LHC

Apparatus (ATLAS), the other general-purpose detector at the LHC. CMS has a 15

m diameter and 21.5 m length, and it is also extremely dense, weighing 12.5k tons.

Secondly, the CMS design focused on the muon system, optimizing the experiment to

measure high energy muons. The �nal key feature of the CMS design is its solenoid

magnet, which curves the tracks of charged particles within the detector, allowing for

a precise measurement of the particles' momenta.

CMS began to be constructed in 1999, and was �nally completely assembled in

the cavern and ready for the �rst beams in the fall of 2008. The �rst 7 TeV collisions
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happened in CMS in March 2010. CMS recorded 44.2 pb−1 of data at 7 TeV in 2010,

6.1 fb−1 of data at 7 TeV in 2011, and 23.3 fb−1 of data at 8 TeV in 2012 [66].

The CMS detector is composed of several subdetectors: the inner tracker, the

electromagnetic and hadronic calorimeters, and the muon system. Particles created

from the pp collisions will travel radially outward through these subdetectors, and

they can be identi�ed from the signatures they leave in the subdetectors. As pre-

viously mentioned, there is a superconducting solenoid magnet, located just outside

the hadronic calorimeter, which serves to bend the trajectories of charged particles.

The �nal components of the CMS detector are the trigger, which selects which events

the experiment records, and the data acquisition (DAQ), which collects and digitizes

the data. See Figs. 3.9 and 3.10 for a diagram and photograph, respectively, of CMS.

Figure 3.9: Diagram of the CMS detector.
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Figure 3.10: Photograph of the CMS detector.

In the next section, we will brie�y cover the passage of elementary particles

through matter, to understand what is happening to particles in CMS. In the rest

of this chapter, we will discuss the de�nition of the CMS coordinate system, the su-

perconducting magnet, and then the four subdetectors of CMS. Afterward, we will

discuss the trigger and DAQ, followed by how events and objects are reconstructed

in CMS.

3.2.1 Particle Interactions in Matter

To begin to understand how the CMS detector distinguishes di�erent particles, we

should �rst brie�y discuss the passage of elementary particles through matter. Rel-

ativistic charged particles primarily interact with matter through inelastic collisions

with atomic electrons and inelastic collisions with atomic nuclei [1�3]. Interactions

with atomic electrons can result in two possibilities: excitation or ionization. An
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incoming particle can excite atomic electrons to higher energy states; often, when

the electrons de-excite back to the ground state, a photon is emitted, which can be

detected as scintillation light. A relativistic charged particle can also ionize atomic

electrons, meaning that the electrons are completely stripped from the atom. The

mean rate of ionization energy loss of relativistic charged particles can be described

by the Bethe equation:

−
〈
dE

dx

〉
= KQ2Z

A

1

β2

[
1

2
ln

2meβ
2γ2Tmax
I2
e

− β2 − δ(βγ)

2

]
(3.3)

See Table 3.2 for the de�nition of the variables in this equation.

Table 3.2: The variables used in the Bethe formula [1].

Symbol De�nition Value and/or Units

me Electron mass 0.511 MeV

re Classical electron radius= e2

4πε0me
2.82 fm

Q Charge of incident particle
Z Atomic number of absorber
A Atomic mass of absorber g mol−1

NA Avagadro's number 6.022× 1023mol−1

K 4πNAr
2
eme K/A = 0.307 MeV g−1cm2 for A=1 g

mol−1

β Speed per unit c of incident
particle

γ 1√
1−β2

Tmax Maximum kinetic energy that can
be transferred to a free electron in

a single collision

MeV

Ie Mean excitation energy eV
δ(βγ) Density e�ect correction to

ionization energy loss

Relativistic charged particles can also interact with the nuclei. If a particle inter-

acts electromagnetically with the nucleus, a photon is usually emitted and radiation

occurs. The particle undergoes bremsstrahlung electromagnetic radiation, which is

the deceleration of the charged particle when de�ected by the nucleus, and experi-
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ences signi�cant energy loss. A particle can also interact via the strong force with

a nucleus, if it is a hadron. Hadrons interacting with the nucleus will create many

quarks and antiquarks that combine in many ways to make mesons and baryons, a

process known as hadronization.

We have discussed electromagnetic and strong interactions of particles with mat-

ter; the only force left to mention is the weak force, as gravity is extremely weak at

these length scales. Neutrinos interact via the weak force, but their presence in high

energy experiments can only be indirectly detected from the imbalance of momentum

measured from all the particles in an event. See Section 3.2.11 for a further discussion

of neutrinos and missing momentum.

We will now go on to discuss the behavior of a few speci�c particles in matter.

The behavior of muons in matter is shown in Fig. 3.11, which depicts the rate of

energy loss dE/dx as a function of momentum for muons traveling through copper.

Muons will primarily loose energy in the detector from ionization, if their momentum

is su�ciently low, that is, less than several hundred GeV, or they will primarily loose

energy through radiation, if their momentum is greater than several hundred GeV.
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Figure 3.11: Stopping power (〈−dE/dx〉) for positive muons in copper as a function
of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude
in kinetic energy). Solid curves indicate the total stopping power. Vertical bands
indicate boundaries between di�erent approximations [1].

The energy loss of electrons in matter is shown in Fig. 3.12. Ionization domi-

nates the electron/positron energy loss at low energies. Then, ionization rates fall

o� logarithmically with energy, while bremsstrahlung losses rise almost linearly and

dominate above a few tens of MeV in most materials. Given that electrons traveling in

CMS typically have energies above a few GeV, bremsstrahlung is by far the dominate

process for electrons in CMS.
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Figure 3.12: Fractional energy loss per radiation length in lead as a function of electron
or positron energy. Electron (positron) scattering is considered as ionization when
the energy loss per collision is below 0.255 MeV, and as Moller (Bhabha) scattering
when it is above [1].

Figures 3.13 and 3.14 describe the energy loss of photons in matter. At low en-

ergies, the photoelectric e�ect dominates, and for photon energies of a few MeV,

the Compton E�ect is dominant, but e+e− pair production dominates as the energy

increases above 1 GeV.
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Figure 3.13: Photon total cross sections as a function of energy in carbon and lead,
showing the contributions of di�erent processes:
σp.e. = Atomic photoelectric e�ect (electron ejection, photon absorption)
σRayleigh = Rayleigh (coherent) scattering � atom neither ionized nor excited
σCompton = Incoherent scattering (Compton scattering o� an electron)
κnuc = Pair production, nuclear �eld
κe = Pair production, electron �eld
σg.d.r. = Photonuclear interactions, most notably the Giant Dipole Resonance. In
these interactions, the target nucleus is broken up. [1]
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Figure 3.14: Probability that a photon interaction will result in conversion to an e+e−

pair [1].

3.2.2 The Coordinate System

The CMS experiment uses a right-handed Cartesian coordinate system (x, y, z), where

the origin is at the center of the detector. The x-axis points radially inwards toward

the center of the LHC ring, the y-axis points vertically upwards, and the z-axis points

counter-clockwise along the beam pipe, toward the Jura Mountains. Measurements

are often performed in the x−y plane, that is, the plane transverse to the beam pipe.

Thus, ET and pT are the transverse energy and transverse momentum, respectively,

and are computed from the x and y components. Spherical coordinates are also used;

the azimuthal angle φ is measured from the x-axis in the x− y plane, the polar angle

θ is measured from the z-axis, and r is the radial coordinate. The pseudorapidity η,

de�ned as η = − ln [ tan (θ/2)], is commonly used in collider physics. It approximates

the true rapidity y = 1
2

ln
[
E+pz
E−pz

]
for �nite angles, in the limit that m/E → 0. The

pseudorapidity is often used instead of the polar angle because particle production is
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approximately constant as a function of η. Parts of the CMS detector were lowered

into the experimental cavern through a hole, which is now located at negative z.

3.2.3 The Superconducting Magnet

One of the main features of the CMS detector is the superconducting solenoid mag-

net, which curves the tracks of charged particles in the detector and thus allows us to

measure particle momenta. Since the momentum resolution is inversely proportional

to the strength of the magnetic �eld, CMS chose a large superconducting solenoid

magnet with a 4 T magnetic �eld, placed outside the tracker and calorimeters, in

order to avoid particles loosing energy in the solenoid before making the energy mea-

surement. At 12.5 m long and 6 m in diameter, the solenoid is the largest of its type

ever constructed and is large enough to allow the tracker and the calorimeters to be

housed inside it. It has an NbTi coil, which winds around the cylinder in four layers.

The solenoid operated in 2012 at 3.8 T. The return yoke of the magnet is made of 10k

tons of iron and is interspersed within the layers of the muon system. Thus, there is

a 2 T magnetic �eld between the outer radius of the solenoid and the outer radius of

CMS, which bends the trajectories of muons in the opposite direction. See Fig. 3.15

for a comparison of solenoids in recent high energy experiments.
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Figure 3.15: Ratio of stored energy to cold mass for major detector solenoids [1].

3.2.4 The Inner Tracker

The inner tracker is the �rst subdetector that a particle produced in the collision will

encounter. It has a length of 5.8 m and a diameter of 2.5 m. The main purposes of

the inner tracker are to e�ciently and precisely measure the trajectories, charge, and

momentum of charged particles and to reconstruct primary and secondary vertices.

The tracker must be capable of identifying separate tracks for about 1000 particles

per bunch crossing, at the LHC design luminosity. Therefore, it must have a short

response time and high granularity. At the same time, the inner tracker must be

radiation hard; the tracker constantly operates in a region of high radiation due to

the high particle �ux. The goal was to design a tracker that could maintain its

performance in the intense radiation environment for 10 years. As a result of these

requirements, the inner tracker was constructed entirely of silicon. The CMS tracker

is the largest silicon tracker ever built, with about 200 m2 of active silicon. The

inner tracker provides coverage to |η| of 2.5 and reconstructs charged particles with

an e�ciency of more than 90%. The tracker measures particles' transverse momenta

with a resolution of about 1%, for pT < 100 GeV.
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Tracking detectors measure the ionization produced by the charged particle pass-

ing through the detector medium, which could be a semiconductor, such as the CMS

silicon inner tracker. The ionization creates electron-hole pairs, and due to the applied

electric �eld, the charges move toward their collection electrodes and are measured as

a current. The number of charge carriers is proportional to the amount of deposited

ionizing energy, which is proportional to the energy of the incident particle.

The inner tracker is comprised of a pixel detector from a radius of 4.4 cm to 10.2

cm and a silicon strip tracker that extends to 1.1 m in radius. See Fig. 3.16 for a

diagram of the inner tracker. We will now discuss the two subdetectors of the inner

tracker in turn.

Figure 3.16: Diagram of the CMS inner tracker [71].

3.2.4.1 The Pixel Detector

The pixel detector is the innermost component of the inner tracker and is located just

outside the beam pipe. It is required to have a �ne granularity in order to precisely
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distinguish di�erent tracks and primary and secondary vertices. Secondary vertices,

in particular, can be reconstructed well, due to the small pixel cell size of 100 × 150

µm2, which gives similar track resolution in both the r−φ and z directions and makes

a 3D vertex reconstruction possible.

The pixel detector consists of three barrel layers, containing 48 million pixels, and

two endcap disks, containing 18 million pixels. The spatial resolution of the pixel

detector is about 20 µm. See Fig. 3.17 for a diagram of the pixel detector.

Figure 3.17: Diagram of the CMS pixel detector [71].

3.2.4.2 The Silicon Strip Tracker

The silicon strip tracker sits directly outside the pixel detector. CMS was the �rst

general purpose detector to use silicon detectors in this outer tracker region, a choice

that was made in order to maximize the ability of the tracker to quickly distinguish

multiple particles and yet withstand the prolonged radiation from these particles. See

Fig. 3.18 for a picture of the silicon strip tracker.
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Figure 3.18: Photograph of the CMS silicon strip tracker.

The use of silicon in the strip tracker was made possible by a few key developments.

First of all, sensors were made on 6 in instead of 4 in wafers, which reduced the cost per

sensor and allowed the sensors to cover the necessary large area. Secondly, front-end

readout chips were used with sub-micron technology, leading to a large cost savings

and an improved signal-to-noise ratio. Finally, the module assembly was automated

and high throughput wire bonding machines were used.

The silicon sensors are single-sided p − n silicon microstrip sensors. The base

material is n-doped �oat zone silicon with a 1, 0, 0 crystal orientation: this crystal

orientation was used over the more common 1, 1, 1 orientation because the buildup

of surface charge on crystals of this orientation has been shown to be much smaller,

thus causing less inter-strip capacitance increase.

3.2.5 The Electromagnetic Calorimeter (ECAL)

The electromagnetic calorimeter (ECAL) is situated outside the tracker. The ECAL

detects the energies from the electromagnetic showers of electrons and photons. See

Fig. 3.19 for a diagram of the CMS ECAL.
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Figure 3.19: Diagram of the CMS electromagnetic calorimeter [71].

As mentioned in Section 3.2.1, electrons in high-energy experiments usually loose

energy in matter through bremsstrahlung, and high-energy photons, by e+e− pair

production. Since pair production and bremsstrahlung produce more electrons and

photons with lower energy, electrons and photons create electromagnetic cascades or

showers when they interact with a thick absorber. The shower continues until the

energy falls below the critical energy, and then the rest of the electron or photon

energy is dissipated through ionization or excitation. The characteristic amount of

matter traversed by the cascade is called the radiation length X0, which is propor-

tional to the Molière radius RM of the material. The Molière radius contains 90%

of the electromagnetic cascade. Calorimeters detect the ionization energy from high

energy particle showers, which is proportional to the energy of the incident particle.

The ECAL is a homogeneous calorimeter, meaning that its entire volume is used

as the active scintillating material to detect electromagnetic signals and as the absorb-

ing material that initiates the showers. Homogeneous calorimeters have exceptional

energy resolution, but are costly, and so are usually only used to measure electromag-

netic showers, which have shorter interaction lengths than hadronic showers. The

ECAL is made of lead tungstate (PbWO4) crystals, which were chosen because of

their high density (8.28 g/cm3), short radiation length (0.89 cm), and small Molière
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radius (2.2 cm). This results in a �nely granulated and compact calorimeter.

The calorimeter energy resolution can be parametrized like so:

( σ
E

)2

=

(
S√
E

)2

+

(
N

E

)2

+ C2 (3.4)

where S is the stochastic term, N is the noise term, and C is the constant term. In

the CMS ECAL, this equation is:

( σ
E

)2

=

(
2.8%√
E

)2

+

(
0.12

E

)2

+ (0.30%)2 (3.5)

The stochastic term is dominated here by �uctuations in the lateral shower con-

tainment, photostatics, and �uctuations in the energy in the preshower. The main

contributions to the noise term are electronics, digitization, and pileup noise. The

constant term is governed by non-uniformity of the longitudinal light collection, inter-

calibration errors, and leakage of energy from the back of the crystal. Furthermore, a

resolution of 0.5% has been measured for 120 GeV electrons, which is consistent with

the parameterization above.

The ECAL has two main parts: the ECAL barrel (EB) and the ECAL endcaps

(EEs).

3.2.5.1 The ECAL Barrel

The EB covers |η| < 1.479 and is comprised of 61200 PbWO4 crystals. The crystals

in the barrel have a tapered shape, slightly varying with position in η. The EB is

8.14 m3 and weighs 67.4 T. The photodetectors in the EB are custom Hamamatsu

avalanche photodiodes.
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3.2.5.2 The ECAL Endcaps

The EEs cover 1.479 < |η| < 3.0 and are situated 315 cm from the interaction point.

The 7324 crystals in each of the endcaps have the same shape, and they are grouped in

5× 5 blocks called supercrystals. The photodetectors in the EEs are custom vacuum

phototriodes from National Research Institute Electron in St. Petersburg.

3.2.5.3 The ECAL Preshower Detector

The ECAL also contains a preshower detector (ES), which is used to identify neutral

pions in the endcaps within 1.653 < |η| < 2.6. It also helps to distinguish electrons

from minimum ionizing particles and to improve the position measurement of electrons

and photons. The ES is a sampling calorimeter, which means that there are two

types of material in the calorimeter: the metal absorber, in which the showers are

generated, and the active material, in which the signal is measured. The ES is made

of lead radiators and silicon strip detectors.

3.2.6 The Hadronic Calorimeter (HCAL)

The hadronic calorimeter (HCAL) is placed outside the ECAL and before the solenoid

magnet, and it is used to detect the energies from hadronic showers. See Fig. 3.20 for

a photograph of the CMS HCAL.
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Figure 3.20: Photograph of the CMS hadronic calorimeter.

Hadrons create hadronic showers through their interactions with atomic nuclei via

the strong force, as discussed in Section 3.2.1. The high-energy hadron is converted

to many low energy hadrons, typically pions, and the shower stops when all of the

incident energy is transferred to secondary particles through ionization or nuclear

processes. We de�ne a nuclear interaction length λ0 similar to the electromagnetic

radiation length to describe the length of the hadronic shower. λ0 is typically longer

thanX0 because nuclear interactions are less probable. For example, (X0)Pb = 0.56cm

while (λ0)Pb = 17.6cm, and (X0)Fe = 1.8cm while (λ0)Fe = 16.8cm.. Since hadronic

showers start later and are larger, both laterally and longitudinally, than electromag-

netic showers, the HCAL is thicker and placed after the ECAL.

The HCAL is a sampling calorimeter made of steel and brass absorbers sandwiched

between plastic scintillators or quartz �bers. Plastic scintillators are a type of organic

scintillator, which use the ionization produced by charged particles to produce photons

in the blue to green wavelength regions. Plastic scintillators are commonly used in

high energy experiments because they are cost-e�ective.

The HCAL is organized into four subdetectors: the HCAL barrel (HB), the HCAL

endcaps (HEs), the HCAL outer calorimeter (HO), and the HCAL forward calorimeter
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(HF). The HB, HEs, and HO use plastic scintillators and read out the signal using

multichannel hybrid photodiodes. The HF, which is very forward and will receive

very high particle �uxes, uses quartz �bers as the active material, in order to be very

radiation-hard. Since the magnetic �elds are much smaller in the HF, conventional

Hamamatsu photomultiplier tubes are used to collect the signal. We will now discuss

each of the four subdetectors in more detail.

The HCAL energy resolution can also be parametrized as in Equation 3.4, except

without a noise term. The HB/HE energy resolution is given by:

( σ
E

)2

=

(
90%√
E

)2

+ (4.5%)2 (3.6)

And the HF energy resolution is given by:

( σ
E

)2

=

(
172%√
E

)2

+ (9.0%)2 (3.7)

The stochastic term is governed by statistical �uctuations and intrinsic shower �uc-

tuations, and the constant term is governed by non-uniformity and calibration uncer-

tainties.

3.2.6.1 The HCAL Barrel

The HB covers |η| < 1.3 and is composed of 36 identical azimuthal wedges of absorber

plates. Most of the absorber plates are brass, but the innermost and outermost plates

are made of stainless steel for structural strength. The plastic scintillator is divided

into 16 η sectors, resulting in a segmentation of (∆η,∆φ) = (0.087, 0.087). The total

HB absorber thickness at η = 0 is 5.82 λ0 and 10.6 λ0 at |η| = 1.3.
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3.2.6.2 The HCAL Endcaps

The HEs cover 1.3 < |η| < 3.0 and consist of brass absorbers and plastic scintillators.

The absorber is arranged geometrically in staggered plates bolted together, in order to

minimize the gaps between the HEs and HB. The granularity of the HEs is (∆η,∆φ) =

(0.087, 0.087) for |η| < 1.6 and (∆η,∆φ) ≈ (0.17, 0.17) for |η| ≥ 1.6 .

3.2.6.3 The HCAL Outer Calorimeter

To make sure all the hadronic showers are contained in the central region, the HCAL

is extended outside of the solenoid in the HO or tail-catcher region. The HO covers

|η| < 1.26 and is the �rst layer in the �ve rings of the iron yoke. The central ring has

2 layers of HO scintillators separated by a 19.5 cm thick piece of iron, since the HB

absorber thickness is minimal at η = 0. The other four rings have a single HO layer

at a radial distance of 4.07 m. The total depth of the HCAL is therefore extended to

at least 11.8 λ0, except at the barrel-endcap boundary. Each ring of the HO has 12

identical φ sectors, which are separated by stainless steel beams that hold the iron

return yoke and the muon chambers.

3.2.6.4 The HCAL Forward Calorimeter

The HF is on either side of the impact parameter (IP) at z = ±11.2m and covers

2.9 < |η| < 5.2. Therefore, the HF will see a very high particle �ux and needs to be

extremely radiation-hard. Each pp collision will deposit about 760 GeV in the HF,

as compared to only 100 GeV in the rest of the detector. There are 36 20◦azimuthal

wedges in the HF, which form (∆η,∆φ) = (0.175, 0.175) towers. The HF uses steel

as the absorber and quartz �bers as the active material, as mentioned above.
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3.2.7 The Muon System

The muon system is the outermost subdetector of CMS because only muons are

expected to penetrate this far. The muon system is composed of several subdetectors:

the Drift Tubes (DTs), the Cathode Strip Chambers (CSCs), and the Resistive Plate

Chambers (RPCs). The DTs are located in the barrel only, the CSCs are only located

in the endcaps, and the RPCs are located in both. A muon station generally consists

of one or two layers of RPCs and a layer of either DTs or CSCs. There are four muon

stations in concentric rings around the beam line, and in between each station is iron

that forms the magnet return-yoke. See Figs. 3.21 and 3.22 for diagrams of the muon

system.

Figure 3.21: Diagram of the CMS barrel muon system [71].
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Figure 3.22: Diagram of a slice of the CMS detector. Individual DT, CSC, and RPC
chambers can be seen in the muon system [71].

The CMS muon system is an iron-core spectrometer; the muon DT, CSC, and RPC

stations are interspersed with the iron return-yoke of the solenoid magnet. Thus, the

muon pT is measured from the return �eld inside the magnetized iron. The muon pT

resolution is discussed in Section 3.2.11.2.

The three subdetectors of the muon system are gaseous tracking detectors, not

unlike the inner tracker, except that the inner tracker is a solid state semiconductor

tracker. Gaseous and solid state trackers are the two main types of tracking detectors

commonly found in detectors at colliders. There are two types of gaseous tracking

detectors: wire chambers, such as the DTs and CSCs, and wireless chambers, such as

the RPCs. The wire chambers rely on ionized electrons that drift to the wire, and

since the maximum drift time is 380 ns in the DTs, wire chambers are not particularly

fast. However, they have a high spatial resolution; the DTs and CSCs both have a

position resolution within about 100 µm o�ine in the r − φ plane per chamber.
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DTs and CSCs were chosen for their high precision in determining the position of

particles, while RPCs were chosen for their timing resolution. RPCs consist of two

parallel plates, where one is the anode and one is the cathode; ionized electrons are

attracted to the anode RPC plate, rather than the anode wire, as in the DT and CSC

wire chambers. The RPCs determine the time of a muon to a precision of 1 ns at a

fast rate of at least 1 kHz/cm2. Therefore, the fast RPCs are used in both the barrel

and the endcaps and are critical contributors to the muon trigger.

3.2.7.1 The Drift Tubes

There are a total of 130 DTs in the barrel of the muon system, spread across the

four muon stations and �ve barrel wheels and covering |η| < 0.8. The DTs are in the

barrel because they are very sensitive to the magnetic �eld, which has a relatively low

strength in the barrel, and have low expected rate. The three inner DT chambers are

comprised of three super-layers, two measuring the φ projection and one measuring

the θ projection. The outermost DT chamber just has two φ projection super-layers.

Each super-layer is composed of four layers of staggered drift tubes. A single super-

layer provides a time resolution of a few ns.

The CMS drift tubes include a gold-plated stainless steel anode wire, which is 50

µm in diameter. The electrode is a 50 µm thick piece of aluminum tape glued onto

some thicker mylar tape, which insulates the electrode. The cathode is also made of

aluminum tape, insulated by mylar tape. The gas that becomes ionized by the muon

in the tube is 85% argon (Ar) and 15% carbon dioxide (CO2). See Fig. 3.23 for a

diagram of a drift tube.
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Figure 3.23: Diagram of a drift tube cell [71].

3.2.7.2 The Cathode Strip Chambers

The CSCs are in the endcaps only because they have short drift paths and are less

sensitive to the magnetic �eld. Therefore, they can operate in high-rate, large mag-

netic �eld conditions, such as those found in the endcaps. There are four chambers

of CSCs in each endcap, for a total of 468 CSCs. The CSCs are trapezoidal, and they

overlap to provide continuous φ coverage. The CSCs exclusively cover 1.2 < |η| < 2.4.

A muon can be detected by both DTs and CSCs in the overlap region, 0.9 < |η| < 1.2.

A CSC is made of six anode wires and seven cathode panels. The anodes are

gold-plated tungsten wires, measuring 50 µm in diameter. The cathodes consist of a

polycarbonate honeycomb core with FR4, a �re-retardant �berglass/epoxy material

that is widely used in circuit boards, and a 36 µm thick layer of copper. The CSC

gas is 40% Ar, 50% CO2, and 10% carbon tetra�ouride (CF4).

See Fig. 3.24 for a diagram of a CSC.
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Figure 3.24: Diagram of a cathode strip chamber [71].

3.2.7.3 The Resistive Plate Chambers

There are six layers of rectangular RPCs in the barrel: the �rst two muon stations in

the barrel have two layers of RPCs each, and the other two muon stations have one

layer each. There are three layers of trapezoidal RPCs in each endcap. The RPCs

cover |η| < 1.6. RPCs are fast, so they are crucial for triggering and have very a good

time resolution of about 1 ns. See Fig. 3.25 for a diagram of the RPCs.
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Figure 3.25: Diagram of the barrel resistive plate chambers [71].

The CMS RPCs are double-gap modules, which operate in avalanche mode with

common pickup readout strips in between the gaps. So, the total signal is the sum

of the two single-gap signals; this is a more e�cient con�guration than single-gap

modules. The RPC plates are made of aluminum, and the gas between them is

mostly tetra�uoroethane (C2H2F4).

3.2.8 The Trigger and Data Acquisition

The aim of the trigger and data acquisition (DAQ) is to select and acquire the in-

teresting events that we would like to record. The trigger is built in several stages.

At Level 1 (L1) [73], the �rst stage of the trigger, the event rate is quickly reduced

as much as possible with fast, custom-built hardware and �rmware. Then, a more

detailed calculation of which events to select is made at the more time-consuming

software High Level Trigger (HLT) [74]. At the design speci�cations, the trigger sys-

tem should reduce the 40 MHz input rate from the pp collisions to about 100 kHz

after the L1 trigger, and then further reduce the event rate to about a few hundred
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Hertz at the HLT output. In practice in 2012, the L1 trigger rate was at about 80

kHz, and the HLT rate was at about 1 kHz, at the start of a �ll. We were able to

push the limits of writing the data to tape and acheive these rates by using more

powerful computers than had previously been envisioned. In 2012, the maximum

attained stable instantaneous luminosity was 7.7 × 1033 cm−2 s−1, with 1380 proton

bunches. The maximum achieved HLT rate in 2012 was about 1330 Hz, for the total

stream A rate (see Section 3.2.8.2 for a description of streams).

There are a few trigger concepts that are used at both the L1 and the HLT.

First of all, there are signal, backup, and control triggers. We typically use a signal

trigger for highly interesting processes, where we want to record every event that

passes some criteria. A backup trigger is like a signal trigger but with a higher

pT or ET threshold; a backup trigger will be used in place of the signal trigger if

the event rate becomes higher than anticipated. We also design control triggers to

measure common background processes or to measure e�ciencies. Control triggers

are typically prescaled, which means that we write to tape only a fraction of events

that pass the trigger. For example, a trigger with a prescale of 20 means that we

accept one in 20 events that passes the trigger. Both L1 and HLT triggers can be

prescaled. We use a set of prescale columns, or a list of di�erent prescale values for

each trigger. As the event rate naturally decreases during a �ll, we typically relax

the prescales on the triggers by switching to a di�erent prescale column in order to

accept more events in the prescaled triggers.

3.2.8.1 Level 1 Trigger

The L1 trigger consists of a muon trigger, which receives local trigger information

from the RPCs, CSCs, and DTs, and a calorimeter trigger, which receives local trigger

information from the HF, HCAL, and ECAL (see Fig. 3.26). The L1 trigger does not

use information from the inner tracker because the tracker has complex algorithms
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and huge amounts of data, while the pattern recognition algorithms of the muon

system and calorimeters are much faster and simpler. Once the global calorimeter

trigger and the global muon trigger make a decision on the calorimeter and muon L1

trigger objects, respectively, the information is passed to the global L1 trigger. The

L1 trigger selects the four highest ET egamma (electron or photon) objects, the four

highest ET central jets, the four highest ET forward jets, the four highest ET tau-jets,

the four highest pT muons, missing transverse energy (MET) (see Section 3.2.11), and

the scalar sum of the jet transverse momenta (HT ) in each event. It measures the

pT , η, φ, and sometimes the quality for each of these objects. The L1 trigger takes a

maximum of 3.2 µs to decide whether to accept an event.

Figure 3.26: Diagram of the L1 trigger architecture [71].

The muon trigger receives input from all 3 muon subsystems, but the RPCs are

crucial because they are very fast, operating at a rate of at least 1 kHz, and their time

resolution of a few ns is much better than the time resolution of the DTs or CSCs.

The local DT trigger forms segments, made of hits in each of the 4 muon stations, and

then the regional DT trigger forms L1 trigger tracks from the segments, using look-up
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tables. The regional DT trigger assigns the track pT , position, and charge. The CSC

trigger works in much the same way, with a local trigger forming segments and the

regional trigger forming tracks from those segments and assigning pT , η, and φ. The

muon quality for the DTs and CSCs is based on the number of muon stations used

to reconstruct the muon candidate. The DTs and CSCs both send the four highest

pT muon candidates to the global muon trigger. The RPCs are di�erent in that they

compare the pattern of hits in the detector with template patterns, corresponding to

di�erent pT bins, and then directly send the four highest pT muon candidates to the

global muon trigger. The global muon trigger selects up to four muon candidates and

passes that information to the global L1 trigger.

The calorimeter trigger logic starts with trigger primitives in the ECAL and HCAL

that contain trigger tower energy sums, and additionally, the transverse size of the

energy deposit in the ECAL. The ECAL and HCAL trigger primitives are sent to

the regional calorimeter trigger, which sums the energies across the trigger towers to

identify electrons, photons, jets and taus. The global calorimeter trigger receives the

information from the regional calorimeter trigger and forms jet and electron objects

using a sliding window algorithm.

The global L1 trigger receives the input from the global muon and global calorime-

ter triggers and decides whether an event will be accepted or rejected at L1. The

global L1 trigger consists of 128 trigger bits, which are each assigned to a L1 algo-

rithm trigger. The algorithm triggers, together with the technical trigger bits, can be

programed for di�erent L1 trigger objects and pT or ET thresholds. See Ref. [75] for

a complete description of the di�erent L1 trigger menus.

3.2.8.2 High Level Trigger

The L1 trigger bits are the inputs or L1 seeds to the HLT triggers or paths. The HLT

is purely software and is run on the online computing farm. HLT triggers are called
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paths because they are entirely software: they consists of a series of �modules,� which

are independent pieces of code that produce a HLT trigger object or make a decision

on whether to keep the event, based on those trigger objects; that is, they �lter the

objects. A typical HLT path consists of a few basic components: a L1 seed, a prescale

module, producers to make trigger objects, and �lters to select the objects with the

desired qualities.

The HLT de�nes di�erent menus, or lists of speci�c paths with speci�c thresholds,

for di�erent maximum instantaneous luminosities. The HLT menu evolves with the

instantaneous luminosity delivered by the LHC. A typical HLT menu, such as the 2012

8e33 menu, consisted of 450 HLT paths, 15 streams, 40 primary datasets (including

the parking datasets), and 9 prescale columns. A primary dataset is de�ned by a

list of HLT paths. All the paths in a dataset usually trigger on similar objects; for

example, some common primary datasets are called SingleMu or DoubleElectron,

which contain all the HLT paths triggering on at least one muon or at least two

electrons, respectively. A stream is a collection of primary datasets. The main physics

stream is called Stream A, but there are also other streams, such as those used for data

quality monitoring or for release validation. A prescale column is a list of prescales

for all the paths; the prescale for many control triggers can be set to change according

to the instantaneous luminosity, thus de�ning the di�erent columns. The HLT menus

are created using a database called ConfDB: see [76] for the ConfDB browser and [77]

for the main HLT twiki page.

The HLT uses information from the entire detector, including the inner tracker,

to make a decision on whether or not to accept an event. The HLT uses the full

event information and is therefore a more precise measurement than at L1. The HLT

uses many tools such as isolation, b- and τ -jet tagging, and track reconstruction and

matching in order to make a precise, informed decision on each event. The HLT takes

an average of about 40 ms to make a decision on an event, but it can often take much
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longer.

It is important to mention the muon HLT reconstruction, since muon paths are

used in the analysis presented in this thesis. The L1 muon information is passed to

the HLT as L1 muon seeds. Then, a L2 muon is created, using only information in the

muon system. The L2 muon is the analog of the o�ine standalone muon, which will

be described in Section 3.2.11.2. The L2 muons are matched to tracks reconstructed

in the inner tracker, and then L3 muons are created. A L3 muon is the analog of a

global muon, which will also be described in Section 3.2.11.2.

The HLT must cover a wide range of di�erent physics processes at a high e�ciency.

Therefore, triggers are designed to be as inclusive as possible: one main HLT path

will generally serve many di�erent analyses. However, while the signal e�ciency must

be maximized, the event rate must be kept as low as possible, in order to be able to

save all the important information to tape. In addition, the CPU time must be kept

within the available computing limits.

3.2.8.3 Data Acquisition

Figure 3.27 shows the CMS trigger and DAQ. The L1 decision is distributed to the

frontends and readout systems. The event is built in the builder network, in two

stages: the FED-builder, which assembles the data from the eight frontends to one

super-fragment at 100 kHz, and the eight independent DAQ slices, which assemble

the super-fragments into full events. The HLT uses the full event information to make

a decision on whether or not to accept the event, and then the accepted events are

stored with the computing services.
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Figure 3.27: Diagram of the DAQ architecture [71].

The CMS DAQ consists of eight parallel slices, each with their own dedicated

online storage system. Each slice has a 32 TB disk array, for a total of more than

250 TB of online storage. Every 93 s, a data �le is closed and transferred to the

CERN o�ine storage area, called the CERN Tier 0 (T0), which is the �rst place the

primary datasets are assembled. Once the �le is successfully transferred to the T0, it

is deleted from the online storage.

3.2.9 The Detector Infrastructures

There are a number of miscellaneous detector systems that perform a variety of de-

tector and safety-related services, which we will brie�y describe here.

3.2.9.1 Detector Powering

Considerable electrical power is needed to run CMS. Some of the most important

systems needing power are the front-end electronics (FEE), the electronics racks in

the counting rooms and in the site control centers, and the auxiliary services, such as

cranes, ventilation and cooling stations, etc. Table 3.3 gives an overview of the power

requirements for CMS.
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Table 3.3: Power requirements for CMS [71].

System Power [kW]

General site services 2200
Electronics racks 2300

Low voltage to FEEs 1000
Magnet and cryogenics 1250
Ventilation stations 1250

Surface cooling stations 4000
Underground cooling stations 1500

Total steady-state consumption 9000

3.2.9.2 Detector Cooling

The FEEs dissipates about 800 kW in the cavern. See Table 3.4 for the power dissi-

pated by each system. As a result, the systems must be cooled by water at 18◦C for

the ECAL, HCAL, and muon system, and by per�uorohexane (C6F14) �uid between

−15◦C and −25◦C for the Preshower, Pixel, and Strip Tracker systems. Chilled water

is produced at the SU5 building and then transferred to the USC55 cooling plant.

From there, �ve independent water circuits distribute the water to the experimental

cavern at 18◦C.

Table 3.4: Cooling power for each CMS subsystem [71].

System Power [kW]

Muon Endcaps 100
Muon Barrel 50

HCAL and Yoke Barrel 60
ECAL 300

Rack system 1600
Strip Track, Pixel, and Preshower 150

Cryogenics are used at the CMS site to cool the superconducting magnet to 4.7

K. The cryogenic system delivers a cooling power of 800 W (4500 W) at 4.7 K (60 K)

to cool the coil's thermal screens, and 4 g/s of liquid helium to cool the 20 kA coil
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current leads. Cooling the superconducting coil down from room temperature takes

three weeks.

3.2.9.3 Detector Cabling

The power cables and coolant, gas, and optical �bers are made to run through huge

cable-chains, so that the detector can be opened and closed without disconnecting

everything (see Fig. 3.28). The cables are primarily HV cables, LV cables for DC

power to the FEE, FEE read-out cables, optical �ber read-out cables, monitoring

and control cables, general purpose power cables, and safety system cables for hard-

wired signals and interlocks. CMS has some 30000 cables.

Figure 3.28: YB+2 and YE+1 cable-chains in the UXC55 basement trenches [71].

3.2.9.4 Detector Safety System (DSS)

The Detector Safety System (DSS) is a common development carried out by the four

large LHC experiments, together with the CERN IT department. The purpose of the
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DSS is to protect the detector and experimental equipment from hazards. The DSS

actions are fast and coarse; for example, it will cut power to the entire cavern if smoke

is detected. These actions will disrupt data taking, but will ensure that damage to

the equipment is avoided.

3.2.9.5 Beam and Radiation Monitoring (BRM) Systems

There are several Beam and Radiation Monitoring (BRM) systems at CMS, which

both monitor and protect the experiment against beam radiation. The main BRM

systems are listed in Table 3.5. We will focus here on the most important BRM

systems to CMS and the ones most relevant to the analysis in this thesis.

Table 3.5: The BRM systems in CMS [71]. The table is ordered from top to bottom
in increasing time resolution.

System
(Sensor Type)

Location
Distance from IP

[m]

Sampling
Time

Function Readout +
Interface

LHC or CMS type

Number
of

Sensors

Passives
(TLD + Alanine)

CMS and UXC months Monitoring N/A Many

RADMON
(RadFets + SRAM)

CMS and UXC 1 s Monitoring Standard LHC 18

BCM2L
(Polycrystalline

Diamond)

Behind TOTEM
T2

z = ±14.4m

40 µs Protection Standard LHC 24

BCM1L
(Polycrystalline

Diamond)

Pixel Volume
z = ±1.8m

5 µs Protection Standard LHC 8

BCM2F
(Polycrystalline

Diamond)

Behind TOTEM
T2

z = ±14.4m

~ns MonitoringCMS Standalone 8

BSC
(Scintillator Tiles)

Front of HF
z = ±10.9m

~ns MonitoringCMS Standalone 32

BCM1F
(Single Crystal
Diamond)

Pixel Volume
z = ±1.8m

~ns MonitoringCMS Standalone 8

BPTX
(Button Beam

Pickup)

Upstream of IP5
z = ±175m

200 ps MonitoringCMS Standalone 2

92



BRM Protection Systems The BRM protection systems are based on chemical

vapor deposition diamond detectors, which have been used in other collider experi-

ments and proven to be radiation hard, fast enough to match beam abort scenarios,

and small enough to be inserted close to key detector components. The CMS BRM

protection systems are the polycrystalline diamond Beam Conditions Monitor (BCM)

systems: BCM1L, placed on either side of the IP at z = ±1.8m, and BCM2L, placed

on either side of the IP at z = ±14.4m. These systems measure the rate from the pp

interactions at the IP. The outer BCM2L diamonds are hidden from the beam spot

and should be sensitive to beam halo. These BCM systems can generate a hardware

beam abort signal, and it can be transmitted to the LHC via the Beam Interlock

System, resulting in the beam being dumped within 3 orbits.

BRM Monitoring Systems The BRM monitoring systems, which are the

BCM1F, BCM2F, Beam Scintillator Counters (BSC), and the Beam Pickup for Tim-

ing for the eXperiments (BPTX), are more precise than the protection systems de-

scribed above. Like the other BCM systems, the BCM1F and BCM2F are diamond

sensors, but they have readouts that are able to resolve the sub-bunch structure. The

BCM1F is particularly useful because it is used to �ag problematic beam conditions

that result in bursts of beam loss over short periods of time, which could be very

damaging to the CMS detector. This system is able to distinguish incoming and out-

going particles, based on their timing, and is therefore able to compare the rates of

beam halo to particles coming from collisions. The BCM1F is sensitive to one MIP

and has a timing resolution for single hits of a few ns. The BCM2F is not as sensitive

as the BCM1F, but it gives additional diagnostic information about beam halo, from

a position further away from the IP than the BCM1F.

The BSC system is a series of scintillator tiles that provide hit and coincidence

rates. The BSC1 is located on the front of the HF and gives rate information about
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the beam and can tag beam halo. The BSC1 covers about 25% of the tracker and

can therefore be used to provide a minimum bias trigger, as it indicates the level of

activity within the current bunch crossing. The BSC2 is located behind TOTEM T2

and can distinguish incoming and outgoing particles with a 4 ns resolution.

The �nal important BRMmonitoring system is the BPTX, which is a beam pickup

device that provides the experiment with the timing structure of the beam. It is a

standard button monitor that is used elsewhere around the LHC ring to monitor the

position of the beam. There are two pickup monitors for CMS, one at 175 m to the

left of the IP, and one 175 m to the right. At these points, there are two beampipes,

and therefore only the incoming beam is measured. The BPTX provides accurate

time and phase measurements of each bunch and its intensity. The phases of all the

experimental clocks can be compared to the measured phase of each bunch with a

precision better than 200 ps. This also allows the z-position of the collision to be

calculated from the relative phases of the BPTX measurements on opposite sides of

the IP. The BPTX can also detect problems with the bunch structure and measure

how much of the beam has drifted into the next RF bucket. The BPTX signal is read

out using an oscilloscope and also as three technical L1 triggers. The three technical

triggers provide �ags as to whether a bunch in beam 1 is occupied, a bunch in beam

2 is occupied, or if both beams are occupied. If both beams are occupied, this trigger

can serve as a zero bias trigger.

3.2.10 Computing

The CMS Software (CMSSW) is a set of tools and algorithms for event simulation

and reconstruction [69,70]. CMSSW is responsible for Monte Carlo (MC) simulation

as well as for the reconstruction of real data events. We will �rst describe the MC

simulation steps, and then describe the data formats, which are common to both MC

and real data.
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3.2.10.1 MC Event Simulation

There are two main steps in the MC event simulation: the event generation, which

generates a proton collision and simulates the particles that will appear in the detec-

tor, and the detector simulation, which models how those particles will behave in the

detector.

Event Generation Generators such as Pythia [78] and Madgraph [79] are used to

produce the generator step of the MC simulation, called the GEN step. The �rst

generator step is to simulate the hard scattering process, which is the interaction

between the partons, that is, the quarks and gluons in the proton collision, that

create the physics process of interest. The protons have a known momentum, but

the momentum of the partons within them are constantly in �ux. Therefore, MC

generators use Parton Distribution Functions (PDFs), which describe the probability

of partons to carry a certain momentum. PDFs are measured experimentally because

current theories cannot derive them.

After the hard scatter is simulated, short lived particles are modeled. Then, the

hadronization of the partons is simulated; this is called parton showering. Finally,

the underlying event, which is the interaction of the soft partons from the collision,

and pileup (see Section 3.1.2) are modeled.

Detector Simulation After the particles are produced in the generator, the de-

tector response to these particles is modeled using GEANT [80]; this is called the

SIM step. GEANT contains a detailed description of the detector, including the

sensitive detectors, the sensor readout, and the dead material such as cabling and

cooling components. The SIM step can either consist of the full GEANT simulation

and digitization, called FullSim, or can be a faster, less CPU-intensive version, called

FastSim. The energy loss of the particles, and any secondary particles, is modeled
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�rst in the SIM step. Then, details about the magnetic �eld are used to produce the

particle trajectories in the detector. After this, the response of subdetectors is taken

into account. Then, the trigger system is emulated, and the MC data is converted to

the RAW format, as is produced for real data.

3.2.10.2 Data Formats and Distribution

The following reconstruction steps occur for both MC and data. The RAW data

collected at the T0 is archived and reconstructed, and then sent to seven Tier 1 (T1)

sites across the world, along with RAW MC simulations. The reconstructed or RECO

data is a secondary and more careful reconstruction of the objects within the event,

which takes more processing time than what is done at the HLT level. The RECO data

is produced by applying pattern recognition and compression algorithms to the RAW

data; these algorithms identify clusters and tracks, locate primary and secondary

vertices, and identify particles or high-level physics objects based on information from

several subdetectors. Secondary datasets and skims of the RECO data are then

created and sent to Tier 2's and Tier 3's, where the data is kept for the common

user's analysis. Analysis is typically done on Analysis Object Data (AOD) at T2s or

T3s, which is a subset of the event content of the RECO data. The T0s, T1s, T2s, and

T3s are connected via the Worldwide LHC Computing Grid (WLCG) or simply �the

Grid.� CMS users access data and MC on the Grid by using CRAB, which submits

CMSSW jobs to the various data sites. See Figs. 3.29 and 3.30 for visualizations of

the Grid.
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Figure 3.29: WLCG sites [81]. The orange circle is the T0, the green pointers are
T1s, and the blue pointers are T2s.

Figure 3.30: Diagram of the Grid hierarchy [82].
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3.2.10.3 Calibration and Alignment

The detectors within CMS must be calibrated and aligned. This alignment and

calibration (AlCa) is done separately for each subdetector.

The calorimeters in particular need to be calibrated carefully. The HCAL is

calibrated using a radioactive source that is inserted into each tower when there are

no collisions. The calorimeter deposits due to the source are measured as a function of

the position of the source, and a gain calibration is computed based on an algorithm.

The ECAL, on the other hand, must be calibrated using physics events because of

the nature of the detector and because the level of precision needed is approximately

0.5%. Furthermore, the ECAL crystals change transparency as they become more

exposed to radiation, and so the transparency of each crystal is measured every 20

minutes by injecting laser pulses and reading out the response.

Precision alignment is needed for the inner tracker and muon system. The inner

tracker alignment is calculated using Z → µµ and W → µν events collected at

low luminosity. The muon system has a hardware alignment system, but with less

alignment parameters than those needed for the inner tracker.

3.2.10.4 Data Quality Montioring and Certi�cation

The data is monitored and checked in order to ensure good quality. The Data Quality

Monitoring (DQM) system monitors all the data from the di�erent subsystems. The

data is monitored online in the control room as well as o�ine, when it can be checked

more thoroughly.

After the data is checked through the DQM system, the data is certi�ed to be

�good� for physics use. Each subsystem is checked to see if it performed well for each

lumi section of recorded data. These checks are then combined into JavaScript Object

Notation (JSON) �les, which indicate if the data was marked �good� for all of the

subdetectors for each lumi section. There is a �Golden� JSON �le, which indicates all
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of the lumi sections in which all of the subdetectors were marked �good,� and there is

a �Muon� JSON �le, in which the calorimeters do not need to have marked the lumi

sections as �good.�

3.2.11 The Event and Object Reconstruction

Di�erent elementary particles will leave di�erent signatures in the CMS detector,

and in this way, one can identify the particles resulting from a pp collision. CMS

aims to be hermetic, meaning that all the particles produced should be detected

and their positions and momenta should be well measured. If all the particles in

the event can be detected, then the presence of neutrinos can be inferred: all the

transverse momenta in the �nal state should vectorally sum to zero because the initial

state should have no transverse momentum and because conservation of momentum

should be upheld. If there is an imbalance of momentum, it is implied that an

undetected, noninteracting neutral stable particle, such as a neutrino, was produced.

This imbalance of momentum is called MET.

Figure 3.31 shows the signature of di�erent particles in a transverse slice of the

CMS detector. Charged particles will leave tracks in the tracking detectors. Particles

that interact electromagnetically and are not minimum-ionizing will deposit their en-

ergy in the ECAL, while particles that interact hadronically will deposit their energy

in the HCAL. As alluded to in Section 3.2.7, a muon will traverse the entire detector,

making tracks in the inner tracker and muon system, as it is a charged, minimum-

ionizing particle. The muon has a relatively long lifetime of 2.2 µs, which means that

if it is traveling close to the speed of light, it can travel beyond the muon system

before decaying. Due to the changing direction of the magnetic �eld, the muon will

bend one way before it passes the solenoid and bend the other way outside it. An

electron will make a curved track in the inner tracker and then deposit all of its energy

in the ECAL. A photon will also deposit all of its energy in the ECAL, but since it is
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electrically neutral, it will leave no track in the inner tracker. A charged hadron will

leave a curved track in the tracker, and then deposit all of its energy in the HCAL,

while a neutral hadron will not leave a track, but deposit all of its energy in the

HCAL. Quarks and gluons will hadronize in the detector, producing jets, which leave

energy deposits in the ECAL and HCAL. In addition, heavy quarks and leptons will

create secondary vertices some distance from the primary vertex, as they have longer

lifetimes than many other elementary particles, and so will travel some distance be-

fore decaying. Leptons, in particular, should be measured in redundant systems, i.e.

tracker and muon system for muons and tracker and ECAL for electrons, in order

to have a clean identi�cation, which is necessary since the rates of the background

processes are high, relative to the rare lepton production rate.

Figure 3.31: Diagram of how di�erent particles appear in the CMS detector, in a
transverse slice of the detector [68].

The CMS o�ine, high-level physics object reconstruction will be described in

detail. The Particle Flow (PF) technique, which uses information from all the sub-

detectors to reconstruct all the particles in the event, is a major theme of the CMS

particle reconstruction, so it will be described in general �rst. The basic ingredients

of PF and the way in which the particles are reconstructed will be described. Then
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we will go into detail about the reconstruction of a few key physics objects in turn:

muons, electrons and photons, jets, tau-leptons, and MET.

3.2.11.1 Particle Flow Algorithm

PF algorithms use information from all subdetectors to reconstruct particles [83,84].

For example, instead of reconstructing a jet simply with the calorimeters, a PF jet

uses redundant information from the tracker as well, resulting in much improved

resolution. Furthermore, PF algorithms reconstruct all of the particles in the event,

giving a global description of the event.

In order to perform PF reconstruction, there are a few requirements needed of

the detector. The detector needs a large volume inner tracker in order to give highly

precise and e�cient tracking. A high magnetic �eld is necessary for good pT reso-

lution and to distinguish charged from neutral particles. Finally, a highly granular

calorimeter, giving good energy resolution, is also necessary to distinguish charged

from neutral particles.

Basic Elements The basic components for the PF reconstruction are tracks, ECAL

and HCAL clusters, and links between the clusters and tracks. Clusters and tracks

are linked together to form �blocks� with link algorithms, which draw associations

between the elements and prevents double-counting of particles. The main purpose

of PF is to link the information from the subdetectors, giving a global description of

the particles in the event.

One of the primary ingredients in the PF algorithm is tracks. The Kalman �lter

algorithm is a least squares �t that forms the basis of most CMS vertex and track re-

construction algorithms [85,86]. Hits are identi�ed in successive layers in the tracker,

and combined to form seeds, which are the basis for the tracks. CMS has adopted

an iterative tracking method in which tracks are �rst reconstructed using very tight
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criteria. The tight selections on the tracks lead to a moderate tracking e�ciency,

but negligible fake rate. In the next step, the hits that were unambiguously assigned

to the tracks are removed, and the selection criteria are loosened. This allows the

tracking e�ciency to increase and the fake rate to be kept low. The criteria are pro-

gressively loosened and the unambiguous hits removed for each iteration. The �nal

iterations have very loose criteria placed on the primary vertex, so that secondary

vertices and their resulting particles can be reconstructed. Primary vertices are iden-

ti�ed by clustering tracks that are compatible with the beam-line; the vertex is �tted

from the tracks within the cluster.

Another major component of the PF reconstruction is the calorimeter clusters.

The clustering is performed separately in the barrel and endcaps of the ECAL and

HCAL. The clustering algorithm starts with cluster seeds, which are local calorimeter

cell maxima with energies above the given threshold. Topological clusters are formed

from summing the energy from adjacent cluster seeds. The topological clusters are

then the seeds of the PF calorimeter clusters.

The link algorithms associate a maximum of one tracker track, possibly several

calorimeter clusters, and a maximum of one muon track, de�ning a single particle

block. The link algorithm loops over all the tracks and clusters in the event and

tries to build pairs of elements. When it tries to build a link between a track and

a cluster, the algorithm proceeds by extrapolating the track from the last measured

hit in the tracker. If the extrapolation is within the boundaries of the calorimeter

cluster, the link is established. A link between calorimeter clusters is formed if the

cluster position in the more granular calorimeter, typically the ECAL, is within the

cluster envelope of the less granular calorimeter, typically the HCAL. A link between

a tracker track and a muon track can also be formed: this is called a global muon

and will be described in Section 3.2.11.2.

102



Particle Reconstruction For each particle block, the energy from the calorimeters

can be compared with the momentum of the track. If this is done, a few categories

naturally arise:

� Ecal < ptrack

� Ecal ≈ ptrack

� Ecal > ptrack

If the calorimeter energy is less than the track momentum, it is likely that the particle

is a muon, especially if a track is created in the muon system as well as the inner

tracker. Muons do not deposit much energy in the calorimeters, and so Ecal is likely

to be small. Because of the unique signature of muons, they are the �rst particle to

be identi�ed in an event; in the PF algorithm, the muon block is removed from the

event, and the reconstruction of the event continues. It should also be mentioned

that Ecal < ptrack could occur because of momentum mis-measurement or fake tracks.

If the calorimeter energy is of the same order as the track momentum, the block

is probably due to a charged hadron.

The case when the calorimeter energy is larger than the track momentum is the

most complicated and most typical case. If Ecal > ptrack, the block could identify a

charged particle, that is, either an electron or charged hadron, or a neutral particle,

that is, either a photon or neutral hadron. If there is no track, the particle is neutral.

If there is no track and the calorimeter energy is only in the ECAL, the block is likely

to be a photon; if no track exists and the energy is only in the HCAL, the block

is likely a neutral hadron. Electrons can be identi�ed early and removed from the

PF reconstruction because of their relatively short tracks and energy deposits due to

bremsstrahlung radiation.
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3.2.11.2 Muons

Muons have strong signatures in general purpose detectors like CMS, and they can

usually be easily identi�ed [84,87�89].

The usual muon reconstruction in CMS starts with DT and/or CSC hits. For

the DTs, if there are at least three hits in one super-layer, a DT segment can be

formed. (Recall that there are four layers to a super-layer, and two or three super-

layers per DT chamber: see Section 3.2.7.1). Then other hits from other super-layers

can be included in the segment if the pattern recognition deems them to be aligned.

Segments in the CSCs are formed in a similar fashion.

Seeds are then formed, which are patterns of DT and/or CSC segments. A pT

value of the seed is estimated with a parametrization of the form pT = A − B
∆φ

,

which assumes the muon originated at the primary vertex. A segment-based �t to

the seeds is performed, and thus a track in the muon system is created. This muon

system track is called a standalone (SA) muon track. The SA muon track can be

updated at the vertex, which applies an additional bias. In 2012, a new collection

called the re�tted SA muon collection was introduced, which performs a re�t to try

to remove the bias toward the beam spot [90]. In 2014, another new collection called

the displaced standalone (DSA) muon collection was introduced, which uses a cosmic

seed to start the standalone muon track. See 5.3.1 for more information.

Separately, tracks in the inner tracker are created. If a SA muon track can be

matched to a tracker muon track, a global muon is formed after a re�t to all the tracker

hits and muon hits is performed. A global muon is highly preferred by most analyses

because the combination of information from all the subdetectors greatly improves

the resolution; see Fig. 3.32 for a plot of the muon pT resolution when using the inner

tracker tracks only, the muon system only, and both systems combined. A global

muon can also be labeled as a PF muon if its combined momentum is compatible

with that determined from the tracker alone, within three standard deviations.
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Figure 3.32: The muon pT resolution in CMS as a function of the pT for |η| < 0.8
(left) and 1.2 < |η| < 2.4 (right) [71].

Additionally, a muon called a tracker muon is de�ned, which consists of a tracker

track that is not matched to a full SA muon track, but to compatible signals in the

calorimeter and/or a few muon segments. A tracker muon is de�ned for the times

when a low momentum muon (~ 6 GeV) does not have enough energy to create a

track in the muon system.

The typical muon reconstruction for pp collisions has been described above, but

there is an additional reconstruction reserved for cosmic muons and beam halo that

will be mentioned here [91]. Cosmic muons result from the showers of cosmic rays,

and some penetrate the CMS detector, despite the fact that it is shielded from most

cosmic rays due to the 100 m of earth above it. Furthermore, when the proton

bunches travel through the beam pipe, they can create muons, which might also

travel through the beam pipe and end up in the CMS detector. Since cosmic and beam

halo muons do not originate at the primary vertex, they will create di�erent types

of muon tracks and deserve their own reconstruction algorithm, called the cosmic

reconstruction. The cosmic reconstruction assumes the muon originated in the top
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hemisphere of the detector and is traveling downwards. The cosmic muon could

be reconstructed as one long muon track, nominally in both the upper and lower

hemispheres, or as two separate muon tracks, allowing the possibility for only one

track to be reconstructed if the cosmic muon enters or leaves the detector at an odd

angle and there are insu�cient hits to create a full muon track in one half of the

detector. The cosmic muon reconstruction is seeded by a 10 GeV seed.

Given the di�erent muons described above, CMS has de�ned several muon selec-

tions, which are commonly used in analyses [92]. A Loose Muon, which is a PF muon

and either a global or a tracker muon, is de�ned for the analyses that need a very

loose de�nition of a muon. A �Soft Muon� is a good quality tracker muon and was

de�ned largely for the use of the B physics group. A Tight Muon is a global and PF

muon with additional quality requirements on the number of tracker and muon hits,

the χ2 of the tracks, and the distance of closest approach to the beam line. A High

pT Muon is similar to the Tight Muon, except the PF muon condition is not required

and other requirements are made more appropriate for high pT muons.

The Muon POG also has recommendations for detector-based and PF-based iso-

lation, detailed in Ref. [92].

3.2.11.3 Electrons and Photons

After muons are removed in the PF algorithm, electrons are the next to be identi�ed

[84,93,94]. Electrons will leave energy deposits in the ECAL and tracks in the inner

tracker; photons will not leave tracks, since they are electrically neutral, and will

simply deposit energy in the ECAL.

The reconstruction of both electrons and photons starts with superclusters in the

ECAL. Superclusters are sums of energy deposits made from particles showering in

the ECAL, which are separated only in the φ direction. An electron will typically

deposit 97% of its incident energy in a 5 × 5 crystal window. If the superclusters can
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be matched to track seeds from the pixel detector, then a Gaussian-Sum Filter (GSF)

electron is formed; if not, then the supercluster is reconstructed as a photon. The GSF

reconstruction is based on a generalized Kalman �lter algorithm that accounts for the

bremsstrahlung energy loss in the silicon tracker [95]. The GSF electron becomes an

electron candidate if it can be signi�cantly distinguished from a hadron. To do this,

several criteria are imposed: the width of the supercluster in the η direction must

be small, the supercluster energy must be substantial, the energy deposited in the

ECAL must be much larger than that deposited in the HCAL (the �H/E� must be

small), and the electron candidate must be well-separated from any muon candidate,

in order to reject events where a muon leaves a track and a nearby hadron deposits

signi�cant energy in the ECAL. If these criteria are passed, the electron candidate

can become a PF electron and is subsequently removed from the PF algorithm.

Details about how to use electrons and photons in CMS analyses can be found in

Refs. [94, 96].

3.2.11.4 Jets

After muons and electrons are identi�ed by the PF algorithm, the remaining particle

blocks are subjected to tighter quality criteria and the calorimeter clusters are cal-

ibrated [84]. The remaining blocks are classi�ed as either PF photons, PF charged

hadrons, or PF neutral hadrons.

PF jets are formed from the PF hadrons by using the direction of the particle at

the primary vertex and the anti-kt algorithm [97]. Jets are the hadronic showers of

particles, created from quarks and gluons. The anti-kt algorithm and other jet-�nding

algorithms used in CMS proceed by merging neighboring particles if they are closer

together than each individually is to the transverse plane of the beam line. This

procedure continues iteratively until all of the PF hadrons have been grouped into

PF jets.
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For some analyses, particularly those having to do with top quarks, b-quarks,

and W bosons, the identi�cation of b-quarks, or more practically, of b-jets, can be

of particular use. b-quarks are more massive (4.2 GeV) and have a longer lifetime

(1.5 ps) when compared with light �avor quarks. Thus, they will typically arise from

secondary vertices and can be identi�ed by various b-tagging algorithms. There has

been much work in CMS on b-tagging algorithms [98].

3.2.11.5 Taus

Tau-leptons are quite massive at 1.7 GeV, and the tau lifetime is short enough that

they decay at the primary vertex [99]. Taus decay to leptons about 1/3 of the time and

to one or three charged hadrons about 2/3 of the time. If the tau decays to electrons

or muons, these lighter leptons will be identi�ed, and it is di�cult to identify which

electrons and muons came from tau decays and which did not. Tau identi�cation in

CMS is largely concentrated on distinguishing them from decays to hadrons, which

are usually charged pions.

The tau reconstruction at CMS bene�ts enormously from the PF algorithm. Taus

are identi�ed in general by starting with the highest pT photon or electron in a

jet, clustering all the electrons and photons in strips to capture all conversions to

neutral pions, and then combining with charged hadrons to form tau candidates.

Since this algorithm uses strips and charged hadrons, it is called the Hadron Plus

Strips (HPS) algorithm. The strips are electromagnetic clusters with dimensions

(∆η,∆φ) = (0.05, 0.20). The charged hadrons and strips are reconstructed into a

narrow cone with ∆R = 2.8/pT , where the pT is that of the tau and 0.05 < ∆R < 0.1.

There are four possible decay modes:

� Single Hadron, where the tau candidate decayed directly to a charged hadron

or in the presence of soft neutral pions

� Hadron plus One Strip, where a single charged hadron and one neutral pion
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are reconstructed. The charged hadron and the strip are required to have an

invariant mass compatible with the ρ meson.

� Hadron plus Two Strips, where a single charged hadron and a neutral pion are

reconstructed. The pion energy must be separated on the calorimeter surface.

The charged hadron and strips must also have an invariant mass compatible

with the ρ meson, and the mass of the two strips must be between 50 MeV and

200 MeV.

� Three Hadrons, where three charged hadrons are reconstructed. The charge of

the three hadrons must sum to 1, and they must have a mass compatible with

the a1 meson.

Tau candidates must also pass isolation criteria and survive rejection of fakes from

electrons and muons.

3.2.11.6 Missing Transverse Energy

The momentum in the transverse plane of an event should be conserved; thus, by

measuring all the particles in an event, we can determine if any additional energy is

needed in order to preserve the balance of momenta. If any such MET is detected, it

could be indicative of the presence of neutrinos, or in some BSM theories, the presence

of weakly interacting massive particles and the possible signature of dark matter.

MET in CMS is usually determined from the last step of the PF algorithm [100].

MET is the negative of absolute value of the vector sum of the transverse momenta

of all the PF particles in the event:

6 ET = −|
∑
i

~pT | (3.8)

where i runs over all the PF particles in the event. MET is dependent on the e�-

ciency of particle reconstruction and the ability to measure their momenta. MET is
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sometimes also calculated in CMS using only the energies contained in the calorime-

ter towers and their directions relative to the center of the detector; this is called

Calo MET. However, PF MET is used in the majority of CMS analyses due to its

improved accuracy.

Now that we have discussed the LHC and CMS detector and we understand how

the di�erent known elementary particles are reconstructed in CMS, we can go on to

discuss searches for long-lived exotic particles in the next chapter.
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Chapter 4

EXOTIC LONG-LIVED PARTICLES

We can perform searches for exotic particles beyond the SM with the LHC and the

CMS detector. We will now discuss speci�c BSM searches for long-lived particles

(LLPs). �Long-lived� exotic particles have long lifetimes, giving them decay lengths

comparable to the scale of the detector, and do not decay virtually immediately at the

interaction point. Rather, they travel some distance, possibly centimeters or meters,

before decaying.

Searches for LLPs are interesting, at least in part, because they need to make

use of unique features of the detectors. These are not run-of-the-mill, dime-a-dozen

analyses. They often have dedicated triggers, unique object reconstruction, atypical

techniques and discriminating variables, or other special considerations. The objects

often do not point back toward the IP, unlike particles in most other reconstructed

events, and so sometimes special reconstruction algorithms must be used. Also, the

important variables in the search, such as the time at which the particles are created

or interact with the detectors, their velocity, or their ionization energy, are often

not important for most of the other physics analyses done at these general purpose

experiments. These LLP searches often have no irreducible backgrounds from SM

processes, but rather, atmospheric cosmic rays, detector e�ects, misreconstructed
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objects, and noise often are much more important sources of background.

LLPs could come with many di�erent attributes, if they exist. They could be

electrically neutral or charged; if they are charged, they could have unit, fractional,

or multiple charge. It is possible that they could also have color. Furthermore, these

particles could have a wide range of lifetimes. They might live long enough to decay

outside the detector, or they may decay inside the detector, or they could even come

to a complete stop in the detector before decaying.

This chapter will discuss LLPs beyond the SM: why we might search for them,

theoretical models that predict them, how they would interact and appear in general-

purpose detectors, and previous and ongoing searches for them at colliders. See

Refs. [101,102] for recent reviews and analyses of LLP searches.

4.1 Motivation for LLP Searches

As stated in Chapter 2, the SM is a precise theory of particles and their interactions,

but it is incomplete. As a result, we should look for physics beyond the SM; there

are no massive LLPs in the SM. Furthermore, the detector signatures of LLPs are

extremely unique, so any evidence of these particles has a high probability of leading

to a discovery.

We currently have no explanation of the dark matter observed in the universe. We

have yet to �nd a dark matter particle, which would be a neutral, completely stable

particle beyond the SM (see Section 2.2.1.3 for more on dark matter). Furthermore,

cosmology may hint that a charged, LLP could exist, although it rules out absolutely

stable charged massive particles, as they would be observable today [103�105]. Our

present model of big bang nucleosynthesis (BBN) has di�culties in explaining the

observed lithium production, but a charged LLP that decays during or after the time

of BBN could resolve this disagreement [1].
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Another possible phenomenon that could give rise to a LLP that could be detected

at colliders is a monopole. A magnetic monopole is a hypothetical particle that is an

isolated magnet with only one magnetic pole. However, all observed magnetic parti-

cles have a �North� and �South� pole; all particles have zero magnetic charge. Dirac

�rst introduced the concept of the magnetic monopole in 1931 to explain the quanti-

zation of electric charge [106,107]. Monopoles could be detected at colliders because

they would be highly ionizing and relativistic, and could be easily distinguished from

minimum ionizing particles.

4.2 Theoretical Models Predicting LLPs

There are many theories beyond the SM that predict the existence of massive LLPs.

Section 2.3 gave an overview of BSM theories; this section will go into more detail

about the speci�c models that predict LLPs.

4.2.1 Minimal Supersymmetry

The Minimal Supersymmetric Standard Model (MSSM) is the minimal extension to

the SM that results in SUSY [39]. The particle content of the MSSM was actually

already described when SUSY was introduced in Section 2.3.1, but it might be helpful

to display the chiral and gauge supermultiplets in Tables 4.1 and 4.2, respectively.
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Table 4.1: The chiral supermultipets in the MSSM. The spin 0 �elds are complex
scalars, and the spin 1

2
�elds are the left-handed two-component Weyl fermions [39].

Particle Spin 0 Spin 1
2

SU(3)C , SU(2)L, U(1)Y

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

(×3 families) ē ẽ∗R e†R (1,1, 1)

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

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

d̄ d̃∗R d†R (3̄,1, 1
3
)

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 4.2: The gauge supermultipets in the MSSM [39].

Particle 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±,W0 (1,3, 0)

bino, B boson B̃ B (1,1, 0)

In the MSSM, the LSP is often the neutralino. The NLSP can be long-lived if the

mass splitting between the NLSP and the LSP is small. If the stop is the NLSP, there

are some regions of phase space where the stop can be long-lived [108]. If the mass

di�erence between the stop and the neutralino is too small for the stop decay to a

neutralino and a bottom quark to be kinematically allowed, then the stop decay will

proceed via the radiative decay to a neutralino and a charm quark. This will make

the stop long-lived, on the timescales of particles decaying within the detector.

4.2.2 Gauge Mediated Supersymmetry Breaking

Gauge mediated supersymmetry breaking (GMSB) is a SUSY model in which the su-

persymmetry breaking is mediated by the gauge interactions, as mentioned in Section

2.3.1 [109]. GMSB models contain three di�erent sectors of particles: the observable

sector, which contains the SM particles, two Higgs doublets, and their superpartners;
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the secluded sector, which is responsible for the SUSY breaking; and the messen-

ger sector, which contain new super�elds that transform under the gauge group and

couple with the goldstino super�eld.

Furthermore, GMSB models are characterized by six di�erent parameters:

� The e�ective mass scale of the SUSY breaking (Λ)

� The common messenger particle mass (mm)

� The number of SU(5) chiral multiplets of messengers (Nmes)

� The tangent of the ratio of Higgs VEVs (tan β)

� The sign of the Higgsino mass term (sgn(µ))

� The gravitino/goldstino coupling suppression factor (CG)

GMSB models contain a light gravitino/goldstino as the lightest supersymmetric par-

ticle (LSP) [110, 111]1. The next-to-lightest supersymmetric particle (NLSP) can be

either the lightest scalar tau lepton (stau) or the lightest neutralino, depending on

the choice of model parameters [39, 112]. If Nmes is not small, the NLSP is likely to

be a stau, and the GMSB models that are often referenced in LLP analyses contain

a stau NLSP. Also, if the suppression factor CG is large, the NLSP will have a long

lifetime. If the stau decays to the gravitino/goldstino LSP are su�ciently suppressed,

then the stau can live long enough to escape the detector [113, 114]. A lifetime of

order 1µs or more is needed in order for a LLP to escape the detector. The stau decay

length is [112]:

L = 10 km [βγ]

[
F

1/2
DSB

107 GeV

]4 [
100 GeV

mτ̃1

]5

(4.1)

1We call it a �gravitino/goldstino� because the gravitino "eats" the goldstino, but the couplings
of the goldstino are more important in determining the interactions of the particle. So there is one
particle, but it is important to recognize the properties of the goldstino that is eaten by the gravitino.
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where β is the velocity of the stau, γ is the usual relativistic parameter, F
1/2
DSB is the

non-zero vacuum expectation value of the dynamical SUSY breaking (DSB) sector of

the GMSB model, and mτ̃1 is the mass of the stau. The stau can be long-lived if FDSB

is on the order of 107 GeV or larger. If the stau NLSP is long-lived, then all heavier

SUSY particles will �rst decay to a stau, which then decays to the gravitino/goldstino

LSP. If SUSY with a gravitino/goldstino LSP exists in nature, the lifetime of the stau

NLSP should be of order one year or more in order to avoid complications with the

structure formation and BBN in the early universe.

4.2.3 Anomaly Mediated Supersymmetry Breaking

As mentioned in Section 2.3.1, anomaly mediated supersymmetry breaking (AMSB)

is a SUSY model where the SUSY breaking is mediated by gravity [39,115�119]. The

gauge supermultiplets are con�ned to the observable MSSM plane, and the super-

gravity e�ects occur in the secluded plane. These models are called AMSB models

because the SUSY breaking is transmitted to the observable sector via the super-Weyl

anomaly.

The minimal AMSB model is characterized by four parameters:

� The auxiliary mass (maux), which sets the overall SUSY breaking scale

� The common scalar mass (m0)

� The tangent of the ratio of Higgs VEVs (tan β)

� The sign of the Higgsino mass term (sgn(µ))

AMSB models can often have charginos as the NLSP and neutralinos as the LSP. If

the mass di�erence between the chargino and the neutralino is small, that is, less than

about 150 MeV, then there is little kinematic phase space available for the chargino

to decay to the neutralino, and as a result, the chargino can be long-lived, with a

lifetime of about 10 ns or more.

116



4.2.4 Split Supersymmetry

Split SUSY is a model in which SUSY is broken near the uni�cation scale [120,121].

This results in the supersymmetric squarks and sleptons being very heavy (> 1 TeV),

while the gauginos remain relatively light and account for the uni�cation of the gauge

couplings. The gluino is the only colored particle at this low mass scale, and it can

only decay through t-channel exchanges of a virtual squark. Since the squarks are very

massive, this decay will be suppressed and thus, the gluino can have a long lifetime,

possibly up to 100 s. Gluinos will form R-hadrons; the speci�cs of this process will

be discussed in Section 4.3.2.

4.2.5 R-Parity Violating Supersymmetry

Many SUSY models conserve R-parity, which allows the conservation of baryon (B)

and lepton (L) numbers and guarantees the stability of the LSP, making it a natural

dark matter candidate [122]. However, there are also many SUSY models that violate

R-parity: we call these models R-parity violating (RPV) SUSY models. Although

RPV SUSY models would necessarily violate B and L and the LSP would be allowed

to decay to SM particles, the phenomelogical di�culties could be overcome if the RPV

interactions are small. Furthermore, RPV interactions could be desired because they

could provide a source of the Majorana masses for neutrinos and/or an explanation

of the baryon-antibaryon asymmetry in the universe.

In these RPV SUSY models, the LSP would be slightly long-lived due to the

small RPV couplings, with decay lengths between about 1 mm and 1 m. These

slightly LLPs are predicted by several RPV SUSY models, including those discussed

in [122,123].

117



4.2.6 Models with Multiply or Fractionally Charged Particles

There are several BSM theories that give rise to particles with charge Q not equal to e,

namely, multiply charged massive particles (mchamps) or fractionally charged massive

particles (fchamps) [124]. These types of particles could be created by a modi�ed

Drell-Yan production of long-lived lepton-like fermions. Because their charge is not

equal to e, they are neutral under SU(3)C and SU(2)L, and therefore only couple to

the photon and Z boson via U(1).

4.2.7 Supersymmetric Left-Right Model

Some BSM theories extend the SM Higgs sector to include new Higgs doublets or

triplets containing doubly charged Higgs bosons (H±±), thereby including additional

symmetries. One such model is the Supersymmetric Left-Right model, which in-

troduces a right-handed version of the weak interaction where the gauge symmetry

is spontaneously broken at a high mass scale [125]. This model predicts light neu-

trino masses by the seesaw mechanism, which is consistent with neutrino oscillation

observations [19].

The H±± often decays to two same-sign charged leptons. Since the H±± is pair

produced, the decay is H++H−−→ l+l+l−l−. In this process, the quantity B minus

L is conserved, but L is not conserved; B is the baryon number and L is the lepton

number. Therefore, this is a lepton number violating model in which the H±± has

a nearly zero coupling (hll′ ) to electrons and muons and a long lifetime. The CDF

collaboration performed searches for doubly charged Higgs: a search for a prompt

H±± in the ee, eµ, and µµ decay channels, and a search for a long-lived H±± with

cτ > 3m [126,127].

Another Supersymmetric Left-Right model with lepton number violating decays
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of the Higgs boson, which results in heavy neutrinos and LLPs is given in [128].

4.2.8 Hidden Valley Models

As discussed in Section 2.3.4, Hidden Valley models propose new particles in a hidden

sector of phase space; these particles could be long-lived and have displaced vertices

[54,55].

In particular, Ref. [129] proposes a model in which the Higgs boson decays to two

neutral LLPs (H → XX). Each X particle could decay to two oppositely signed

leptons, which would come from a displaced vertex. Each pair of leptons would form

a narrow resonance in the dilepton mass spectrum.

Furthermore, there are other Hidden Valley models in which a non-SM Higgs

boson decays to hidden fermions, which in turn decay to either a dark photon and

a lighter hidden fermion or to a lighter hidden fermion and a hidden scalar, which

then decays to pairs of dark photons [130, 131]. The dark photons can then decay

to �lepton-jets�, which are collimated jet-like structures containing pairs of electrons

and/or muons and/or charged pions. These lepton-jets can be produced far from the

IP.

4.2.9 Untracked Signals of SUSY

Some additional models will give rise to appearing or kinked tracks [132]. An ap-

pearing track is a track that starts in the middle of the tracker or a calorimeter and

is produced when a long-lived neutral particle travels for some distance before de-

caying to a charged particle and another soft charged particle with low momentum.

A kinked track is a track with a large bend in it, which is made when a long-lived

charged particle decays to another charged particle and either a soft charged particle

or a neutral particle.

The SUSY models discussed in Ref. [132] that give rise to appearing or kinked
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tracks involve slowly decaying charged Higgsinos that are lighter than neutral Hig-

gsinos. However, other models could easily give rise to kinked tracks, as any slow-

moving, charged particle could decay to other charged particles and thereby produce

kinks. Some of these models involve a stop LSP with RPV coupling [132], a long-lived

slepton NLSP [133], a wino NLSP [134], and a weakly interacting axino LSP [135].

Similar models might produce appearing tracks.

4.2.10 Magnetic Monopoles

Magnetic monopoles were �rst introduced by Dirac in 1931 [106, 107]. Dirac showed

that if monopoles exist, electric and magnetic charge must be quantized. If you have

an electric charge qe and a magnetic monopole with magnetic charge qm, you can �nd

that the total angular momentum stored in the �elds ~L is [101,136]:

µ0

4π
qeqm (4.2)

Since quantum mechanical angular momentum comes in half-integer units of ~, we

have:

µ0

4π
qeqm =

n~
2

(4.3)

where n is an integer. If qe = e and n = 1, we have:

qm =
~c
2e
≈ 137

2
e (4.4)

And so the Dirac monopole has a charge of 137e/2.

Monopoles have also been developed in the context of other theoretical models.

Monopoles have been shown to arise as topological defects of space-time in GUTs

[137, 138]. However, this would give rise to super heavy monopoles, with masses

between 1015 and 1016 GeV. Intermediate mass monopoles, with masses between 107
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and 1014 GeV, arise through other symmetry-breaking scenarios [139, 140]. Gauge

monopoles from electroweak symmetry breaking or another mechanism could give

monopole masses such that they could be discovered at the LHC [141�144].

4.3 LLP Interactions in Matter

Now that we have an idea of the theory behind LLPs, we can start to think about

how they will look in the detector. Before describing the di�erent types of detector

signatures of LLPs, we should �rst discuss the basic ways that LLPs interact in

matter. As discussed in Section 3.2.1, particles can interact with atomic electrons

or atomic nuclei. For LLPs, interactions with atomic electrons typically give rise to

ionization, and interactions with atomic nuclei typically give rise to hadronization, if

the LLP has color [101]. A few details of LLP ionization and hadronization will be

discussed here.

4.3.1 Ionization of Electrically and Magnetically Charged

LLPs

The typical electromagnetic interaction of LLPs with matter is ionization. The ioniza-

tion energy loss of electrically charged LLPs can be described by the Bethe equation

−
〈
dE

dx

〉
= KQ2Z

A

1

β2

[
1

2
ln

2mec
2β2γ2Tmax
I2
e

− β2 − δ(βγ)

2

]
(4.5)

This is the very same formula as was discussed in Section 3.2.1. Lepton-like LLPs,

such as the gravitino/goldstino or stau in GMSB, the charginos or neutralinos in

AMSB, and multiply-charged particles, will interact in the detector through ioniza-

tion.

Magnetically charged LLPs, that is, magnetic monopoles, would also loose en-
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ergy through ionization [145�147]. Since Dirac monopoles have a magnetic charge of

137e/2, their ionization energy loss would be several thousand times greater than that

of a particle with charge e. In fact, the ionization energy loss of a monopole could

be so great that it could cause the monopole to become stopped in the inner tracker.

The ionization energy loss of monopoles has been shown to follow a similar form as

the Bethe equation, except for the multiplicative factor of 1/β2. The stopping power

of a monopole of strength g is given by:

−
〈
dE

dx

〉
= KQ2Zg

2

A

[
1

2
ln

2meβ
2γ2Tmax
I2
m

− 1

2
− δ(βγ)

2
+
K(|g|)

2
−B(|g|)

]
(4.6)

See Table 4.3 for the de�nitions and values of the additional variables in this formula.

Inspection of Equations 4.5 and 4.6 shows that the ratio of the stopping power of a

Dirac monopole of unit magnetic charge to that of a unit electrically charged particle

is about 4700β2.

Table 4.3: The variables used in the modi�ed Bethe formula for monopoles [1]. The
variables listed here are those besides the ones listed in Table 3.2.

Symbol De�nition Value and/or Units

Im Mean excitation energy for
monopoles

eV

K(|g|) Correction term 0.406 for g = 1
0.346 for g = 2

B(|g|) Correction term 0.248 for g = 1
0.672 for g = 2

We can also discuss the range of the ionization loss of monopoles, given by:

R =

ˆ E

0

dE

dE/dx
= M

ˆ γ

0

dγ

dE/dx(βγ)
(4.7)

Figure 4.1 shows the stopping power for Dirac monopoles in aluminum as a func-

tion of their speed β, on the left. It can be seen from this �gure that as the monopole
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slows down, the ionization becomes less dense, in contrast to electrically charged par-

ticles (see Fig. 4.4). On the right, this �gure shows the range normalized to the mass

of Dirac monopoles, as a function of βγ = p/M . Monopoles give a very striking

ionization signature in matter.

Figure 4.1: Stopping power (〈−dE/dx〉) for Dirac monopoles in aluminum as a func-
tion of β (left). The ratio of range to mass for Dirac monopoles in aluminum as a
function of βγ = p/M , calculated from the stopping power (right) [101].

4.3.2 Hadronization of LLPs

Colored LLPs will interact with atomic nuclei of the detector material and undergo

hadronization, picking up a light quark or gluon degrees of freedom. They could

become either mesons or baryons; collectively, they are called R-hadrons, a name

borrowed from SUSY that refers to the non-trivial R-parity of such hadrons. R-

hadrons can be charged or electrically neutral, and as they traverse the detector, they

can continue to hadronize and possibly change their charge [148,149]. R-hadrons may

not hadronize signi�cantly, allowing them to traverse the detector and possibly reach

even the muon system. On the other hand, signi�cant hadronization may result in

the R-hadrons coming to a stop in the detector. Colored LLPs, such as the gluinos
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in Split SUSY or the stops in MSSM, will form R-hadrons. R-hadrons are typically

modeled in Pythia and Herwig. For more information, see Ref. [101] and citations

therein.

4.4 Detector Signatures of LLPs

Long-lived exotic particles can have a wide range of signatures. Some might pass

through the detector, possibly all the way, with a strange signature. For example,

they could have highly ionizing tracks, or low ionizing tracks. There are other LLPs

that could have lifetimes such that they would decay in the detector. These particles

could have displaced vertices, decay to non-pointing objects, or display kinked tracks

in the detector. There are still other particles that could be so heavy that they

actually come to a complete stop in the detector and decay sometime later.

4.4.1 Signature of Particles that Pass Through the Detector

We will �rst discuss the signature of LLPs that could pass all the way through the

detector before decaying. This type of LLP has been called a Heavy Stable Charged

Particle (HSCP), Massive Charged Particle (MCHAMP or CHAMP), Charged Mas-

sive Stable Particle (CMSP), or Charged Massive Long-Lived Particle (CMLLP) in

the literature, but all these names refer to the same type of particle. We will stick

with the CMLLP name here. These particles are electrically charged, have mass on

the order of at least 100 GeV, and are long-lived in the sense that they would not

decay within the detector. As they pass through the entire detector, they appear like

muons, which are the only known charged particles that penetrate the entire detector

(see Fig. 4.2 for a diagram of how di�erent particles behave in the detector).
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Figure 4.2: Diagram of the behavior of di�erent particles in general-purpose particle
experiments.

However, CMLLPs could be distinguished from SM muons by their speed and

ionization energy loss per unit length (dE/dx) [101]. Because CMLLPs are more

massive than muons, they would move slower and ionize more heavily in the detector.

However, the CMLLP ionization energy loss would be small compared to its kinetic

energy. CMLLPs have high pT due to their large mass, and so the CMLLPs could

traverse the entire detector. Beam-produced muons, especially the high pT ones that

the experiment will trigger on, will be highly relativistic in the detector and travel

near the speed of light. CMLLPs, on the other hand, would not be relativistic and

would have a speed signi�cantly less than c, due to their large mass. The speed

of the muon or CMLLP could be measured from the time-of-�ight (TOF) in the

muon system, that is, how long it takes to traverse the detector. See Fig. 4.3 for a

distribution of the speed, at the generator level, for simulated CMLLPs (staus, in this

case) and Z → µµ events, from a D0 study.
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Figure 4.3: The speed distribution for MC at the generator level for three mass points
of CMLLPs (stau samples 100, 200, and 300 GeV) and standard model muons from
Z decays [150].

Furthermore, one can di�erentiate between muons and CMLLPs by the energy loss

of the particle in the detector. As described in Section 3.2.1, muons will primarily

loose energy in the detector from ionization, if their momentum is su�ciently low,

that is, less than several hundred GeV, or they will primarily loose energy through

radiation, if their momentum is greater than several hundred GeV [1]. Fig. 4.4 ,

which shows the rate of energy loss dE/dx as a function of momentum for muons

traveling through copper, was already shown in Section 3.2.1, but is reproduced here

for convenience. Since 〈dE/dx〉 ∝ 1/β2, where β is the speed per unit c of the particle,

a CMLLP would deposit signi�cantly more energy than a minimum ionizing muon,

since a CMLLP would have β < 1 and a muon has β = 1, if the detector resolution

is ignored. However, if the muon has su�ciently large momentum, radiative e�ects

begin to dominate over ionization, and the muon's dE/dx increases more rapidly,

as can be seen in Fig. 4.4. As a result, dE/dx becomes a less powerful discriminator

between CMLLPs and muons, since many muons in the detector will not be minimum

ionizing. A particle's dE/dx could be measured in several subdetectors, but it is often

measured in the tracker in CMLLP searches.
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Figure 4.4: Stopping power (〈−dE/dx〉) for positive muons in copper as a function
of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude
in kinetic energy). Solid curves indicate the total stopping power. Vertical bands
indicate boundaries between di�erent approximations [1].

The speed and dE/dx are the two main variables that can be exploited to distin-

guish CMLLPs from SM muons. However, there are several e�ects of CMLLPs that

could lead to a few di�erent signatures, each of which could be speci�cally searched

for at colliders. First of all, a CMLLP may change its charge while interacting with

the detector material. A CMLLP could be produced as charged and become neutral

after interacting with the detector material, in which case, one might search for a

charged particle in the inner tracker only, or a CMLLP could be produced as neutral

and become charged after interacting with the detector material, in which case, one

might search for a charged particle in the muon system only. The models and details

of hadronization were discussed in Section 4.3.2.

Another property that could produce a di�erent CMLLP signature is that the CM-

LLP could be multiply (Q > e) or fractionally (Q < e) charged [124]. Since dE/dx
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scales as the square of the charge (see Equation 3.3), multiply charged particles would

have signi�cantly greater dE/dx, while fractionally charged particles would have sig-

ni�cantly smaller dE/dx. Searches for multiply or fractionally charged particles are

complicated by the fact that the detector's track reconstruction typically assumes

Q = 1 for determining pT , meaning that the pT of multiply (fractionally) charged

tracks is underestimated (overestimated) by a factor of 1/Q. Figure 4.5 shows how

dE/dx can be used to distinguish CMLLP signals from backgrounds; it shows Ih, a

measure of dE/dx, as a function of p for SM muons, singly, fractionally, and multiply

charged CMLLP candidates in CMS data and MC.

Figure 4.5: The distribution of Ih, a measure of dE/dx, as a function of p for data,
singly, fractionally, and multiply charged CMLLP candidates from a CMS study [151].

4.4.2 Signature of Particles that Decay in the Detector

A variety of di�erent searches can be done for LLPs that decay somewhere within

the detector [152]. For example, a neutral LLP could travel a few centimeters into

the tracker before decaying, giving the signature of tracks that appear to emanate

128



not from the primary vertex. Searches can be performed for displaced vertices that

give rise to displaced leptons, displaced jets, or non-pointing photons. In addition, a

charged LLP could decay in the tracker to another charged particle and possibly a

neutral particle, which would appear as a track with a �kink� in it, possibly with a

large MET. A charged LLP could also decay to neutral particle(s) and low-pT pions

that are not reconstructed, thereby exhibiting a �disappearing� track.

Many searches for displaced vertices focus on long-lived neutral particles that

decay to two oppositely signed leptons, thereby forming a narrow resonance in the

dilepton mass spectrum. Some SM processes such as tt and Z→ l+l− that also decay

to dileptons could be background for this search. Much of this background, however,

can be rejected by requiring a large transverse decay length and/or transverse impact

parameter. For neutral LLPs that decay to jets, the only signi�cant background is

multijet events, and again, making requirements on the transverse decay length and

related variables can largely reduce this background.

A long-lived neutral particle could also decay to photons and MET. For this decay

channel, several detector signatures could be exploited. First of all, a search could

make use of timing variables in the ECAL to identify late-arriving photons. A photon

that reached the ECAL signi�cantly after the majority of prompt photons would be

evidence for a LLP. In addition, one could search for photons that are converted to

e+e− pairs, as this would signify new physics.

Searches for kinks and disappearing tracks have a few backgrounds such as hadrons

that interact in the inner tracker, electrons or muons that fail to satisfy their iden-

ti�cation criteria, and low-pT particles whose pT is mismeasured. One can largely

distinguish the signal from these backgrounds by requiring signi�cant pT .
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4.4.3 Signature of Particles that Stop in the Detector

Other LLPs could be su�ciently massive, slow moving, and ionizing that they come

to a complete stop somewhere in the detector and then decay seconds, days, or weeks

later. If the LLP is colored, it will hadronize as it traverses the detector, creating a R-

hadron, which will eventually stop in the detector [153�157]. These stopped particles

can produce daughter particles when there are gaps in the beam or when there are

no beams in the accelerator at all. Dedicated triggers are needed to detect particles

when there are gaps in the beam. Searches have been performed for stopped particles

that give rise to calorimeter deposits and for those that give rise to muons. Since

the detector should be relatively quiet when there are no collisions, we can search

for the decays of stopped particles with little SM background. In fact, the primary

backgrounds for a search for stopped particles are simply cosmic rays, beam halo,

and instrumental noise. See Fig. 4.6 for an illustration of how a stopped particle and

some of the backgrounds would look in the detector.

Figure 4.6: Illustration of the experimental signature of a stopped LLP and some of
the principle backgrounds for this search.

An important background for a search for stopped particles is cosmic rays. Cos-

mic rays are particles, unusually consisting of atomic nuclei, that typically originate
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outside the solar system [1]. They can create showers of secondary particles in Earth's

atmosphere, and although most are stopped from reaching the CMS detector since it

is about 100 m underground, some can penetrate that far. Cosmic rays that reach

the CMS detector will typically be reconstructed as muons that enter the detector

from the top and penetrate either partway or completely through the detector to the

bottom. Furthermore, cosmic muons will in general not arrive in time with the bunch

crossings. If a search is performed for stopped particles that give calorimeter deposits

when they decay, cosmic ray muons can be largely rejected by vetoing on activity

in the muon system. If the analysis searches for decays to muons, however, a more

sophisticated cosmic rejection is needed. In this case, one might reject cosmic muons

by observing the direction of the muon track; most cosmic muons will travel from the

top of the detector to the bottom, while stopped particles will give rise to muons that

move from the inside to the outside of the detector. The direction of a muon track

can be determined from the times associated with the muon hits.

Another source of background for stopped particle searches is beam halo. Beam

halo is a transverse halo of particles that forms around the narrow, focused proton

beam [158]. The particles in this halo can interact with the beam pipe, creating

unwanted radioactivity. Some of these particles can even make it inside the detector.

The peak beam halo rate should occur in time with �lled proton bunches, and so

vetoing on bunch crossings at the trigger level should reject much of the beam halo in

searches for stopped particles. Dedicated L1 beam halo triggers have been created,

so these can also be vetoed on at the trigger level. In addition, stopped particle

searches can reject beam halo o�ine by rejecting events containing muon segments

in the endcaps. Beam halo should largely travel in the z-direction and will therefore

likely have a large η value.

A �nal background to stopped particle searches is instrumental noise. Noise is

typically due to random �uctuations of electrons in the readout electronics and de-
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tector material. Noise is rejected in analyses that search for calorimeter deposits by

using typical HCAL noise-reduction algorithms and by requiring good quality jets.

Noise is rejected in analyses that search for muons by requiring a good quality muon

track, with hits in several muon chambers.

4.4.4 Signature of Monopoles

As mentioned in Section 4.3.1, the ionization energy loss of Dirac monopoles would

be several thousand times greater than that of a particle with charge e [101] . Thus,

monopoles would give a striking dE/dx signature. Searches for monopoles at colliders

usually look for high dE/dx tracks in the inner tracker. Furthermore, Dirac monopoles

will produce parabolic tracks that are curved in the r − z plane due to the magnetic

�eld within the detector, and parabolic tracks can be searched for in the inner tracker.

Monopoles could also produce a narrow ECAL cluster. Monopoles would not

shower much in the calorimeters, as they would deposit their energy in a single cell,

and then drift along the magnetic �eld. However, this would often make them look

like ECAL spikes, and so this source of noise is a background for collider searches for

monopoles. Most searches would bene�t from a relaxed ECAL spike cleaning.

The dE/dx of the monopoles could be so large that they end up coming to a stop

in the beam pipe or around the IP. Stopped monopoles would become bound to the

nuclei of the atoms of the detector material. This would create a strongly divergent

magnetic �eld, which would create a residual persistent current if the material is

passed through a superconducting coil. A Superconducting Quantum Interference

Device (SQUID) can be used to measure this current (see Fig. 4.7).
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Figure 4.7: Diagram of the SQUID apparatus used at HERA [159]. The conveyer
belt traveled in small steps until the sample was passed completely through the coil.
At each step, the current in the superconducting coil was read.

4.5 Previous and Present Searches for LLPs

Searches for LLPs beyond those in the SM have been an active area of research for

some time, and the �eld continues to thrive. And not all searches are performed

at particle colliders. The hunt for dark matter, for example, has been conducted

with direct detection searches, typically involving a Time Projection Chamber, a

large amount of a noble gas and/or liquid, and a laboratory deep underground, and

with indirect detection searches, either using astronomical experiments or particle

colliders. That being said, we will focus on searches that have been performed at

particle colliders for CMLLPs, displaced vertices, stopped particles, weird tracks, and

monopoles, in turn. Furthermore, we will focus on searches that have been performed

fairly recently, namely, at the Tevatron and the LHC, although we will mention some

searches at LEP and HERA. The recent ATLAS LLP searches have been summarized

in Ref. [160], and the recent CMS LLP searches have been summarized in Ref. [161].

133



4.5.1 Previous and Present Searches for CMLLPs

There have been many searches for CMLLPs at colliders. Several searches have been

conducted at LEP [162�165], HERA [166], and the Tevatron [167�171], including the

D0 search described in Appendix A. The most restrictive limits to date on long-lived

charginos are given in Ref. [171]: D0 excluded gaugino-like charginos below 278 GeV

and higgsino-like charginos below 244 GeV, at 95% con�dence level (CL). Even more

restrictive limits, albeit on di�erent models, have come from the LHC [151,172�182].

The most restrictive limits are from CMS, where gluinos below 1322 GeV and stops

below 935 GeV are excluded for the cloud interaction model, and staus, including

cascade decays, are excluded below 500 GeV. Fractionally and multiply charged par-

ticles with |Q| = e/3, 2e/3, 1e, 2e, 3e, 4e, 5e, 6e, 7e and 8e are excluded with masses

below 200, 480, 574, 685, 752, 793, 796, 781, 757, and 715 GeV, respectively [151].

CMS and ATLAS have both pursued many di�erent models and detector signatures

of CMLLPs, including searches for fractionally and multiply charged particles. Both

ATLAS and CMS exploit TOF and dE/dx measurements as much as possible. The

latest CMLLP paper from CMS, which uses data from 2011 and 2012 at
√
s =7 and 8

TeV, gives the details of �ve sub-analyses: a tracker-only search, a muon-only search,

a tracker plus muon search, a multiply charged particle search, and a fractionally

charged particle search. CMS has also presented a reinterpretation for their 2011

and 2012 results in the pSSM and other BSM scenarios [183]. See Ref. [184] for re-

cent results from phenomenologists about the prospects of CMLLP searches at future

colliders.

4.5.2 Previous and Present Searches for Displaced Vertices

There have been several searches for displaced vertices.

BaBar [185], D0 [186,187], ATLAS [188�193], and CMS [194,195] have performed

searches for displaced leptons. The most restrictive limits from CMS, using 2012
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data at
√
s = 8 TeV, are on Higgs bosons that decay to a pair of long-lived neutral

X bosons, which decay to dileptons (e+e− or µ+µ−); the 95% CL cross section limits

are between 0.1 and 5 fb for X bosons with lifetimes between 0.01 and 100 cm. The

limits from CMS on a pair of squarks that decay to a long-lived neutralino, which

decays to e+e−ν or µ+µ−ν, are between 2 and 5 fb for neutralino lifetimes between

0.1 and 100 cm and squark masses above 350 GeV. CMS has also started a search for

displaced muons using only the muon system, in order to expand their sensitivity to

LLPs with a transverse impact parameter greater than 40 cm [196].

There have been several searches for displaced jets, including CDF and D0 searches

for metastable particles decaying to b-quark jets [197,198], an LHCb search [199], the

ATLAS searches mentioned above [188�190, 192], and a CMS analysis [200]. The

CMS search uses 2012 data at
√
s = 8 TeV and looks for Higgs bosons that decay to

long-lived neutral X bosons. For Higgs boson masses between 400 and 1000 GeV, X

boson masses between 50 and 350 GeV, and X boson lifetimes between 0.1 and 200

cm, the upper limits are typically 0.3 to 100 fb. These are the most stringent limits

to date in this channel.

There has been a search for displaced lepton-jets at ATLAS [201]. They use the

2012,
√
s = 8 TeV data set to put limits on non-prompt lepton-jet models. Assuming

the SM gluon fusion production cross section for a 125 GeV Higgs boson, they �nd its

branching ratio to hidden-sector photons to be below 10%, at 95% CL, for a hidden

photon in the 14 mm ≤ cτ ≤ 140 mm range for the H→ 2γd + X model and in the

15 mm ≤ cτ ≤ 260 mm range for the H→ 4γd +X model.

A few searches for displaced photons have been performed. CDF performed a

search using MET [202], and CMS performed searches using converted photons and

MET [203, 204]. All other searches for photons in some SUSY scenario have been

with prompt photons. Currently, a search is being performed at CMS for displaced

photons using ECAL time measurements [205], and another search using photon
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conversions [206]. The most stringent limits on displaced photons use 2011 data at

√
s = 7 TeV; CMS excludes neutralinos with masses below 220 GeV, for lifetimes of

500 mm [204].

There have also been searches for RPV SUSY, such as one search that looks for

slightly displaced, pair-produced stops [207]. This search has been performed at CMS

with 2012 data at
√
s = 8 TeV, and it looks for an electron and a muon in the �nal

state, which are displaced transversely from the LHC luminous region. No excess is

observed above the estimated number of background events for displacements up to

2 cm. For a lifetime of 2 cm, stops masses are excluded up to 790 GeV.

4.5.3 Previous and Present Searches for Weird Tracks

ATLAS has conducted a few searches for disappearing tracks [208, 209]. CMS is

currently performing a search for disappearing tracks using 2012 data at
√
s = 8

TeV [210]. The benchmark signal process for this search is AMSB where there is a

small mass splitting between the lightest chargino and neutralino, and the chargino

decays to a neutralino and a soft pion, which will not be reconstructed. If the chargino

decays within the tracker volume, a disappearing track will be produced. The most

stringent limits are from the CMS search, which for a mean lifetime of 1 ns, charginos

with masses below 443 GeV at 95% CL are excluded.

A search for kinked tracks in the CMS tracker is also in progress. This search

uses a coNLSP SUSY model in which mass degenerate selectrons and smuons decay

to their SM counterparts and a nearly massless gravitino. The tracks of the mother

NLSP (selectron or smuon) and of the daughter particle (electron or muon) create

the kinked track that could be observed.
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4.5.4 Previous and Present Searches for Stopped Particles

Previous searches for stopped particles have often been referred to as �stopped gluino�

searches because the benchmark signal was typically provided by various gluino mod-

els. However, these searches have been more recently expanded to the signals associ-

ated with other models, such as stops. Many of these searches have used signatures of

calorimeter energy appearing when there are no collisions, but some searches, includ-

ing the one described in this thesis, have been expanded to search for other objects,

such as muons, detected in the absence of collisions.

Several stopped gluino searches have been reported from Tevatron experiments:

a D0 search [211] and a reinterpretation of CDF results [212]. Other searches for

stopped particles have come from LHC experiments [213�215]. The most restrictive

limits come from CMS, based on 2012 data corresponding to 281 hours of trigger live

time: assuming the cloud model of R-hadron interactions, gluinos with masses below

1000 GeV and stops with masses below 525 GeV are excluded for lifetimes between 1

µs and 1000 s [216]. All of the above searches use signatures of out-of-time calorimeter

deposits, but the analysis described in this thesis is a search for stopped particles that

decay to muons.

4.5.5 Previous and Present Searches for Monopoles

Searches for monopoles have been performed at LEP [217], HERA [159], and the

Tevatron [218�220]. CDF performed a search using 35.7 pb−1 of data and a custom

trigger for highly ionizing particles. They set cross section limits greater than 0.2 pb

for masses between 200 and 700 GeV. The other two Tevatron searches were performed

by the E882 experiment, which used the SQUID technique at CDF and D0. Upper

limits on the production cross section of monopoles with charge qm, 2qm, 3qm, and

6qm were found to be 0.6, 0.2, 0.07, and 0.02 pb, respectively, at 90% CL, when taking

the isotropic case.
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The current CMS search for monopoles looks for highly ionizing tracks in the

tracker, meaning many saturated hits, and a con�ned energy deposit in the calorime-

ter [221]. This analysis searches for massive Dirac-like monopoles. The ATLAS search

is similar, and sets cross section limits between 1 and 100 fb for masses between 200

and 2500 GeV [222]. The current status of searches for monopoles is summarized in

Ref. [223].

Now that we have introduced LLPs, we can describe the search for delayed muons,

which is the main analysis in this thesis.
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Chapter 5

A SEARCH FOR DELAYED

MUONS

This chapter describes the main analysis performed for this thesis, which is a search

for LLPs that stop in the detector and decay to muons. This was the �rst time this

analysis was ever performed. The analysis uses 19.7 fb−1 of 8 TeV data collected by

CMS in 2012, during a search interval of 293 hours of trigger livetime.

5.1 Introduction and Motivation

As described in the previous chapter, massive LLPs do not exist in the SM, and so any

sign of them would be an indication of new physics. There are many BSM theories

that predict LLPs, including split SUSY, hidden valley scenarios, GUT theories, and

various SUSY models. Furthermore, our present model of BBN does not explain the

observed Li level of production, but the presence of a massive, LLP would a�ect the

light element abundances [1].

LLPs could be su�ciently massive that they would lose su�cient energy through

ionization or hadronization, depending on the type of particle, that they would come

to rest inside the detector material [153�157]. These stopped particles could then
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decay seconds, days, or weeks after the bunch crossing. These decays could occur

when there are no collisions and the detector is relatively quiet; the observation of

such decays would be a clear sign of new physics. The major background to such a

search would be cosmic rays that survive the 100 m trip through the earth to the CMS

detector. Furthermore, decays to leptons are key �ags of heavy particle production,

and the presence of leptons that are delayed with respect to the bunch crossing may

signal new physics.

We present here the �rst search for LLPs that come to a stop in the detector and

decay to muons sometime after the bunch crossing. This search is somewhat similar

to the CMS Search for Stopped Particles (EXO-12-036) [216], and in fact builds upon

the MC simulation and trigger framework, but it searches for decays to real muons

instead of calorimeter deposits. As a result, many of the analysis challenges are

quite di�erent. This search was designed to cover some of the parameter space so far

unexplored by the CMS long-lived exotica program.

Analyses were performed at CMS and ATLAS that search for stopped R-hadrons

[213�216]. The most restrictive of these is from CMS, using 18.6 fb−1 of 8 TeV data,

correspnding to 281 hours of trigger livetime, which excludes gluinos with masses

below 1000 GeV and top squarks with masses below 525 GeV [216]. In addition,

other analyses have searched for long-lived heavy particles that pass through the

detector [151,172�183]. The most restrictive limits on mchamps with |Q| = 2e exclude

masses below 685 GeV [151].

We use the data and MC simulation samples described in Section 5.2, and in par-

ticular, we use the custom trigger described in Section 5.2.1. We perform the search

by following the strategy and techniques outlined in Section 5.3. The search samples

are reduced by applying the o�ine selection criteria, as described in Section 5.4. We

model the background as described in Section 5.5. The systematic uncertainties are

described in Section 5.6, and the results are explained in Section 5.7. Since we observe
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no signi�cant excess, we place cross section and mass limits on the signals we explore.

The main twiki page for this analysis is Ref. [224].

5.2 Data and Monte Carlo Samples

5.2.1 Trigger

We collected data during 8 TeV proton-proton collisions of the LHC in 2012 with

specially designed triggers at L1 and the HLT.

The L1 and HLT triggers used for this analysis veto on the bunch crossing, in order

to search for the signal when there are no prompt SM backgrounds. The triggers select

events with at least one muon, so that we might be sensisitve to decays of stopped

long-lived particles that produce only one muon in the �nal state. As a result of the

veto on the bunch crossing and the selection of at least one muon, the triggers for this

analysis predominantly select cosmic muons. Since the rate of cosmic muons reaching

the detector is small, namely, approximately 500 Hz, we can keep the pT thresholds

low and maintain a trigger rate within our allowed budget. Low pT thresholds in

the trigger, namely 6 GeV at L1 and 20 GeV at the HLT, allow us to be sensitive to

stopped long-lived particles of about 100 GeV.

The L1 trigger for this analysis is L1_SingleMu6_NotBptxOR, which requires at

least one L1 muon with a pT of at least 6 GeV. The L1 muon pT cut at 6 GeV was

chosen to maintain a L1 trigger rate of about 30 Hz (see below). Furthermore, this

�NotBptxOR� trigger collects data only when the Beam Pickup for Timing for the eX-

periments (BPTX) signal is false for both beams. (The logic is NOT (BPTX_plus.v0

OR BPTX_minus.v0).) Thus, at L1, our trigger vetoes on the presence of colliding

bunches. See Section 3.2.9.5 for more on the BPTX system.

The main signal HLT path developed speci�cally for this analysis is

HLT_L2Mu20_NoVertex_2Cha_NoBPTX3BX_NoHalo. This trigger requires at
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least one L2 muon that is not updated at the vertex with a pT of at least 20 GeV.

The L2 muon pT cut at 20 GeV was chosen to keep the HLT rate less than 5 Hz.

The HLT path also requires at least 2 DT or CSC chambers with any number of hits,

which was implemented to select good quality muons with many hits over multiple

chambers. It also vetoes events in which the L1_SingleMuBeamHalo trigger �res,

thereby reducing the number of beam halo events collected. Furthermore, if a BPTX

coincidence is seen within ±1 potential bunch crossing bucket (BX) of the event, the

event is excluded. Thus, at the HLT, our trigger also vetoes on one BX on either side

of the bunch crossing. We also implemented a number of control and backup triggers

for this search; the full list of triggers is given in Table 5.1.

Table 5.1: Delayed muon triggers during Run2012C and Run2012D. In Run2012A
and Run2012B, the signal and backup triggers did not have the requirement of at
least 2 DT or CSC chambers with any number of hits (the �2Cha� requirement).

HLT Path L1 Seed Type

HLT_L2Mu20_eta2p1_NoVertex L1_SingleMu16er Control
HLT_L2Mu10_NoVertex_NoBPTX3BX_NoHalo L1_SingleMu6_NotBptxOR Control

HLT_L2Mu20_NoVertex_2Cha_NoBPTX3BX_NoHalo L1_SingleMu6_NotBptxOR Signal
HLT_L2Mu30_NoVertex_2Cha_NoBPTX3BX_NoHalo L1_SingleMu6_NotBptxOR Backup

The trigger rates for L1_SingleMu6_NotBptxOR and

HLT_L2Mu20_NoVertex_2Cha_NoBPTX3BX_NoHalo during run 208307

and the instantaneous luminosity recorded by CMS for this �ll (�ll 3347) are shown

in Fig. 5.1. For this long run that spanned 11.5 hours, the rate of these triggers is

constant at about 32 Hz and 3.5 Hz, respectively, while the instantaneous luminosity

dropped by a factor of greater than 2.5.
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Figure 5.1: The WBM plots showing the trigger rate for L1_SingleMu6_NotBptxOR
(top) and HLT_L2Mu20_NoVertex_2Cha_NoBPTX3BX_NoHalo (middle) and the
instantaneous luminosity (bottom) during run 208307 [225].
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The trigger rate for HLT_L2Mu20_NoVertex_2Cha_NoBPTX3BX_NoHalo

and the instantaneous luminosity at the start of a �ll as a function of the number of

colliding bunches is shown in Fig. 5.2. As can be seen in this plot, the trigger rate

is highly dependent on the number of colliding bunches, rather than on any beam-

related parameters. As the number of bunches increases, there is less time available to

the trigger to take data, so its rate decreases. The dominant sample collected by the

trigger is �cosmic muons�, that is, muons from cosmic rays, and so the rate versus the

number of bunches is linear and decreasing. On the other hand, the instantaneous

luminosity at the start of the �ll, and therefore the rate of �prompt� triggers that

collect data in time with the bunch crossing, increases with the number of bunches.

Figure 5.2: The trigger rate for HLT_L2Mu20_NoVertex_2Cha_NoBPTX3BX_NoHalo
and the instantaneous luminosity at the start of a �ll as a function of the number of
colliding bunches, based on early 2012 data.

The turn-on curve for HLT_L2Mu20_NoVertex_2Cha_NoBPTX3BX_NoHalo

is plotted in Fig. 5.3. The events in both the numerator and denominator were events

that passed the prescaled muon NoBPTX control triggers, which had a 10 GeV L2

muon pT cut, from Run2012C with the muon JSON �le. Only the highest pT muon

is considered in the numerator and denominator. We require that the Displaced
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Standalone (DSA) muon track must have at least 3 DT chambers with valid hits, at

least 2 RPC hits, at least 8 DT DOF, and 0 CSC hits, in order to pass the preselection

criteria. (See Section 5.3.1 for more about DSA muon tracks and Section 5.4 for the

selection criteria.) The additional requirement for the numerator is that the event

passes the signal trigger, which had a pT cut of 20 GeV. The trigger is 80% e�cient

at a DSA track pT of 30 GeV.

Figure 5.3: Turn-on curve for HLT_L2Mu20_NoVertex_2Cha_NoBPTX3BX_NoHalo
in Run2012C data passing the prescaled control trigger.

5.2.2 Data Samples

5.2.2.1 Search Sample

This search is performed with data taken between May and December 2012, during

which 19.7 fb−1 of 8 TeV data was collected by CMS and approved for analyses using

muons. The RAW datasets analyzed are listed in Table 5.2. They were reconstructed

in 72X, in order to take advantage of the DSA muon track collection (see Section

5.3.1). The recoed datasets are listed in Table 5.3. Run2012A is excluded due to a

problem with the trigger con�guration during this time; the HLT path mistakenly

vetoed on a double muon L1 seed, rather than on the L1 beam halo seed.
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Table 5.2: RECO data samples.

/NoBPTX/Run2012B-v1/RAW
/NoBPTX/Run2012C-v1/RAW
/NoBPTX/Run2012D-v1/RAW

Table 5.3: RECO data samples.

/NoBPTX/jalimena-Reco_NoBPTX_Run2012B_period1_723patch1-4e26b46248715cfa5a8f6eddd101f2b4/USER
/NoBPTX/jalimena-Reco_NoBPTX_Run2012B_period2_723patch1-4e26b46248715cfa5a8f6eddd101f2b4/USER

/NoBPTX/jalimena-Reco_NoBPTX_Run2012C_723patch1-4e26b46248715cfa5a8f6eddd101f2b4/USER
/NoBPTX/jalimena-Reco_NoBPTX_Run2012D_723patch1-4e26b46248715cfa5a8f6eddd101f2b4/USER

We used the o�cial Muon JSON �le for this analysis, namely:

/afs/cern.ch/cms/CAF/CMSCOMM/COMM_DQM/certification/Collisions12/8TeV/Reprocessing/

Cert_190456-208686_8TeV_22Jan2013ReReco_Collisions12_JSON_MuonPhys.txt

Because our trigger vetoes on the bunch crossing and ±1 BX, it is important to

compute how often the trigger is live, in other words, the livetime fraction, and then

the e�ective luminosity of the search. The LHC bunch �lling scheme was described in

Section 3.1.1; the LHC �lling scheme is reproduced in Fig. 5.4 for convenience. The

beam is arranged in an irregular pattern of batches, with 72 bunches of protons per

batch and each bunch spaced 25 ns away from the next, which is the nominal spacing.

At 50 ns and with the maximum number of bunches, the LHC bunch structure was

very similar to what is shown in Fig. 5.4, except for having 36 bunches in the PS,

that is, 36 bunches per batch, rather than 72. A collision occurred every other BX,

except between batches and during the abort gap. Because our trigger vetoes on ±1

BX, that means that every BX bucket in each batch of protons is unavailable to the

trigger. We only collect data in the spaces between batches, including the 3 µs abort

gap. Since there is a total of 3564 possible buckets per orbit, the livetime fraction

(LF) is:

LF =
3564−NUnavailableBX

3564
(5.1)
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where NUnavailableBX is the number of unavailable BXs per orbit. Table 5.4 shows the

livetime fraction for each of the LHC �lling schemes used in 2012 at 50 ns spacing.

Also see [226]1.

Figure 5.4: Diagram of the LHC bunch �lling scheme, at 25 ns and with 3564 total
bunches (2808 colliding) [63]. See also [64,65] for updates.

1At 50 ns spacing, NUnavailableBX is approximately twice the number of collisions per orbit
because in each batch of protons, every other bucket is �lled. The trigger vetoes ±1 BX, so that
means that every bucket in each batch of protons is unavailable to the trigger, especially when
the maximum number of colliding bunches at 50 ns, 1380 bunches, is used. Interestingly, at 25 ns
spacing and 2800 bunches per orbit, we actually expect about the same amount of trigger livetime.
At 25 ns, every bucket is �lled in each batch, so again, every bucket in each batch of protons in
unavailable to the trigger. However, now NUnavailableBX is simply equal to the number of collisions
per orbit. Thus, with this back-of-the-envelope calculation, LF is 0.21 for 25 ns and 2800 bunches
and 0.23 for 50 ns and 1380 bunches. If actually only achieve 2500 bunches at 25 ns in 2015, LF
will be 0.30. Notice that this is an approximate calculation, and the more careful calculation of the
trigger livetime reported in Table 5.4 is less because of factors such as lost time in between bunch
trains.
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Table 5.4: The trigger livetime fraction for each of the LHC �lling schemes used in
2012..

Filling scheme Number of
Collisions Per

Orbit

Approximate
NUnavailableBX

LF

50ns_78b_72_0_48_36bpi3inj 72 144 0.94
50ns _456b_447_0_431_72bpi12inj 447 894 0.68
50ns_474b_465_0_452_72bpi12inj 465 930 0.71
50ns_480b_471_0_461_72bpi12inj 471 942 0.71
50ns_840b_801_0_804_108bpi13inj 801 1602 0.49
50ns_840b_807_0_816_108bpi12inj 807 1614 0.49
50ns_852b_807_0_816_108bpi13inj 807 1614 0.48
50ns_1374_1368_0_1262_144bpi12inj 1368 2736 0.20
50ns_1380b_1377_0_1274_144bpi12inj 1377 2754 0.20

Figure 5.5 shows the BX distribution for events passing

HLT_L2Mu20_NoVertex_2Cha_NoBPTX3BX_NoHalo. This trigger takes

most of its data during the gaps between batches in the bunch structure and the

abort gap. The 11 major gaps between batches and the abort gap can clearly be

seen on this plot as the 12 major spikes in the distribution.

Figure 5.5: BX distribution for events passing
HLT_L2Mu20_NoVertex_2Cha_NoBPTX3BX_NoHalo. This trigger takes
most of its data during the gaps between batches in the bunch structure and the
abort gap. The 11 major gaps between batches and the abort gap can clearly be
seen on this plot as the 12 major spikes in the distribution.
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5.2.2.2 Cosmic Muon Background Sample

The background from muons coming from cosmic rays was modeled with cosmic ray

data from the end of the 2012 pp run. Although these data were used to determine how

the background would appear, they were not actually used in the background predic-

tion (see Section 5.5). These data were collected when collisions were not occurring,

but the CMS detector was operational. In particular, triggering at L1 was enabled for

both the upper and lower hemispheres, as is done for normal pp collision data-taking;

in the typical cosmic runs, only the bottom half of the detector is used to trigger.

These data were collected with a special trigger key, l1_hlt_cosmics_allphi/v1,

and the signal trigger used for this search was included in the HLT menu used to take

these data (/cdaq/special/Interfill/2012/v6.2/HLT/V1). The JSON �le for this

con�guration, which shows the runs and lumi sections used, is shown below:

{"208593": [[1, 245]], "208628": [[1, 5]], "208635": [[1, 9]],

"208636": [[1, 17]], "208651": [[1, 128]], "208655": [[1, 34]],

"208660": [[1, 89]], "208663": [[1, 24]], "208664": [[1, 11]],

"208666": [[1, 30]]}

5.2.3 Signal Samples

5.2.3.1 Models

We investigated �ve di�erent possible signals, over a range of masses and lifetimes.

These are stops, gluinos, mchamps/H±±, ppstaus, and gmstaus. However, in the end,

only the mchamps were used in the full analysis. Mchamps were chosen because of

their high stopping e�ciency and because mchamps with Q = 2e give two generated

muons in the �nal state. The work done on the other samples, including the possible

reweighting of the mchamp sample to H±±, is presented here for completeness.

Long-lived stops and gluinos were generated in the context of Split SUSY [120,121].
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Stops and gluinos would form R-hadrons in the detector, interacting via the strong

force and hadronizing with quarks, as discussed in Section 4.3.2. Split SUSY was

described in Section 4.2.4.

The rest of the models are more lepton-like. The mchamps with Q = 2e behave

like a doubly charged Higgs (H±±) [125�127]. The mchamps are modi�ed Drell-Yan

production of long-lived lepton-like fermions. In this scenario, new massive spin-1/2

particles have arbitrary electric charge and are neutral under SU(3)C and SU(2)L, and

therefore couple only to the photon and the Z boson [124]. Multiply (and fraction-

ally) charged particle models were discussed in Section 4.2.6, and Supersymmetric

Left-Right Models, containing doubly charged Higgs, were discussed in Section 4.2.7.

The other type of lepton-like LLP is a stau, generated in the context of the minimal

gauge mediated SUSY model (mGMSB) [109]. Staus can be produced through di-

rect pair production (ppstau) or through production of heavier SUSY particles that

decay to staus (gmstau). GMSB was discussed in Section 4.2.2. These lepton-like

models primarily interact with the detector material through ionization, as discussed

in Section 4.3.1.

5.2.3.2 Signal Generation

There are three major steps in the signal generation process. In Stage 1, a LLP for

each kind of signal is generated with Pythia [78, 227] and propagated through the

detector with Geant4 v9.2 [228, 229]. Some fraction of these are su�ciently slow-

moving to come to a stop in the detector material. Thus, the Stage 1 determines

the LLP's stopping e�ciency. For the strongly interacting LLPs, the hadronization

is done via the Pyrad subroutine, resulting in the R-hadron. Then, in Stage 2, the

parent LLP or R-hadron iswas forced to decay at the stopping position de�ned in

Stage 1 (via appropriate channels) to muons. Thus, Stage 2 determines the recon-

struction e�ciency. Finally, Stage 3 is a pseudo-experiment MC simulation used to
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estimate the probability for stopped particle decays to occur when the detector is

sensitive, that is, when the detector is on but there are no collisions occurring. In

other words, the Stage 1 and 2 MC simulation determine how the signal will look in

the detector, and Stage 3 determines when it will occur. The signal MC simulation

is much the same as the Stopped Particle search [216], except in Stage 2, the stopped

particles are forced to decay to muons.

It is possible for one or more than one particle per interaction to stop in the detec-

tor. In models of lepton-like particles that are pair produced, that is, the mchamps

and the pair-produced staus, it is possible for one or both LLPs in each interaction to

stop in the detector. For the staus produced in cascades, a small fraction of the time

(<0.01%) even a third LLP could stop in the detector. For the strongly interacting

LLPs, it possible for one or more R-hadron to stop in the detector.

Furthermore, if there is more than one stopped particle per interaction, it is un-

likely that they both will stop and decay close in time with each other, if the lifetime

of the stopped particle is long. Given that the time window associated with a trig-

gered event is on the order of 100 ns, and the lifetimes this analysis is sensitive to are

longer than that, we will assume that every decay of a stopped particle is triggered

separately. In other words, the decay of each stopped particle will be in a separate

event. Therefore, in the Stage 2 MC simulation, if a second or third particle is stopped

in the detector, the additional particle's decay is put in a new event.

Stage 1 Generation The Stage 1 GEN-SIM samples used are listed in Table 5.5.

The stops and gluinos are produced for masses between 300 and 1500 GeV using

Pythia v8.153 with the default tune 4C. The mchamps are simulated with Pythia

v6.426 with the Z2 tune, for masses between 100 and 1000 GeV. We use the Q = 2e

scenario in order to best represent H±±. The staus are produced using the SPS7

slope [230], which has the stau as the NLSP. The particle mass spectrum and the
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decay table are produced with ISASUGRA v7.69 [231]. The mGMSB parameter

Λ is varied from 31 TeV to 160 TeV, with �xed parameters Nmes = 3, tan β = 10,

µ > 0, CG = 10000, and Mmes/Λ = 2 (see Section 4.2.2 for an explanation of these

parameters). The large value of CG results in a long-lived stau, and the range of

Λ values gives a stau mass between 100 and 494 GeV. The produced SUSY mass

spectrum is fed to Pythia v6.426 with the Z2 tune.

Table 5.5: Stage 1 GEN-SIM signal samples. These samples were produced privately
in order to avoid the feature for the stopped mchamp anti-particles. The mchamps
have �Tune*2star� in the sample name because a typo was made, and some of the
samples were called �TuneT2star� instead of �TuneZ2star� by mistake.

/HSCPstop_M-*_Tune4C_8TeV-pythia8/jalimena-stage1_stop*_710-*/USER
/HSCPgluino_M-*_Tune4C_8TeV-pythia8/jalimena-stage1_gluino*_710-*/USER

/HSCPmchamp6_M-*_Tune*2star_8TeV-pythia6/jalimena-stage1_mchamp*_710-*/USER
/HSCPgmstau_M-*_TuneZ2star_8TeV-pythia6/jalimena-stage1_gmstau*_710-*/USER
/HSCPppstau_M-*_TuneZ2star_8TeV-pythia6/jalimena-stage1_ppstau*_710-*/USER

The Stage 1 MC simulation was originally the same as what was centrally produced

for the HSCP analyses [232]. However, a feature, which a�ects only the lepton-like

LLPs (mchamps and staus), was discovered in the code that is used to �nd and save

the stopped particles [233]. In Ref. [234], the anti-particles were erroneously not

considered, to determine if they had stopped in the detector. This one line of code

was �xed and was available as of CMSSW_7_5_0_pre1 and backported to 71X as

early as CMSSW_7_1_15, so that the 13 TeV HSCP signal samples would have

this �x. We also took this opportunity to add the mass, pdgId, and charge of the

stopped particles to the code and to the Stage 1. The 8 TeV Stage 1 MC simulation

was remade privately with this change and these additional variables were added to

CMSSW_7_1_0 (see Table 5.5).

Stage 2 Generation Stage 2 MC simulation is privately produced in a fashion

similar to what is done in the Stopped Particle analysis [216], except that the particles

are forced to decay to muons wherever possible and an additional event is created for
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the decay of the second stopped particle, if it exists, as described above. The Stage

2 samples, which were produced in CMSSW_7_1_0, are listed in Table 5.6. The

corresponding RECO samples, which were produced in CMSSW_7_2_5, are listed

in Table 5.7. Only the mchamps were remade, since we determined that the 8 TeV

analysis should focus on this one important signal sample.

Table 5.6: Stage 2 signal samples.

/HSCPmchamp6_M-*_Tune*2star_8TeV-pythia6/jalimena-stage2_mchamp*_separateEvents_particle*_710-*/USER

Table 5.7: Stage 2 RECO signal samples.

/HSCPmchamp6_M-*_TuneZ2star_8TeV-pythia6/jalimena-reco_mchamp*_separateEvents_particle*_725-*/USER

The generation of the �nal state muon depends on the type of stopped particle:

� The stop decays to a top and a neutralino, and then the top decays to a W

boson and a b quark. The W boson is then forced to decay to a muon and a

neutrino.

� The gluino decays to a gluon and a neutralino. Then the gluon interacts further,

and muons are obtained in the �nal state via charmed meson decays (61%),

bottom meson decays (21%), tau decays (11%), and bottom, charmed, strange

baryons, J/Psi, and light mesons (7%).

� The mchamps with Q = 2e decay directly to two same-sign, back-to-back

muons, as this is a lepton number violating model. The mchamp is assigned

to be the tau prime particle (PDG Id 17), and the Pythia card �le must be

changed to change the charge of the tau prime:

KCHG(17,1)=-6

� The staus decay to a tau and a light gravitino. The Pythia card �le must read:

IMSS(11)=1
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in order to turn on decays to gravitinos. Then the tau is forced to decay to a

muon, a muon antineutrino, and a tau neutrino.

The recipe to produce the MC simulation for this analysis is detailed in Ref. [235],

with additional notes in Ref. [236].

Stage 3 Generation The Stage 3 pseudo-experiment MC simulation is much the

same as described in Ref. [226]. The input to the Stage 3 MC simulation is the �nal

signal acceptance after all the selection criteria have been applied, which is multiplied

by the production cross section, instantaneous luminosity, and running time to deter-

mine the total number of detectable decays. Then the simulation determines when

these decays could take place. A random lifetime is drawn from an exponential distri-

bution with a time constant equal to the proper lifetime. The simulation determines

the runs and lumi sections analyzed from the muon JSON �le, when BX vetoes are

applied, the di�erent bunch structures during the 2012 run, etc., and it computes an

�e�ective luminosity� for each lifetime considered. Since the timestamp information is

available for each lumi considered, the luminosity model is constructed for the entire

year of data-taking, allowing a stopped particle to be produced in one �ll and decay

during another. For lifetimes shorter than one orbit, we search within a time-window

of 1.3 times the lifetime, which is optimized for sensitivity to that lifetime. This

restriction avoids the addition of backgrounds, which are assumed to be constant

in time, for time intervals during which the signal will have already decayed. The

pseudo-experiment MC simulation performs similar steps for the background events

and observed data events. The results of the Stage 3 MC simulation and counting

experiment are shown in Section 5.7.
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5.2.3.3 Stopping Probability

The likelihood that a LLP will stop in the detector is calculated by the Stage 1 MC

simulation.

Figure 5.6 shows how the stopping e�ciency of the mchamps changes, once the

Stage 1 stopped particle feature mentioned above was �xed. The stopping e�ciency

is plotted as a function of the mass of the generated mchamp. Before the Stage 1 was

adjusted to include the stopped anti-particles, the stopping e�ciency was represented

by the black circles; that is, only the negatively charged mchamps (~HIP6) were

considered. The red squares represent the stopping e�ciency after the Stage 1 bug

was �xed and the positively charged mchamps (anti_~HIP6) were recovered. Then,

if we assume that each stopped particle decays in a separate event and allow for this

in the Stage 2 MC simulation, we obtain the stopping e�ciency shown by the blue

triangles.
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Figure 5.6: The fraction of stopped particle decays per mchamp pair production, as
a function of mchamp mass. The black points correspond to the stopping e�ciency
before the Stage 1 MC simulation change, the red squares show the stopping e�ciency
after the bug �x, and the blue triangles correspond to the stopping e�ciency if we
assume every stopped particle decays in a di�erent triggered event.

It is also worth mentioning that there is a slight asymmetry in the charge of the

stopped mchamps. If there are two stopped mchamps in an interaction, one will be

positive and one will be negative, since they are produced in opposite sign pairs.

However, if there is only one stopped mchamp, 55% of the time it will be positive,

and 45% of the time it will be negative. This charge asymmetry is constant as a

function of mchamp mass. This charge asymmetry in the stopping power of heavy

charged particles is expected, as shown by the Born expansion of the Bethe stopping

power [1, 237].

Figure 5.7 shows the stopping e�ciency as a function of mass for each of the

possible signal samples. The top left plot shows the e�ciency before the bug �x, and

the top right plot shows the e�ciency after the bug �x (the graphs are the same for
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the stop and gluinos, as the bug and the �x only a�ect the lepton-like HSCPs). In

both of these plots, the stopping e�ciency for at least one particle to stop in the

detector is plotted. The bottom plot shows the maximum stopping e�ciency after

the bug �x, assuming every stopped particle decays in a di�erent event.

Figure 5.7: The stopping e�ciency as a function of mass for each of the possible
signal samples. The top left plot shows the e�ciency before the bug �x, and the top
right plot shows the e�ciency after the bug �x. In both of these plots, the stopping
e�ciency for at least one particle to stop in the detector is plotted. The bottom plot
shows the maximum stopping e�ciency after the bug �x, assuming every stopped
particle decays in a di�erent event.

With the bug �x, and especially when considering the maximum possible stopping

e�ciency, the mchamps give the highest stopping probability because they have twice

the electron charge. The R-hadrons from the stops and gluinos are the next most

likely to stop in the detector. The staus have the lowest stopping e�ciency, as lepton-

like particles with the electron charge will interact with the detector material the least.

The staus produced in cascade (GMSB staus) are more likely to stop in the detector
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than those that are directly pair produced (PP staus) because they have a softer β

distribution for each mass point.

The following �gures were all made after the bug �x. Figure 5.8 shows the stopped

particle distribution in x and y for each signal sample, with a LLP mass of ~500 GeV.

Fig. 5.9 shows the fraction of stopped events by detector region, for one mass point

from each signal. The majority of the LLPs that stop in the detector are found in

the muon and HCAL barrel.

Figure 5.8: Stopping positions for 500 GeV mchamps. The y stopping coordinate as
a function of the x stopping coordinate (left), and the radial r stopping coordinate
(right). For the left plot, the colors indicate the number of events in each bin. These
plots exclude the particles that stop in the cavern walls.
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Figure 5.9: Fraction of events that stop in each detector region, for one mass point
for all signal samples. The top row shows the events that stop in each region of the
detector out of the events that stop, while the bottom row shows the events that stop
out of all the events generated. The two plots on the left show the stopping fraction
in each region, while the two plots on the right show the cumulative fraction in each
region. The bin labeled �Other� includes LLPs that stop in the cavern walls.

5.2.3.4 Event Weight for Doubly Charged Higgs

The mchamps with Q = 2e were an available HSCP sample that was used to model

the doubly charged Higgs. In order to set limits on doubly charged Higgs, the mchamp

sample can be reweighted to match the doubly charged Higgs at the generator level.

This reweighting will have a direct e�ect on the stopping probability and position.

Figures 5.10 and 5.11 show the generator level kinematic distributions of 500 GeV

mchamps compared with 500 GeV doubly charged Higgs. The mchamp sample is

the Stage 1 MC simulation, and we consider all the events generated, regardless of

whether the mchamp stopped in the detector. The doubly charged Higgs sample is:

/HPlusPlusHMinusMinusHTo4L_M-500_8TeV-pythia6/Summer12_DR53X-PU_S10_START53_V7C-v1/AODSIM
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The positively charged mchamp or doubly charged Higgs is plotted in Fig. 5.10,

while the negatively charged mchamp or doubly charged Higgs is plotted in Fig. 5.11.

Figure 5.12 shows the correlation between the pT of the positively charged mchamp

or doubly charged Higgs and the negatively charged one.

Figure 5.10: Distributions of pT , η, and φ at the generator level for the positively
charged 500 GeV mchamps and the positively charged 500 GeV doubly charged Higgs.
The histograms are normalized to the same number of events.
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Figure 5.11: Distributions of pT , η, and φ at the generator level for the negatively
charged 500 GeV mchamps and the negatively charged 500 GeV doubly charged Higgs.
The histograms are normalized to the same number of events.

Figure 5.12: Distributions of the positively charged versus the negatively charged
500 GeV mchamps pT (left) and of the positively charged versus negatively charged
500 GeV doubly charged Higgs pT (right), at the generator level. The colors indicate
the numbers of events in each bin.

The reweighting is done based on the 2D plot of the mchamp and doubly charged
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Higgs pT . The event weight is derived from the ratio of the doubly charged Higgs

plot content to the mchamp one, on a bin-by-bin basis. This event weight is then

applied to each mchamp event. Figures 5.13, 5.14, and 5.15 show the generator level

kinematics after the 2D pT reweighting. After reweighting, the mchamp and doubly

charged Higgs are in good agreement for every kinematic variable.

Figure 5.13: Distributions of pT , η, and φ at the generator level for the positively
charged 500 GeV mchamps and the positively charged 500 GeV doubly charged Higgs,
after the reweighting.
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Figure 5.14: Distributions of pT , η, and φ at the generator level for the negatively
charged 500 GeV mchamps and the negatively charged 500 GeV doubly charged Higgs,
after the reweighting.

Figure 5.15: Distributions of the positively charged versus the negatively charged 500
GeV mchamps pT (left) and of the positively charged versus negatively charged 500
GeV doubly charged Higgs pT (right), at the generator level, after the reweighting.
The colors indicate the numbers of events in each bin.
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5.2.4 Cosmic Muon MC Simulation Sample

A cosmic muon MC simulation was used for cross checks. The sample,

/Cosmics/jalimena-CosmicMC_PPreco_Plus125_RECO_723patch1-5416f02f2f84c038ddd1f9c032a4015e/USER

was made in CMSSW_7_2_3_patch1 and used the standard cosmic muon MC

simulation python con�g �le [238], except that the generator level timing distribution

was adjusted to match that of the cosmic data sample, which was dependent on the

trigger con�guration.

5.3 Analysis Strategy and Techniques

To search for stopped LLPs that decay to muons, we trigger on muons that are

out-of-time with respect to the bunch crossing. We model the signal with a MC

simulation of LLPs that are stopped throughout the detector, and decay to muons. We

identify background sources: muons from cosmic rays, noise, and beam halo. These

cosmic muons are modeled with data and studied carefully, while noise and beam halo

backgrounds are negligible after the full selection criteria and can be ignored. We use

the muon time-of-�ight (TOF) information from the DTs and RPCs to distinguish

the background cosmic muons from signal. We also use the p or pT measurement of

the muons to aid in the identi�cation of the background. The TOF variables are the

most discriminating, but the p is an independent variable that is also useful. These

key variables are described below.

5.3.1 Displaced Standalone Muon pT

Because the cosmic muon momentum spectrum is steeply falling [1] and a massive

LLP will decay to high pT particles, the muon pT can be used to discriminate between

the high pT muons from the signal and those from the cosmic muon background (see

Fig. 5.16).
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Figure 5.16: DSA muon pT for 500 GeV mchamps, Z→ µµ data, cosmic muon MC
simulation, and cosmic muon data. Events must pass the trigger and the preselection.
The highest pT DSA track is plotted. The "DSA muon track" pT shown is that after
the revised reconstruction described in the text. The histograms are normalized to
the same number of events.

However, we observed a problem with the SA muon pT in CMSSW_5_3_X. We

noticed that the pT from highly displaced SA muons was reconstructed anomalously

lower than the generator muon pT ; indeed, the SA muon pT was not correlated with

the generator muon pT . This is easiest to see and test with the mchamp signal sample.

Since the mchamp comes to a stop in the detector and then decays to two back-to-back

muons, the generator muon pT is sharply peaked at half the mass of the mchamp, and

falls o� to lower pT if the muon undergoes bremsstrahlung radiation (see Fig. 5.17).

However, the SA muon pT , for events with good quality muons, was much lower than

the generator muon pT . The SA muon pT distribution was anomalously low for the

typical SA muon reconstruction, the re�tted SA muon reconstruction, and the SA

cosmic muon reconstruction (see Fig. 5.18).
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Figure 5.17: Generator muon pT distribution for mchamps with masses of 100 GeV,
500 GeV, and 1000 GeV. No selection criteria have been applied. The histograms are
normalized to the same number of events.

Figure 5.18: Reconstructed muon pT distribution in 53X for mchamps with masses
of 100 GeV, 200 GeV, 300GeV, 500 GeV, and 1000 GeV. SA muon pT (left) and RSA
muon pT (right). The histograms are normalized to the same number of events.

We explored di�erent options in the latest release, such as combining parts of

the cosmic muon and standard SA reconstruction, in a way that would be bene�cial

for delayed and displaced muons. We found that the optimal con�guration was a

SA reconstruction consisting of a cosmic muon seed in which the segments are not

forced to point downwards [239], together with the SA trajectory builder [240] (see

166



Fig. 5.19). The regular muon segments designed for collisions were used as inputs to

the seeds and to the trajectory builder, and the re�tting of the SA track was not

necessary. This new �DSA muons� track is not updated at the vertex. Furthermore,

imposing quality criteria on these DSA muons, e.g. requiring at least 2 DT chambers

with valid hits, brings the reconstructed muon pT distribution even closer to that of

the generator muon.

Figure 5.19: SA muon pT distribution in 53X and 72X for mchamps with a mass of 500
GeV, which predominantly decay to two generator muons with a pT of 250 GeV each.
The black histogram shows the default SA muon pT distribution in 53X, and the blue
histogram shows the DSA muon pT , as reconstructed in CMSSW_7_2_0_pre6. The
blue histogram is the �nal version of the pT distribution, whereas the red histogram
shows an intermediate step, before the reconstruction was �nalized. The histograms
are normalized to the same number of events.

The DSA track reconstruction algorithm also makes use of a number of improve-

ments in the muon reconstruction after CMSSW_5_3_X, which was the version of

the CMS software recommended to analyze 2012 data. The analysis was updated to

be performed in CMSSW_7_2_X to make use of:

� The latest (2015) version of the mean timer for the DT local reconstruction,

which handles out-of-time muons in an appropriate way

� The latest local DT uncertainties
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Figure 5.20 shows the resolution in pT (left) and in q/pT (right) of the di�erent SA

reconstruction algorithms for mchamps with a mass of 500 GeV, compared with a

sample of prompt muons from a particle gun, with momentum of 250 GeV. The ma-

genta line is the �standard� SA reconstruction not updated at the vertex for 500 GeV

mchamps, and if this is compared to the green line, for the DSA track reconstruction

of 500 GeV mchamps, the large improvement in the resolution can be seen. In the

plot on the left, the magenta line is asymmetric because the generator pT is high

but the �standard� SA reconstruction gives an anomalously low pT , thus indicating

how poor the pT resolution is for the �standard� SA reconstruction of very displaced

muons. The DSA track reconstruction (green line) is still asymmetric, but the reso-

lution for this reconstruction algorithm is much improved with respect to that of the

�standard� SA reconstruction, for very displaced muons. The plot on the right has

been approved for conferences. See Ref. [241,242] for more information.

Figure 5.20: pT resolution (left) and charge divided by pT resolution (right) for dif-
ferent muon reconstruction algorithms, for prompt and displaced muon samples. The
prompt muon sample is a particle gun of generator muons with p =250 GeV. The
displaced muon sample is 500 GeV mchamps, which decay to 2 back-to-back muons,
each with p =250 GeV. The SA tracks have at least 2 DT chambers with valid hits.
The global muon, shown in black, must also be a SA muon with at least 2 DT cham-
bers. The TuneP charge and pT are plotted for the global muon. The SA tracks
are matched to the generator muon within a cone of ∆R<0.5. The histograms are
normalized to the same number of events.

The signal MC simulation and data were re-recoed with these improvements in
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72X, and this custom SA reconstruction was made available as an explicit option in

CMSSW in CMSSW_7_2_0_pre6 [243].

The data events obtained in 2012 were reconstructed at L1 and the HLT with this

poor measurement of the L1 and L2 muon pT . As will be discussed in Section 5.4.1,

the L2 muon pT threshold combined with the systematically low reconstructed muon

pT resulted in an anomalously low trigger acceptance. We improved the pT resolution

at L1 and HLT for 2015 (see Section 5.9).

5.3.2 DT Time of Flight

A reasonably accurate measurement of the time-of-�ight of muons can be obtained

using timing measurements in the DTs. β−1, which is de�ned as c/v and is therefore

directly proportional to the TOF, is the main timing variable used in this analysis.

The standard β−1 measurement, as used by the HSCP search, is a calculatation of

the TOF of the muon from the IP to the DT chambers. However, in this analysis, we

instead use β−1
Free, which is determined by a �t to the times and positions of the DT

hits, without a constraint to the beam spot. β−1
Free and all of the associated timing

variables discussed in this analysis use only the DTs to compute the measurements.

β−1
Free gives us the direction of the muon, that is, whether it is incoming toward

the beam spot or outgoing from the beam spot. Outgoing muons should have a

positive β−1
Free and incoming muons should have a negative β−1

Free . As a result, this

β−1
Free measurement can distinguish the cosmic muon background from the muons from

the signal in the upper hemisphere. See Fig. 5.21 for a schematic diagram of β−1
Free

for cosmic muons and muons from the signal. Cosmic muons will predominantly be

incoming in the upper hemisphere and outgoing in the lower hemisphere, as they

come in from the top of the detector and continue to move downwards. The signal,

on the other hand, will be outgoing in both hemispheres.
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Figure 5.21: A diagram showing the direction and thus, the sign of β−1, of muons
coming from signal (left) and cosmic muon background (right).

β−1
Free is plotted in Fig. 5.22. Cosmic muons have two peaks in β−1

Free: one peak at

-1, which corresponds to the incoming muon in the upper hemisphere, and one peak

at +1, which corresponds to the outgoing muon in the lower hemisphere. Muons

from the signal have only one peak at a β−1
Free value of +1, as these muons are always

outgoing. As can be seen from the �gure, the cosmic muons β−1
Free distribution is

broader than that of Z→ µµ data or the signal MC simulation. Furthermore, the

β−1
Free distribution has the same shape in Z→ µµ data and the signal MC simulation.

The distributions of β−1
Free for cosmic muons and signal muons are plotted for upper

and lower hemsiphere muons in Fig. 5.23. The resolution of β−1
Free, which was found

by �tting the signal to a Gaussian distribution, is 0.4. This is the �rst time β−1
Free is

used in a CMS physics analysis.
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Figure 5.22: DSA track β−1
Free for 500 GeV mchamps, Z→ µµ data, cosmic muon MC

simulation, and cosmic muon data. Events must pass the trigger and the preselection
(see Section 5.4.2), and there must be at least one DSA track in the upper hemisphere
and at least one in the lower hemisphere. The highest pT DSA track in the upper
hemisphere and the highest pT DSA track in the lower hemisphere are plotted. The
histograms are normalized to the same number of events.

Figure 5.23: The β−1
Free distribution for 500 GeV mchamps and cosmic muon data.

Events must pass the trigger and the preselection (see Section 5.4.2), and there must
be at least one DSA track in the upper hemisphere and at least one in the lower
hemisphere. The highest pT DSA track in the upper hemisphere (red), the highest
pT DSA track in the lower hemisphere (blue), and their sum (black) are plotted.
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5.3.3 RPC BX Assignments

The RPCs are very fast, with a timing resolution of about 1 ns, and so we would

like to take advantage of their timing measurement for this analysis. However, this

fast timing information is mostly used in the trigger, and then only some information

is saved at the RECO level in a compressed form. For each of the six layers of the

RPCs, the muon is given a BX assignment. A typical prompt muon created at the IP

will have each of its RPC BX assignments be zero; thus, its RPC BX pattern will be

0,0,0,0,0,0, if all the RPC layers gave good BX measurements. The BX assignments

of cosmic muons are especially useful in the upper hemisphere of the detector, as

the incoming cosmic muons will typically be assigned negative and decreasing BX

values. For example, a typical upper hemisphere cosmic muon BX pattern will be

-1,-1,-2,-2, for the RPC layers ranging from the innermost to the outermost. For our

signal, the RPC BX assignments will typically each be zero (e.g. 0,0,0,0) or positive

and a constant values (e.g. 1,1,1,1). See Fig. 5.24 for a schematic diagram of the BX

assignments for cosmic muons and muons from the signal. Furthermore, see Fig. 5.25

for the distribution of BX assignment patterns in signal and background and Fig. 5.26

for the BX assignment patterns of the upper and lower hemisphere muons.

Figure 5.24: A diagram showing the RPC BX assignments of muons coming from
signal (left) and cosmic muon background (right).
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Figure 5.25: DSA muon RPC BX pattern for 500 GeV mchamps, Z→ µµ data, cosmic
muon MC simulation, and cosmic muon data. Events must pass the trigger and the
preselection (see Section 5.4.2), and there must be at least one DSA track in the
upper hemisphere and at least one in the lower hemisphere. The highest pT DSA
track in the upper hemisphere and the highest pT DSA track in the lower hemisphere
are plotted. The histograms are normalized to the same number of events.

Figure 5.26: The RPC BX pattern for 500 GeV mchamps and cosmic muon data.
Events must pass the preselection (see Section 5.4.2), and there must be at least one
DSA track in the upper hemisphere and at least one in the lower hemisphere. The
highest pT DSA track in the upper hemisphere (red), the highest pT DSA track in
the lower hemisphere (blue), and their sum (black) are plotted.
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5.4 Event Selection

Events are selected from the RECO data and the signal MC simulation samples

discussed above. The LLP generated by the signal MC simulation is required to stop

in the detector, and in particular, to not stop in the cavern walls. There must also

be at least one generator muon with status 1, which means it is a �nal state Pythia

particle. The data and MC simulation events must pass the trigger, pass the o�ine

BX veto, and have at least one DSA muon track.

5.4.1 Trigger and Reconstruction E�ciency

The trigger e�ciency and the e�ciency to reconstruct at least one DSA track are

both shown in Fig. 5.27.

Figure 5.27: The signal HLT path e�ciency (left) and reconstruction e�ciency (right)
as a function of mchamp mass. The trigger e�ciency is de�ned as the number of
events passing the signal trigger divided by the number of events with at least 1
reconstructed DSA track. The reconstruction e�ciency is de�ned as the number of
events with at least 1 DSA track divided by the number of stopped particle decays,
excluding those in the cavern walls. The L2 muon reconstruction was similar to the
standard o�ine SA muon track reconstruction, and thus gave a similarly incorrect pT
measurement.

The trigger e�ciency is about 17% for all mchamp masses. The trigger e�ciency

is low primarily because the standalone muon pT bias discussed in Section 5.3.1 was
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present in the 2012 trigger, in both the L1 and HLT measurements of the muon pT .

Thus, the L2 muon momentum for muons from mchamps was anomalously low, and

thus many mchamp events failed the 20 GeV pT threshold at the HLT. The momentum

measurement used in the trigger for 2015 has been improved; see Section 5.9 for more

details.

The DSA track reconstruction performs reasonably well, reconstructing at least 1

DSA track for about 87% of the stopped particle decays, excluding those that stop

in the cavern walls. It is most di�cult to reconstruct a DSA track when the mchamp

stops in the muon system. If the mchamp stops in the middle of the iron, the resulting

muon(s) might only cross a few muon chambers and therefore not produce a good

track, or the muon could move largely along the iron, rather than through the DT or

RPC chambers.

5.4.2 Preselection Criteria

We �rst developed a preselection criteria to select a sample of events with resonably

good quality muons, in order to study the background and signal. In order to pass

the preselection criteria, a DSA muon track must have:

� pT > 10 GeV, to reject some background but still have enough low pT events to

study the cosmic muon background (see Section 5.3.1 for a description of the

DSA pT measurement)

� > 1 DT chambers with valid hits, to ensure a good quality DSA muon track

and to reject noise

� > 1 valid RPC hits, to ensure a good RPC BX assignment measurement

� > 7 TOF number of degrees of freedom (DOF), that is, > 7 DT hits with good

timing measurements, to ensure a good DT timing measurement (see Section

5.3.2 for a description of the DT TOF variables)
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� β−1
Free χ

2-�t error < 10.0, to ensure a good DT timing measurement

� 0 valid CSC hits, to reduce beam halo and restrict the search to the barrel

There must also be less than 6 DSA tracks per event to reduce the cosmic muon

background when several cosmic muons are triggered concurently.

5.4.3 Signal and Background Comparison

Plots of the important reconstructed object variables are shown in Figs. 5.28, 5.29,

and 5.30. The variables are plotted for 500 GeV mchamps, Z→ µµ data, cosmic muon

data, and cosmic muon MC simulation. Thus, we can see the important variables that

distinguish signal from background and also compare cosmic muon data and cosmic

muon MC simulation.
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Figure 5.28: Number of DSA tracks, DSA track pT , DSA track η, and DSA track φ,
for 500 GeV mchamps, Z→ µµ data, cosmic muon MC simulation, and cosmic muon
data. Events must pass the preselection. The highest pT DSA track is plotted for the
number of DSA tracks and the pT distributions. The highest pT DSA track in the
upper hemisphere and the highest pT DSA track in the lower hemisphere are plotted
for the η and φ distributions. The histograms are normalized to the same number of
events.
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Figure 5.29: Number of DT chambers with valid hits, number of valid CSC hits,
number of degrees of freedom for the DT TOF calculation, β−1

Free error, number of
RPC hits with good BX measurements, and TimeInOut error for the highest pT DSA
track, for 500 GeV mchamps, Z→ µµ data, cosmic muon MC simulation, and cosmic
muon data. Events must pass the trigger and the DSA track pT > 10 GeV cut from
the preselection. The histograms are normalized to the same number of events.
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Figure 5.30: DSA track TimeInOut, β−1
Free, and the RPC BX pattern, for 500 GeV

mchamps, Z→ µµ data, cosmic muon MC simulation, and cosmic muon data. Events
must pass the preselection, and there must be at least one DSA track in the upper
hemisphere and at least one in the lower hemisphere. The highest pT DSA track
in the upper hemisphere and the highest pT DSA track in the lower hemisphere are
plotted. The histograms are normalized to the same number of events.

Figure 5.28 shows the main kinematic variables. The top left plot shows that,

predominantly, both muons are reconstructed for both the mchamp signal and the

cosmic muon background. The top right plot shows the cosmic muons have a falling

pT spectrum, while muons from the signal have high pT , so this variable can be

used to discriminate signal from background (also see Section 5.3.1). The bottom

two plots show that the background and signal are similiarly central, but the signal

is isotropically distributed in the φ direction while the cosmic muon background is

peaked at φ = ±π because the cosmic muons predominantly go straight through the

detector from top to bottom.
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Figure 5.29 shows the muon quality variables and variables related to the accuracy

of the timing measurements. There is not a strong di�erence between signal and

background in these plots, except for the number of DT chambers, number of DOF in

the RPC BX pattern, and TimeInOut error, where the signal is slightly more accurate

than the background. DSA muon tracks can have a maximum of four DT chambers

with valid hits (top left plot), since there are four muon stations. Both signal and

background are central and so they predominantly have 0 hits in the endcap CSCs

(top right plot). The TOF number of DOF plot (middle left) shows the number of

DT hits with good timing measurements, which come from the DT layers in the r−φ

direction. There are four DT chambers, each with two r-φ superlayers comprised of

four DT layers, for a maximum of 32 possible DT time measurements. The β−1
Free

error distribution (middle right) has two major peaks due to the TOF number of

DOF distribution. The maximum number of DOF in the RPC BX pattern (bottom

left plot) is six, due to the six RPC layers in the barrel. The error in the TimeInOut

measurement is small for the muons from mchamps because both muons are outgoing,

while this error is slightly larger for cosmic muons because the upper hemisphere

cosmic muon is incoming and the lower hemisphere cosmic muon is outgoing.

Figure 5.30 shows the three main timing variables, which distinguish signal from

background. The TimeInOut plot (top left) shows one peak centered at 0 ns for the

outgoing muons from the mchamp signal, while there are two major speaks for cosmic

muons: one at 0 ns for the outgoing lower hemisphere cosmic muon and one at ∼ 50 ns

for the incoming upper hemisphere cosmic muon (see Section 5.4.4 for more details).

Similarly, the β−1
Free plot (top right) shows a separation between outgoing muons from

the signal centered at β−1
Free = +1 and cosmic muons, which have the outgoing lower

hemisphere muon centered at β−1
Free = +1 and the incoming upper hemisphere muon

centered at β−1
Free = −1 (also see Section 5.3.2). The RPC BX pattern plot (bottom)

shows that muons from the signal predominantly have each BX assigned to 0, while
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cosmic muons more often have other BX patterns (also see Section 5.3.3).

In addition, plots of the timing variables are shown in another way in Figs. 5.31,

5.32, and 5.33. In these distributions, we have selected events that pass the pre-

selection criteria, and we have plotted the upper hemisphere muon and the lower

hemisphere muon for each timing variable. Thus, we can see how the timing distri-

butions are di�erent depending on whether the muon is in the upper hemisphere or

the lower hemisphere and whether we consider background or signal.

Figure 5.31: The TimeInOut distribution for 500 GeV mchamps (top left), Z→ µµ
data (bottom left), cosmic muon data (top right), and cosmic muon MC simulation
(bottom right). Events must pass the preselection, and there must be at least one
DSA track in the upper hemisphere and at least one in the lower hemisphere. The
highest pT DSA track in the upper hemisphere (red), the highest pT DSA track in
the lower hemisphere (blue), and their sum (black) are plotted.
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Figure 5.32: The β−1
Free distribution for 500 GeV mchamps (top left), Z→ µµ data

(bottom left), cosmic muon data (top right), and cosmic muon MC simulation (bottom
right). Events must pass the preselection, and there must be at least one DSA track
in the upper hemisphere and at least one in the lower hemisphere. The highest pT
DSA track in the upper hemisphere (red), the highest pT DSA track in the lower
hemisphere (blue), and their sum (black) are plotted.
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Figure 5.33: The RPC BX pattern for 500 GeV mchamps (top left), Z→ µµ data
(bottom left), cosmic muon data (top right), and cosmic muon MC simulation (bottom
right). Events must pass the preselection, and there must be at least one DSA track
in the upper hemisphere and at least one in the lower hemisphere. The highest pT
DSA track in the upper hemisphere (red), the highest pT DSA track in the lower
hemisphere (blue), and their sum (black) are plotted.

5.4.4 Cosmic Muon TOF

A few points about the TOF of cosmic muons should be discussed. The cosmic

muon data TimeInOut distribution (Fig. 5.31) can be understood if one considers

the trigger con�guration. During typical cosmic runs, only the bottom half of the

detector is con�gured to trigger, while during normal pp running, both hemispheres

are used to trigger. As stated in Section 5.2.2.2, we asked for a few cosmic runs at

the end of 2012 to be con�gured as they are during pp running, namely, triggering

on both hemispheres, so we could easily compare our cosmic run data with cosmic

muons taken with our trigger during normal pp running. The cosmic muon data in

183



these plots are data from these special cosmic runs.

In the cosmic muon data TimeInOut distribution, the major peaks are when the

upper hemisphere muon is found at a time of ~0 ns, and when the lower hemisphere

muon is found at ~50 ns. This corresponds to the situation when the upper hemisphere

muon is triggered, and thus given a time of 0 ns, and the lower hemisphere muon

arrives ~50 ns later.

The two early shoulders in the cosmic muon data TimeInOut distributions, at -50

ns for the upper hemisphere muon and at 0 ns for the lower hemisphere muon, can be

explained by a lower hemisphere muon being triggered when the upper hemisphere

muon was missed by the trigger. Thus, the time of the lower hemisphere muon is 0

ns. Since this variable shows the o�ine reconstruction, we can see that o�ine, the

missing upper hemisphere muon was recovered, and it was found about 50 ns earlier

than the lower hemisphere muon, that is, at about -50 ns.

These conclusions about the TimeInOut distribution can be seen clearly when one

plots the TimeInOut for the upper hemisphere muon as a function of that of the lower

hemisphere muon (see Fig. 5.34).
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Figure 5.34: A scatter plot of the TimeInOut distribution for the lower hemisphere
muon as a function of that of the upper hemisphere muon, for cosmic muon data.
Events must pass the preselection, and there must be at least one DSA track in the
upper hemisphere and at least one in the lower hemisphere. The highest pT DSA
track in the upper hemisphere and the highest pT DSA track in the lower hemisphere
are plotted. The colors indicate the numbers of events in each bin.

However, all of these di�erent TimeInOut considerations are irrelevant for the

β−1
Free distribution. As can be seen in Fig. 5.32, β−1

Free has only two peaks in cosmic

data, corresponding to incoming or outgoing cosmic muons. Regardless of whether

an upper hemisphere cosmic muon had a TimeInOut of -50 ns or 0 ns, its β−1
Free is

-1, on average. Similarly, a lower hemisphere cosmic muon has a mean β−1
Free of +1,

regardless of whether its TimeInOut is 0 ns or 50 ns. See Fig. 5.35 for more details.
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Figure 5.35: A scatter plot of β−1
Free as a function of TimeInOut for cosmic muon data

in the upper hemisphere (left) and in the lower hemisphere (right). Events must pass
the preselection, and there must be at least one DSA track in the upper hemisphere
and at least one in the lower hemisphere. The highest pT DSA track in the upper
hemisphere and the highest pT DSA track in the lower hemisphere are plotted. The
colors indicate the numbers of events in each bin.

A further question one can ask is whether the TOF measurements for a cosmic

muon from a dedicated cosmic run and for a cosmic muon observed during pp collisions

are equivalent. Figure 5.36 compares cosmic muon events from cosmic runs with

cosmic muon events from collision data that pass the prescaled control trigger, which

has a 10 GeV pT cut at the HLT, but the same NoBPTX condition as the signal

trigger. Indeed, the TimeInOut distribution (Fig. 5.36 left) is di�erent for these two

samples because the timing measurements are synchronized to the LHC clock during

collisions, but the LHC clock is not used during dedicated cosmic runs, where the

cosmic muon starts the time measurement. However, the β−1
Free distribution (Fig. 5.36

right) is in much better agreement, especially in the analysis signal region (β−1
Free > 0).

Therefore, the shift in the TimeInOut distribution does not have a signi�cant impact

on the β−1
Free distribution.
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Figure 5.36: DSA track TimeInOut and β−1
Free for cosmic muon data and collision data

passing the prescaled control trigger. Events must pass the preselection, and there
must be at least one DSA track in the upper hemisphere and at least one in the lower
hemisphere. The highest pT DSA track in the upper hemisphere and the highest pT
DSA track in the lower hemisphere are plotted. The histograms are normalized to
the same number of events.

5.4.5 Final Selection Criteria

After the preselection criteria are applied, the �nal selection criteria are applied. The

�nal selection criteria were chosen to reject the background while maintaining a high

signal acceptance. The �nal selection chooses events that have at least one good

DSA track in the upper hemisphere and at least one good DSA track in the lower

hemisphere. In order to pass this criteria, both the upper and lower hemisphere DSA

tracks must have:

� pT > 30 GeV, so both are in the plateau of the trigger turn-on curve (see Section

5.2.1 for the trigger turn-on curve)

� > 2 DT chambers with valid hits, to ensure each is a good quality DSA muon

track and to reject noise

� > 2 RPC hits, to ensure each has a good RPC BX assignment measurement
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� RPC BX assignments that are each 0 or each positive and constant, to distin-

guish a signal muon from cosmic ray background muon (see Section 5.3.3 for a

description of the RPC BX assignments)

� Time measured at the IP, assuming the muon is outgoing (TimeInOut) > - 10.0

ns, to reduce the cosmic muon background

� Error in TimeInOut < 2.0 ns, to reduce the cosmic muon background

� the same charge, to reduce the cosmic muon background

The lower hemisphere DSA track must then also have:

� TOF direction = 1

� β−1
Free > 0.0

The ABCD method, which estimates the background (see Section 5.5), then places

tighter cuts on the p and β−1
Free of the upper hemisphere muon. All of these selection

criteria were developed while the analysis was kept blinded, meaning that we did not

look at the data in the signal region, which is de�ned by positive β−1
Free and large p.

The acceptance tables for data, cosmic muon all-phi data, and signal MC simu-

lation are shown in Tables 5.8 and 5.9. Although the stopping e�ciency is higher

for higher mchamp masses than lower masses, decreases in many of the �nal selec-

tion criteria bring the overall e�ciency to be about the same for all the mchamp

masses. The last row in the signal acceptance table shows the upper bound on the

signal acceptance, before running the pseudo-experiment simulation. Using this sig-

nal acceptance, the theoretical cross section, and the integrated luminosity, we can

obtain an upper bound on the number of signal events, namely, 44 events for 100

GeV mchamps, 0.24 events for 500 GeV mchamps, and 0.0029 events for 1000 GeV

mchamps.

188



Table 5.8: Cumulative selection cut e�ciencies for collision data and cosmic muon
data events. Note that in the last row, a cut of p > 60 GeV on the upper hemisphere
DSA track is shown, but this cut varies for each mchamp mass considered.

Selection Criteria Run 2012B,C, D Collision Data Cosmic Muon Data
Number of
Events

Fraction of
Events

Number of
Events

Fraction of
Events

Total (all triggers) 22373395 1.000 450682 1.000
At least one DSA track 21097157 0.943 427220 0.948

Pass trigger 20844859 0.932 328611 0.729
Preselection n DSA tracks < 6 20723801 0.926 327367 0.726
Preselection pT > 10 GeV 18500958 0.827 260006 0.577

Preselection > 1 DT chambers
with valid hits

16171663 0.723 215298 0.478

Preselection > 1 valid RPC
hits

14979542 0.670 202272 0.449

Preselection > 7 TOF nDOF 4300323 0.192 41369 0.092
Preselection β−1

Free error < 10.0 3782992 0.169 35333 0.078
Preselection valid CSC hits

==0
3711420 0.166 34853 0.077

At least 2 DSA tracks 858302 0.038 10332 0.023
At least 1 upper and 1 lower

DSA track, each with:
853804 0.038 10290 0.023

pT>30 GeV 482721 0.021 5825 0.013
> 2 DT chambers with valid

hits
253837 0.011 3288 0.0073

> 2 valid RPC hits 235384 0.011 3154 0.0070
RPC BXs==0 or BXs>0 and

constant
30312 0.0014 520 0.0012

TimeInOut > -10.0 ns 27137 0.0012 444 0.00099
TimeInOut Error <2.0 ns 17981 0.00080 302 0.00067

Same charge 735 0.00003 10 0.00002
DT TOF direction = 1, for

lower DSA track
716 0.00003 10 0.00002

β−1
Free > 0.0, for lower DSA

track (Events in regions A, B,
C and D)

716 0.00003 10 0.00002

β−1
Free > 0.5, for upper DSA

track (Events in regions C and
D)

40 0.000002 0 0.0

p>60 GeV, for upper DSA
track (Events in region D)

30 0.000001 0 0.0
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Table 5.9: Cumulative selection cut e�ciencies (fraction of events) for 100 GeV, 500
GeV, and 1000 GeV mchamps. Note that in the last row, the pT cut on the upper
hemisphere DSA track varies for each mchamp mass considered.

Selection Criteria 100 GeV
mchamp

500 GeV
mchamp

1000 GeV
mchamp

Total generated 1.000 1.000 1.000
Maximum stop in detector 0.407 0.414 0.527

Not in cavern walls 0.371 0.379 0.483
At least one status 1 gen muon 0.371 0.379 0.483

At least one DSA track 0.321 0.331 0.426
Pass trigger 0.055 0.057 0.072

Preselection n DSA tracks < 6 0.055 0.057 0.072
Preselection pT > 10 GeV 0.054 0.057 0.071

Preselection > 1 DT chambers
with valid hits

0.050 0.051 0.064

Preselection > 1 valid RPC hits 0.049 0.050 0.063
Preselection > 7 TOF nDOF 0.030 0.031 0.039
Preselection β−1

Free error < 10.0 0.027 0.027 0.034
Preselection valid CSC hits ==0 0.026 0.026 0.033

At least 2 DSA tracks 0.013 0.014 0.017
At least 1 upper and 1 lower DSA

track, each with:
0.013 0.014 0.017

pT>30 GeV 0.011 0.013 0.016
> 2 DT chambers with valid hits 0.0087 0.0089 0.011

> 2 valid RPC hits 0.0080 0.0081 0.010
RPC BXs==0 or BXs>0 and

constant
0.0077 0.0076 0.0092

TimeInOut > -10.0 ns 0.0071 0.0070 0.0083
TimeInOut Error <2.0 ns 0.0069 0.0068 0.0081

Same charge 0.0069 0.0065 0.0069
DT TOF direction = 1, for lower

DSA track
0.0068 0.0065 0.0068

β−1
Free > 0.0, for lower DSA track

(Events in regions A, B, C and D)
0.0068 0.0065 0.0068

β−1
Free > 0.5, for upper DSA track
(Events in regions C and D)

0.0065 0.0059 0.0063

p>60 GeV, 110 GeV, 200 GeV,
respectively, for upper DSA track

(Events in region D)

0.0012 0.0054 0.0058
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5.5 Background Modeling

5.5.1 ABCD Method

The background is estimated using the ABCD method, with the upper hemisphere

DSA track β−1
Free and p as the two variables providing the most separation between the

background (cosmic muons) and the signal. β−1
Free and p are independent, as shown

below. For muons in the upper hemisphere, most of the cosmic muon background has

β−1
Free < 0 and low p, while the signal has β−1

Free > 0 and high p. If a cosmic muon has

β−1
Free > 0 and low p in the upper hemisphere, its β−1

Free is mismeasured. If a cosmic

muon has β−1
Free < 0 and high p in the upper hemisphere, its p could be genuine or

mismeasured. Figure 5.37 shows a schematic of the di�erent regions de�ned by the

β−1
Free and p, and the expected background and signal in each. Given that β−1

Free and

p are independent, the ratio of the number of background events in region B to the

number of such events in region A should be equal to the ratio of the number in region

D to the number in region C. Equivalently, the ratio of the numbers in regions C and

A should be equal to the ratio of the numbers in regions D and B. Using the number

of background events found in regions A, B, and C, the background in region D, which

is where signal events would collect, can be estimated. The number of background

events in D should be approximately BC/A, and thus the number of observed signal

events is D − BC/A. Therefore, the ABCD method provides a way to use regions

with negligible signal to estimate the number of observed signal events, assuming the

variables being used are uncorrelated.
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Figure 5.37: Schematic of the ABCD regions for the background estimation.

5.5.2 Choice of Momentum Variable for Background Estima-

tion

It is clear that we need to use the β−1
Free of the upper hemisphere DSA muon track in the

ABCD method, but we have some freedom to choose the exact momentum variable.

The p of both the upper and lower hemisphere DSA tracks should be equally good

at discriminating between cosmic muons and muons from the signal. Furthermore, it

is not obvious a priori whether p or pT would give better separation between cosmic

muons and signal muons.

We computed the S/
√

(S +B) curves of the upper hemisphere DSA muon track

p (the �upper p�), of the average p of the upper and lower hemisphere DSA tracks

(the �average p�), and of whichever p of the two was a greater value (the �highest p�).

See Fig. 5.38 for these S/
√

(S +B) curves. Then we did the same for the DSA track

pT , that is, the �upper pT ,� the �average pT ,� and the �highest pT � (see Fig. 5.39). The

S/
√

(S +B) curves of the p variables are consistently slightly greater than those of

the pT variables, and so we can conclude that p is slightly better at discriminating

cosmic muons from signal muons than pT . Furthermore, although the highest and

average p or pT have higher S/
√

(S +B) curves than the upper p or pT , the highest

and average p and pT have zero backgrounds events at low values of p and pT . To
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avoid this problem, we choose the upper hemisphere DSA muon track p to use in the

ABCD method.

Figure 5.38: S/
√

(S +B) as a function of the upper hemisphere p (top left), the
average p (top right), and the highest p (bottom), for three mchamp masses.
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Figure 5.39: S/
√

(S +B) as a function of the upper hemisphere pT (top left), the
average pT (top right), and the highest pT (bottom), for three mchamp masses.

5.5.3 Choice of β−1Free and p Cuts

The cut values for β−1
Free and p should be chosen to maximize the signal and minimize

the background in region D. The β−1
Free distribution does not vary among the di�erent

mchamp mass points (see Fig. 5.40 left), so one value of β−1
Free was chosen for all

masses. β−1
Free = 0.5 was chosen to de�ne the boundary because this value gave the

lowest upper cross section expected limits. This choice of β−1
Free cut is also in the

plateau of the S/
√

(S +B) curve (see Fig. 5.41), and so it gives a stable result for

small variations in β−1
Free .
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Figure 5.40: DSA track β−1
Free (left) and p (right) for 100, 500, and 1000 GeV mchamps.

Events must pass the trigger and the preselection. The highest pT DSA track is
plotted. The histograms are normalized to the same number of events.

Figure 5.41: S/
√

(S +B) as a function of β−1
Free for three mchamp masses.

On the other hand, the p distribution varies greatly among the di�erent mchamp

masses (see Fig. 5.40 right), and so di�erent p cut values were chosen to optimize the

separation between signal and background, for each signal mass. Figure 5.42 shows

S/
√

(S +B) as a function of p for di�erent mchamp masses. The p cut values were

chosen to be in the plateau of each of these curves. The choices of p cuts will be listed
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in Table 5.12, which will appear in the Results section.

Figure 5.42: S/
√

(S +B) as a function of p for all mchamp masses. Masses 100 to
500 GeV are on the left, and masses 600 to 1000 GeV are on the right.

Besides providing the lowest expected limits and being on the plateau of the

S/
√

(S +B) curve, the other criterion considered for choosing the cut values for

β−1
Free and p was that each control region in the background estimation was required

to contain at least 10 events, in order to have su�cient statistics in each control

region.

5.5.4 Background Closure Test

Figure 5.43 shows a scatter plot of β−1
Free as a function of p for 500 GeV mchamp

events and for cosmic muon data. The A, B, C, and D regions are de�ned by the

β−1
Free = 0.5 and p = 100 GeV lines. A test was performed on the cosmic muon data

to see how well BC/A agrees with D. Table 5.10 shows the number of events in each

region. For this de�nition of the regions, BC/A = 12.4 ± 2.5 events, as compared

with 9±3 events in region D; the two values agree within uncertainties. Furthermore,

additional tests have been done with other choices for values of β−1
Free and p to de�ne

the A, B, C, and D regions, and in these additional test, BC/A agrees with D within
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uncertainties. Therefore, we can infer that β−1
Free and p are uncorrelated, and we can

consider this background estimation method validated. As discussed in Section 5.6,

a possible small correlation is treated as a systematic uncertainty.

Figure 5.43: A scatter plot of the DSA track β−1
Free as a function of p for 500 GeV

mchamps (left) and cosmic muon data (right). The events must pass all of the se-
lection criteria except the charge and RPC BX assignments cut (in order to have a
su�cient number of events for the closure test). The A, B, C, and D regions are
the di�erent regions for the background estimation, de�ned here by the black lines
at β−1

Free = 0.5 and p = 100 GeV. The signal is concentrated in region D, while the
background is concentrated in region A. The colors indicate the numbers of events in
each bin.

Table 5.10: Number of events in each region in Figure 5.43 for cosmic muon data.

Region Number of Events
A 1009± 31.8
B 464± 21.5
C 27± 5.2
D 9± 3

5.5.5 Background Estimation

The background is estimated using the collision data events that pass all the selection

criteria shown in Table 5.8. Figure 5.44 shows a scatter plot of β−1
Free as a function of p

for 500 GeV mchamp events and for the full Run2012 collision data. The background

estimate is di�erent for the di�erent mchamp mass points because the choice of the

minimum p cut varies for the di�erent mass points. The background estimate, that

197



is, BC/A from collision data events, is described in Section 5.7.

Figure 5.44: A scatter plot of the DSA track β−1
Free as a function of p for 500 GeV

mchamp events (left) and for Run2012 collision data (right). The events must pass
all of the selection criteria. The A, B, C, and D regions are the di�erent regions for
the background estimation, shown here by the black lines at β−1

Free = 0.5 and p = 60,
100, 150, and 200 GeV. The signal is concentrated in region D, while the background
is concentrated in region A. Region D is blinded for the background estimation. The
colors indicate the numbers of events in each bin.

5.5.6 Other Backgrounds

We looked in the �nal sample for evidence of other backgrounds, namely, beam halo,

up-scattering cosmic muons, and noise.

Beam halo or up-scattering cosmic muons could be characterized by muons that

are outgoing in the upper hemisphere. Since this would also characterize muons from

the signal, beam halo or up-scattering cosmic muons might be identi�ed if they also

have a lower hemisphere muon that is incoming. However, we did not observe a

signi�cant number of these events in cosmic muon data (see Fig. 5.45), and in fact,

events with incoming lower hemisphere muons are rejected by the selection criteria.
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Figure 5.45: A scatter plot of the β−1
Free distribution for the lower hemisphere muon

as a function of that of the upper hemisphere muon for cosmic muon data. Events
must pass the preselection, and there must be at least one DSA track in the upper
hemisphere and at least one in the lower hemisphere. The highest pT DSA track in the
upper hemisphere and the highest pT DSA track in the lower hemisphere are plotted.
Up-scattering cosmic muons or beam halo would be characterized by a negative lower
hemisphere β−1

Free and a positive upper hemisphere β−1
Free. The colors indicate the

numbers of events in each bin.

Beam halo could also be characterized by a large number of CSC segments in the

event, which are not necessarily associated with a DSA track. However, we did not

�nd many events in cosmic muon data, from collisions or dedicated cosmic runs, with

a large number of CSC segments (see Fig. 5.46). In fact, these distributions agree

fairly well with that of signal, and so if we placed criteria to limit the number of CSC

segments, we would reduce a signi�cant fraction of the signal as well. Furthermore,

we looked at cosmic muons, from both cosmic runs and collision data, that pass all

of the selection criteria, including the �nal p and β−1
Free cuts, and and all of them had

exactly 0 CSC segments.
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Figure 5.46: Number of CSC segments in the event for 500 GeV mchamps, cosmic
muon data, cosmic muons from collision events passing the prescaled control trigger,
and Z→ µµ data. Events must pass the trigger and the preselection. The histograms
are normalized to the same number of events.

Noise is rejected by requiring a large number of DT and RPC chambers and a

large number of DT hits with good TOF measurements.

We conclude that there is no signi�cant amount of other backgrounds in the �nal

sample of events.

5.6 Systematic Uncertainties

The luminosity is estimated within 2.6% [244].

We considered the systematic uncertainty associated with the MC simulation mod-

eling of the key variables, pT and β
−1
Free. We compared these two distributions in cosmic

muon data and cosmic muon MC simulation (see Fig. 5.47). We found no evidence

of a systematic di�erence in the pT distribution, but a small systematic shift in the

β−1
Free distribution. We �t the two peaks in β−1

Free with gaussian distributions, and

observed the di�erences in the �ts between data and MC simulation in the signal

region (β−1
Free > 0). Since the σ of the cosmic muon MC simulation �t in the signal

region was smaller than that of the cosmic muon data, the cosmic muon data was

already more conservative. Therefore, we only focused shifting the mean of the MC
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simulation distribution. We shifted the β−1
Free distribution in signal by subtracting

0.05 from each value of β−1
Free, since 0.05 is the di�erence in the gaussian means of the

cosmic muon MC simulation and cosmic muon data, and then recalculated the signal

yields. The signal yields changed by 2%, and thus, we take 2% as the systematic

uncertainty in the MC simulation modeling of β−1
Free.

Figure 5.47: The DSA track pT (left) and β−1
Free (right) for cosmic muon data and

cosmic muon MC simulation. Events must pass the preselection, and there must
be at least one DSA track in the upper hemisphere and at least one in the lower
hemisphere. The highest pT DSA track in the upper hemisphere and the highest pT
DSA track in the lower hemisphere are plotted. The histograms are normalized to
the same number of events.

There can also be a systematic uncertainty associated with the trigger acceptance.

Figure 5.48 shows the trigger turn-on curve for data and cosmic muon MC simulation.

The plateaus were each �tted with a horizontal line. The data was found to plateau

at an e�ciency of 0.884 ± 0.004, and the MC simulation was found to plateau at

an e�ciency of 0.918 ± 0.007. Since the plateau of the cosmic muon MC simulation

is more ideal than that of the data by about 4%, we take 4% as the systematic

uncertainty in the trigger acceptance.
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Figure 5.48: Turn-on curve for HLT_L2Mu20_NoVertex_2Cha_NoBPTX3BX_NoHalo
in Run2012C data passing the prescaled control trigger and in cosmic MC simulation.
The cosmic MC simulation events were also required to pass the prescaled control
trigger.

The systematic uncertainties described above are all applied to the signal MC

simulation. In addition, there can be a systematic uncertainty in the background

estimation, due to any possible correlation between β−1
Free and p in the background

sample. The systematic uncertainty in the ABCD method is evaluated by further

dividing the A, B, and C control regions with stricter selection criteria on β−1
Free and p.

The sub-ABC regions are then used in calculating BC/A, and then these estimates

of the background are compared with the nominal one in order to determine the

systematic uncertainty. Several di�erent sub-ABC regions were tried, and the choice

giving the largest deviation from the nominal background prediction was when the

A and C regions were divided with an additional cut in p at 60 GeV, giving left

and right sub-A regions and left and right sub-C regions. The full B region, de�ned

by β−1
Free < 0.5 and p > 110 GeV, was used. The left sub-A region was de�ned by

β−1
Free < 0.5 and p < 60 GeV, while the right sub-A region was de�ned by β−1

Free < 0.5

and 60 < p < 110 GeV. The left sub-C region was de�ned by β−1
Free > 0.5 and
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p < 60 GeV, and the right sub-C region was de�ned by β−1
Free > 0.5 and 60 < p < 110

GeV. These sub-regions gave a background prediction that deviated from the nominal

prediction by an average of 20%, and so this value is used as the systematic uncertainty

in the background prediction.

The systematic uncertainties are summarized in Table 5.11.

Table 5.11: Systematic uncertainties.

Systematic Uncertainty Background Signal
Luminosity - 2.6%

β−1
Free Mis-modeling - 2%

Trigger Acceptance - 4%
Background Estimation 20% -

5.7 Results

Using the ABCD method, we can compare the data observed in region D with the

background predicted in region D. Figure 5.49 shows the p and β−1
Free distributions for

the Run2012 collision data in region D, the background predicted in region D, both of

which have been optimized for the 500 GeV mchamp case, and the 500 GeV mchamp

signal in region D. The background events predicted in region D in the p plot are the

events in region B, normalized by C/A, while the background predicted in region D

in the β−1
Free plot consists of the events in region C, normalized by B/A. The 500 GeV

mchamps are the signal events in region D, normalized to the predicted number of

signal events. Figure 5.50 shows a scatter plot of these two variables, for data events

that pass all of the selection criteria except except the �nal p and β−1
Free selections in

the ABCD method.
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Figure 5.49: p and β−1
Free distributions for the Run2012 collision data in region D, the

background predicted in region D, both of which have been optimized for the 500 GeV
mchamp case, and the 500 GeV mchamp signal in region D. The background events
predicted in region D in the p plot are the events in region B, normalized by C/A,
while the background predicted in region D in the β−1

Free plot consists of the events in
region C, normalized by B/A. The 500 GeV mchamps are the signal events in region
D, normalized to the predicted number of signal events.

Figure 5.50: A scatter plot of the DSA track β−1
Free as a function of p for 500 GeV

mchamp events (left) and for Run2012 collision data (right). The events must pass
all of the selection criteria. The A, B, C, and D regions are the di�erent regions for
the background estimation, shown here by the black lines at β−1

Free = 0.5 and p = 60,
100, 150, and 200 GeV. The signal is concentrated in region D, while the background
is concentrated in region A. The colors indicate the numbers of events in each bin.

Table 5.12 shows the signal acceptance and the numbers of expected and observed

events, for each mchamp mass. The p cut in the ABCD method is optimized for each

mchamp mass (see Section 5.5.3), and so the numbers of expected background and

observed events also vary with mchamp mass. These values represent the maximum
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signal, background, and data that can be measured before considering the lifetime of

the stopped particle.

Table 5.12: Signal acceptance, number of expected background events, and number of
observed events for each mchamp mass. The p cut in the ABCD method is optimized
for each mchamp mass, and so the numbers of expected background and observed
events also vary with mchamp mass.

Mchamp
Mass [GeV]

p Cut for
ABCD

Method [GeV]

Signal
Acceptance

Expected Background Observed
Events

100 60 0.0012 76±24 (stat.) ±15 (sys.) 30
200 60 0.0060 76±24±15 30
300 80 0.0060 60±18±12 26
400 110 0.0058 54±13±11 22
500 140 0.0054 36±8±7 22
600 150 0.0058 34±8±7 21
700 170 0.0055 33±8±7 19
800 170 0.0058 33±8±7 19
900 200 0.0058 32±7±6 15
1000 200 0.0058 32±7±6 15

Event displays for three of the 15 data events that have p > 200 GeV and β−1
Free >

0.5 are in Figs. 5.51, 5.52, and 5.53.

Figure 5.51: Event display of a data event (run 206859, event 704221955) passing all
selection criteria, including p > 200 GeV and β−1

Free > 0.5. The φ view is on the left
and the ρ-z view is on the right.
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Figure 5.52: Event display of a data event (run 200245, event 20270933) passing all
selection criteria, including p > 200 GeV and β−1

Free > 0.5. The φ view is on the left
and the ρ-z view is on the right.

Figure 5.53: Event display of a data event (run 199021, event 1349217580) passing
all selection criteria, including p > 200 GeV and β−1

Free > 0.5. The φ view is on the
left and the ρ-z view is on the right.

We were sensitive to 293 hours (1.056 × 106 seconds) of trigger livetime during

the 2012 run, as determined by the pseudo-experiment Stage 3 MC simulation, using

the muon JSON �le. The maximum e�ective luminosity is about 4 fb−1, which is

reasonable when considering the integrated luminosity of 19.7 fb−1 and the livetime
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fraction of 0.23, which is the livetime fraction for the most common bunch spacing in

2012 (see the last row of Table 5.4).

We perform a counting experiment in bins of mchamp lifetime from 200 ns to 107s.

Table 5.13 shows the results of the counting experiment for di�erent lifetimes, for 100,

500, and 1000 GeV mchamps. Recall from Section 5.2.3.2 that for lifetimes shorter

than one LHC orbit of 89 µs, we search within a time-window of 1.3 times the lifetime,

to avoid the addition of backgrounds for time intervals during which the signal will

have already decayed to unobservable levels. Thus, for lifetimes smaller than 1 orbit,

both the number of observed events and the expected background depend on the time-

window considered, which is a fraction of the total trigger livetime. Similarly, the

e�ective luminosity is smaller than 4 fb−1 for short lifetimes. However, for lifetimes

bigger than a single orbit, the trigger livetime, the expected background, and the

number of observed events are independent of the lifetime. The e�ective luminosity

decreases with lifetime after the lifetimes are longer than 1 LHC �ll.

The data shows no excess over background, and so we set upper limits on the signal

production cross section using a hybrid CLS method [245, 246] to incorporate the

systematic uncertainties [247]. The 95% CL limits on the cross section as a function

of lifetime for the 100, 500, and 1000 GeV mchamp cases are shown in Fig. 5.54. The

detection sensitivity and the cross section limit are degraded for very small lifetimes,

since any muons detected within two bunch crossings are vetoed. The limit curve

is then �at for lifetimes greater than one orbit, since the numbers of observed and

background events are constant. Finally, the sensitivity and e�ective luminosity are

degraded for lifetimes larger than an LHC �ll.
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Figure 5.54: 95% CL cross section limits as a function of lifetime, for 100 (top left), 500
(top right), and 1000 (bottom) GeV mchamps. The observed limits are shown in the
solid black line, the expected limits are shown in the dotted black line, the expected
1σ and 2σ bands are shown in green and yellow, respectively, and the theoretical
cross sections are shown in the red line. The theoretical cross section for 1000 GeV
mchamps is below the range of the plot.

The 95% CL limits on the cross section as a function of mchamp mass, for a

lifetime of 1 sec, are shown in Table 5.14 and Fig. 5.55. These are the �rst limits for

stopped particles that decay to muons, and they are also the �rst limits on lepton-

like multiply charged particles that stop in the detector. Furthermore, this is the �rst

time β−1
Free is being used in a CMS physics analysis, and it is the �rst time a muon

trigger that vetoes on the bunch crossing has been used.

209



Table 5.14: LO cross sections and cross section limits for mchamps with a lifetime of
1 sec.

Mass [GeV] LO Cross-Section [pb] 95% CL Limit [pb] Expected Limit ±1σ [pb]
100 1.880 6.36 7.58+2.44

−2.35

200 0.1402 1.27 1.52+0.49
−0.47

300 0.02622 1.01 1.25+0.41
−0.40

400 0.006968 0.930 1.18+0.39
−0.38

500 0.002257 0.536 0.925+0.312
−0.302

600 0.0008183 0.483 0.834+0.282
−0.286

700 0.0003228 0.482 0.851+0.289
−0.287

800 0.0001333 0.457 0.807+0.274
−0.272

900 0.00005764 0.484 0.805+0.274
−0.271

1000 0.00002540 0.484 0.805+0.274
−0.271

Figure 5.55: 95% CL cross section limits as a function of mchamp mass, for a lifetime
of 1 sec. The observed limits are shown in the solid black points, the expected limits
are shown in the dotted black line, the expected 1σ and 2σ bands are shown in green
and yellow, respectively, and the theoretical cross sections are shown in the red line.
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5.8 Results with at Least One Upper Hemisphere

DSA Track

There are several ways in which we can modify the analysis, in order to present

results that cover di�erent model scenarios. For example, the analysis described above

requires at least one upper hemisphere DSA track and at least one lower hemisphere

DSA track. This choice is appropriate because the model we consider contains an

mchamp that decays to two back-to-back muons, and it provides the strongest result

because much more of the cosmic muon background can be rejected if two good muons

are required instead of just one. However, we can also present the results if we require

at least one upper hemisphere DSA track and make no requirements on any lower

hemisphere DSA tracks in the event. As a minimum, an upper hemisphere DSA track

is needed in order to distinguish the outgoing muons from the signal and the incoming

muons from the cosmic muon background. This scenario gives higher expected cross

section limits as a function of mchamp mass than the main analysis, because the

background of the one upper hemisphere DSA track scenario is signi�cantly larger

than that of the main analysis, while the signal acceptance is only marginally larger.

Results with this selection are important because they expand the scope of the search

to models in which the decay of the stopped particle results in only one muon plus,

for example, a neutrino or two (see Section 5.2.3.2 for speci�c examples).

For the one upper hemisphere DSA track selection, we use the same preselection

criteria as described in Section 5.4.2 but modify the rest of the selection criteria. For

the �nal selection, we require an upper hemisphere DSA track with:

� pT > 30 GeV

� > 2 DT chambers with valid hits

� > 2 RPC hits
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� RPC BX assignments that are all 0 or all positive and constant

� TimeInOut > - 10.0 ns

� Error in TimeInOut < 2.0 ns

Then the same criteria on the pT and β−1
Free of the upper hemisphere muon are ap-

plied in the ABCD method. This is the same criteria as was applied for the main

analysis, except it is now only applied to the upper hemisphere DSA track, and any

requirements for both DSA tracks or the lower hemisphere DSA track are dropped.

The acceptance tables for the one upper hemisphere DSA track selection for data,

cosmic muon all-phi data, and signal MC simulation are shown in Tables 5.15 and

5.16. The preselection is the same as in Tables 5.8 and 5.9.

Table 5.15: Cumulative selection cut e�ciencies for the one upper hemipshere DSA
track selection, for collision data and cosmic muon data events. Note that in the last
row, a cut of p > 60 GeV on the upper hemisphere DSA track is shown, but this cut
varies for each mchamp mass considered.

Selection Criteria Run 2012B,C, D Collision Data Cosmic Muon Data
Number of
Events

Fraction of
Events

Number of
Events

Fraction of
Events

At least 1 upper DSA track
with:

2468358 0.11 23518 0.052

pT>30 GeV 1635496 0.073 15415 0.034
> 2 DT chambers with valid

hits
1191727 0.053 11845 0.026

> 2 valid RPC hits 1161856 0.052 11549 0.026
RPC BXs==0 or BXs>0 and

constant
264458 0.012 2885 0.0064

TimeInOut > -10.0 ns 252296 0.011 2416 0.0054
TimeInOut Error <2.0 ns

(Events in regions A,B,C, and
D)

169892 0.0076 1641 0.0036

β−1
Free > 0.5 (Events in regions

C and D)
5274 0.00024 37 0.000082

p>60 GeV (Events in region
D)

2619 0.00012 18 0.000040
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Table 5.16: Cumulative selection cut e�ciencies (fraction of events) for the one upper
hemipshere DSA track selection, for 100 GeV, 500 GeV, and 1000 GeV mchamps.
Note that in the last row, the pT cut on the upper hemisphere DSA track varies for
each mchamp mass considered.

Selection Criteria 100 GeV
mchamp

500 GeV
mchamp

1000 GeV
mchamp

At least 1 upper DSA track with: 0.019 0.020 0.025
pT>30 GeV 0.018 0.019 0.024

> 2 DT chambers with valid hits 0.016 0.016 0.019
> 2 valid RPC hits 0.015 0.015 0.019

RPC BXs==0 or BXs>0 and
constant

0.014 0.015 0.018

TimeInOut > -10.0 ns 0.014 0.014 0.017
TimeInOut Error <2.0 ns (Events

in regions A,B,C, and D)
0.013 0.014 0.016

β−1
Free > 0.5 (Events in regions C

and D)
0.012 0.013 0.015

p>60 GeV, 110 GeV, 200 GeV,
respectively (Events in region D)

0.0023 0.012 0.014

As before, the ABCD method is used to predict the background. The same selec-

tion on the pT and β−1
Free as in the main analysis are applied. Figure 5.56 shows the p

and β−1
Free distributions for the one upper hemipshere DSA track selection, for data,

which are the events passing all of the selection criteria, including the �nal p and

β−1
Free selections for the 500 GeV mchamp case, for background, which is the events in

the A, B, and C control regions, normalized to the background prediction for the 500

GeV mchamp case, and for 500 GeV mchamps, which are normalized to the predicted

number of signal events. Figure 5.57 shows a scatter plot of these two variables for

the one upper hemipshere DSA track selection, for data events that pass all of the

selection criteria except except the �nal p and β−1
Free selections in the ABCD method.
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Figure 5.56: p and β−1
Free distributions for the one upper hemipshere DSA track se-

lection, for Run2012 collision data, which are the events passing all of the selection
criteria, including the �nal p and β−1

Free selections for the 500 GeV mchamp case, for
background, which is the events in the A, B, and C control regions, normalized to
the background prediction for the 500 GeV mchamp case, and for 500 GeV mchamps,
which are normalized to the predicted number of signal events.

Figure 5.57: A scatter plot of the DSA track β−1
Free as a function of p for the one upper

hemipshere DSA track selection, for 500 GeV mchamp events (left) and for Run2012
collision data (right). The A, B, C, and D regions de�ne the di�erent regions for the
background estimation. The signal is concentrated in region D, while the background
is concentrated in region A. The colors indicate the numbers of events in each bin.

Table 5.17 shows the signal acceptance and the numbers of expected and observed

events for the one upper hemipshere DSA track selection, for each mchamp mass. The

p selections in the ABCD method are the same as in the main analysis. These values
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represent the maximum signal, background, and data that can be measured before

considering the lifetime of the stopped particle.

Table 5.17: Signal acceptance, number of expected background events, and number of
observed events for the one upper hemipshere DSA track selection, for each mchamp
mass. The p selections in the ABCD method are the same as in the main analysis.

Mchamp
Mass [GeV]

p Cut for
ABCD

Method [GeV]

Signal
Acceptance

Expected
Background

Observed
Events

100 60 0.0023 2810±57 2620
200 60 0.012 2810±57 2620
300 80 0.012 1930±34 1810
400 110 0.012 1240±21 1200
500 140 0.012 877±14 822
600 150 0.012 794±13 813
700 170 0.012 648±11 695
800 170 0.013 648±11 695
900 200 0.014 526±9 571
1000 200 0.014 526±9 571

Again, no excess of data is observed. We set CLS cross section limits at 95% CL,

and the same systematic uncertainties as in Table 5.11 are used. The 95% CL limits

on the cross section as a function of mchamp mass for a lifetime of 1 sec, for the one

upper hemipshere DSA track selection, are shown in Table 5.18 and Fig. 5.58. If this

table and �gure are compared with Table 5.14 and Fig. 5.55, one can see that the one

upper hemisphere DSA track selection gives cross section limits that are about an

order of magnitude higher than the main result.
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Table 5.18: LO cross-sections and cross-section limits for the one upper hemipshere
DSA track selection, for mchamps with a lifetime of 1 sec.

Mass [GeV] LO Cross-Section [pb] 95% CL Limit [pb] Expected Limit ±1σ [pb]
100 1.880 110 123+31

−29

200 0.1402 21.7 24.3+6.1
−5.8

300 0.02622 14.7 16.6+4.6
−4.1

400 0.006968 10.1 11.1+3.2
−2.8

500 0.002257 7.53 7.90+2.28
−2.08

600 0.0008183 6.50 6.65+1.92
−1.76

700 0.0003228 5.84 5.54+1.60
−1.48

800 0.0001333 5.32 5.05+1.46
−1.35

900 0.00005764 4.36 4.06+1.18
−1.10

1000 0.00002540 4.26 3.97+1.16
−1.07

Figure 5.58: 95% CL cross section limits as a function of mchamp mass for a lifetime
of 1 sec, for the one upper hemipshere DSA track selection. The observed limits are
shown in the solid black points, the expected limits are shown in the dotted black
line, the expected 1σ and 2σ bands are shown in green and yellow, respectively, and
the theoretical cross sections are shown in the red line.
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5.9 Preparation for 13 TeV

The LHC has begun operating at
√
s = 13 TeV in 2015, and it will eventually operate

at the design C.M. energy of 14 TeV. This search could be repeated with data from

the higher energy regime, which would increase the search sensitivity and discovery

potential. As preparation for the 13 TeV run in 2015, several aspects of the analysis

were investigated.

The most crucial matter for any analysis to prepare early is the trigger associated

with the physics of interest. As discussed in Section 5.2, our NoBPTX trigger depends

strongly on the number of colliding bunches, and not on beam parameters. Indeed, the

largest background contribution is from cosmic muons, which should have a constant

rate. As discussed earlier, we expect about the same trigger livetime at 25 ns spacing

and 2800 colliding bunches as we had with 50 ns spacing and 1380 colliding bunches.

Thus, we can expect the trigger to have about the same rate in 2015 as it had in 2012.

Our design for the 2015 trigger was similiar to the 2012 trigger, but with several very

important changes. This trigger has already taken data in 2015.

Despite the fact that the bandwidth available for this trigger is the same in the

2012 and 2015 runs, we were able to improve the trigger signi�cantly. Figure 5.59

shows the acceptance of di�erent cuts applied at the HLT, for data and a 500 GeV

mchamp signal at 8 TeV, relative to the 2012 control trigger (�rst bin, with a L2

muon pT of 10 GeV). Each subsequent bin shows possible selection criteria that could

be made at the HLT. The bin labeled �original_pt20,Cha2� is the con�guration of

the signal trigger in 2012: the L2 muon pT threshold was 20 GeV and at least 2 DT or

CSC chambers with any hits were required. As can be seen in the �gure, the trigger

rate in data can be decreased while the signal acceptance can be increased, relative to

the 2012 signal trigger, if we instead require at least 3 stations with any hits (the bin

labeled �pt20,St3�). Thus, a signal trigger with a L2 muon pT threshold of 20 GeV

and at least 3 stations was the initial 2015 proposal. The relative signal acceptance
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goes from 0.65 to 0.7, while the relative rate goes from 0.85 to 0.57, comparing the

2012 signal trigger with the initial 2015 signal trigger proposal.

After this initial proposal was accepted, the DSA muon track collection was �-

nalized for o�ine, and then we began to bring these o�ine improvements to the

HLT. While the mean timer and the cosmic muon seeding would, in principle, be

bene�cial to several long-lived analyses using displaced muons, we did not observe

any improvement at the trigger level for those custom triggers, except in the muon

NoBPTX triggers for this search. As a result, the mean timer and cosmic muon

seeding were introduced at the HLT only for the muon NoBPTX paths, at this time.

The e�ect of the mean timer and the cosmic muon seeding in L2 muons passing

the muon NoBPTX signal trigger was checked for the mchamp signal (see Fig. 5.60).

As with the o�ine improvement, the improvement in the L2 muon pT distribution is

substantial.

Figure 5.60: The L2 muon pT distribution in 72X for mchamps with a mass of 500
GeV. The black histogram shows the default L2 muon pT distribution, and the red
histogram shows the L2 muon pT distribution with the meantimer and the cosmic
muon seeding. The histograms are normalized to the same number of events.

The mean timer and cosmic muon seeding improve the bias in the L2 muon pT
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from the Delayed Muons signal, but what about at L1? Unfortunately, a bias in

the L1 muon pT was also observed, which re�ects the known L1 muon bias toward

the beam spot (see Fig. 5.61). However, the L1 muon pT bias can be circumvented

by reducing the L1 muon pT cut to 0 GeV. This is possible because the rate from

L1_SingleMuOpen_NotBptxOR is only expected to be about 100 Hz. The cosmic

muon rate in CMS is no more than about 400 Hz; L1_SingleMuOpen was only 400

Hz in cosmic runs in 2012. The L1 muon quality assignment is kept loose, that is,

the same L1 muon quality of L1 SingleMuOpen, as tighter quality cuts at L1 would

only bias the muon more toward the beam spot. The e�ect of using a 0 GeV pT L1

muon seed and the meantimer and the cosmic muon seeding at the HLT is shown in

Fig. 5.62.

Figure 5.61: The L1 muon pT distribution in 72X for mchamps with a mass of 500
GeV. The black histogram shows the events that pass L1_SingleMu6_NotBptxOR,
and the red histogram shows the events that pass L1_SingleMuOpen. Most of the
signal is biased towards low pT bins by the poor L1 reconstruction of displaced muons.
The last bin at pT = 140 GeV includes all muons with pT greater than 140 GeV. The
histograms are normalized to the same number of events.
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Figure 5.62: The L2 muon pT distribution in 72X for mchamps with a mass of 500
GeV. The black histogram shows the default L2 muon pT distribution, the red his-
togram shows the L2 muon pT distribution with L1_SingleMuOpen as the L1 seed,
and the blue histogram shows the L2 muon pT distribution with the meantimer and
the cosmic muon seeding and L1_SingleMuOpen as the L1 seed. The histograms are
normalized to the same number of events.

In addition to bringing the HLT pT distribution closer to the generator muon one,

these changes also increase the signal acceptance at the HLT. Table 5.19 shows the

relative improvement for each change at L1 and the HLT. The combination of all of

the changes results in three times the original signal acceptance.

Table 5.19: Relative improvement for each change at L1 and HLT. The combination
of all of the changes results in three times the original signal acceptance.

Con�guration Number of
events passed

HLT

Ratio (with
improvement/

original)

Original 1623 -
With meantimer 1699 1.05

With cosmic muon seeding 2270 1.40
With meantimer and cosmic muon seeding 2342 1.44
With L1_SingleMuOpen as the L1 seed 3404 2.10
With meantimer, cosmic muon seeding,
and L1_SingleMuOpen as the L1 seed

5227 3.22

The mean timer and the cosmic muon seeding at L2 increase the HLT rate,
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and L1_SingleMuOpen_NotBptxOR increases the L1 rate. Since the L2 muon

pT measurement could now be trusted more, we increase the L2 muon pT cut in

order to keep the HLT rate low. The full and �nal 2015 proposal, including sig-

nal, backup, and control triggers, is shown in Table 5.20. All paths are seeded by

L1_SingleMuOpen_NotBptxOR, expected to run at 100 Hz in 2015. This proposal

was accepted into the 2015 trigger menu. The �rst HLT menu with these changes

was /dev/CMSSW_7_3_0/HLT/V102. See Ref. [248] for more information.

Table 5.20: Delayed muon triggers for 2015. All paths are seeded by
L1_SingleMuOpen_NotBptxOR.

HLT Path Expected Rate [Hz] Type

HLT_L2Mu10_NoVertex_NoBPTX 0.2 (prescaled) Control
HLT_L2Mu10_NoVertex_NoBPTX3BX_NoHalo 0.2 (prescaled) Control
HLT_L2Mu35_NoVertex_3Sta_NoBPTX3BX_NoHalo 5 Signal
HLT_L2Mu40_NoVertex_3Sta_NoBPTX3BX_NoHalo 3.5 Backup

Figure 5.63 compares the signal 2012 HLT path rate with the rate of the 2015

HLT path, as a function of the number of colliding bunches.
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Figure 5.63: The rate of the signal HLT path in 2012 and 2015, as a function of the
number of colliding bunches. The trigger rate during the two years is signi�cantly
di�erent because the trigger changed sign�cantly during this time, at L1 and at the
HLT. There is little di�erence in the rate due to the change from 50 to 25 ns in bunch
spacing because the trigger livetime does not change drastically between these two
spacings (see the discussion in Section 5.2.2.1).

In addition to the trigger, other preparations are underway for 2015. The Stage

1 signal MC simulation at 13 TeV is being produced centrally in Pythia6 and

Pythia8, in a similar fashion as to what was done for 8 TeV. The Stage 2 will

be produced privately again in 2015.

The event content of AOD was also extended to include the DT and CSC segments,

the RPC hits, and other variables necessary for the HSCP search. This will make it

easier to perform the analysis with 2015 data, as the full RECO will not be available

for analysis.
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Chapter 6

SUMMARY

A search for delayed muons produced in pp collisions at
√
s = 8 TeV was performed

at CMS with 19.7 fb−1 of data. This search looked for LLPs that stopped in the CMS

detector and subsequently decayed to muons. These stopped particles were looked

for when there were no collisions in the detector, namely, during gaps between LHC

beam crossings.

No evidence of signal was found and 95% CL cross section upper limits were set

between 6.4 and 0.46 pb for mchamps of mass between 100 and 1000 GeV, assuming a

lifetime of 1 sec. Cross section limits were also set for each mchamp mass as a function

of lifetime, for lifetimes between 100 ns and 10 days. This main result requires at

least one upper hemisphere and at least one lower hemisphere muon in each event.

If instead only one upper hemsiphere muon was required, the cross section limits

are degraded by about an order of magnitude. These are the �rst limits for stopped

particles that decay to muons, and they are also the �rst limits for lepton-like multiply

charged particles that stop in the detector. Furthermore, this is the �rst time β−1
Free

was used in a CMS physics analysis, and it is the �rst time a muon trigger that vetoes

on the bunch crossing was used.
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Appendix A

A SEARCH FOR CHARGED

MASSIVE LONG-LIVED

PARTICLES AT D0

Another search for long-lived exotic particles, besides the principle search described in

this thesis, was performed at the D0 Experiment, which was at the Fermilab Tevatron

Collider outside Chicago, Illinois. This analysis at D0 searched for charged massive

long-lived particles (CMLLPs), which are high pT particles predicted by theories be-

yond the SM. CMLLPs resemble slow, massive, long-lived muons in the detector, and

they penetrate the entire detector before decaying. CMLLPs can be distinguished

from SM muons with time-of-�ight (TOF) and ionization energy loss (dE/dx) mea-

surements. While the main CMS analysis in this thesis searched for long-lived par-

ticles that decay to muons, the D0 analysis described here searched for long-lived

particles that actually appear as muons, but with TOF and dE/dx measurements

inconsistent with SM muons.

This search for CMLLPs used 5.2 fb−1 of RunIIb data and looked for events

with one or more long-lived particle. We then selected the most energetic apparent
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muon for study. We called this analysis the �Single CMLLP Analysis�, and it was

published in PRL [170]. At the same time, another search for a pair of CMLLPs

(the �Pair Analysis�), which required exactly two apparent muons per event, was

performed with the same data sample. Both of these analyses are documented in a

D0Note [249]. An earlier search for a pair of CMLLPs [250, 251], based on 1.1 fb−1

of RunIIa data, was published in PRL [169]. These three analyses were combined

and more thoroughly explained in a PRD article [171]. The statistical method of the

combination was discussed in [252]. The single CMLLP analysis will be described in

detail here, but it is worth noting that all three analyses exist, have points in common,

and are described fully in the PRD publication. There has also been an even earlier

version of this search at D0 [253,254], not to mention several CDF analyses [167,168],

and continuing searches at CMS [179�181] and ATLAS [172�176] at the LHC.

A.1 Motivation and Signal Samples

A.1.1 Motivation and Models

While the analysis was generally model-independent, we obtained results with several

SUSY models that could create a CMLLP. Although cosmological observations place

severe limits on absolutely stable massive particles [103�105], these limits do not rule

out the long-lived particles predicted by these SUSY models, which could have a

lifetime somewhat longer than the time it takes them to traverse the detector. In

particular, our present model of big bang nucleosynthesis (BBN) does not explain

the observed Li abundance. One possible solution may be the existence of a CMLLP

which decays during or after the time of BBN [1].

Various supersymmetric models predict either the lightest chargino or the lightest

scalar tau lepton (stau) to be a CMLLP. All Gauge Mediated Supersymmetry Break-

ing (GMSB) models contain a light gravitino/goldstino as the lightest supersymmetric
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particle (LSP) [110, 111]. The next-to-lightest supersymmetric particle (NLSP) can

be either the lightest scalar tau lepton (stau) or the lightest neutralino, depending on

the choice of model parameters [39, 112]. The GMSB model employed in this analy-

sis was a model with a stau NLSP. If the stau decays to the gravitino/goldstino are

su�ciently suppressed, which can happen because the e�ective coupling to the grav-

itino/goldstino is a free parameter in the model, then the stau can live long enough to

escape the detector as a candidate CMLLP [113,114]. If the stau NLSP is long-lived,

then all heavier SUSY particles will �rst decay to a stau, which then decays to the

gravitino/goldstino LSP [255].

Another model explored in this analysis predicts a light chargino that can have

a lifetime long enough to escape the detector. The lifetime of the lightest chargino

can be long if the mass di�erence between the lightest chargino and the lightest neu-

tralino is less than about 150 MeV [115,118], which can occur in Anomaly Mediated

Supersymmetry Breaking (AMSB) or in models that do not have gaugino mass uni�-

cation. There are two general cases explored in this analysis: one where the chargino

is mostly higgsino, and the other where the chargino is mostly gaugino. These two

cases are treated separately in this analysis.

There are some SUSY models that predict top squark NLSPs and gravitino LSPs

where top squarks are long-lived. The top squarks hadronize into both charged and

neutral mesons and baryons, which also live long enough to be CMLLP candidates

[109]. Furthermore, the Hidden Valley models predict GMSB-like scenarios where the

top squark acts like the LSP and does not decay. In these models, the top squark

hadronizes into charged and neutral hadrons that escape the detector, making them

good CMLLP candidates [54,55]. In general, any SUSY scenario where the top squark

is the lightest colored particle, which occurs in models with mass uni�cation and heavy

gluinos, can have a top squark CMLLP. Any colored CMLLP will have additional

complications of hadronization and charge exchange during nuclear interactions [256].
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A.1.2 Signal Generation

For each of the four models considered (staus, top squarks, and two varieties of

charginos), we simulated direct pair-production of the CMLLPs, without including

cascade decays. That is, we generated exactly two stable CMLLPs in each signal

event. For the stau candidate CMLLPs, which are predicted by a speci�c GMSB

model, the parameters are well-de�ned, so the de�nition of cascade decay chains was

straightforward. For this model, we generated additional samples of events with one

or more CMLLPs, derived from the expected combination of direct production and

cascade decays.

Pythia 6.409 [78] was used to generate the CMLLPs. Samples were generated

from within Pythia for three di�erent models: a GMSB model with a long-lived stau

NLSP, a SUSY model with a long-lived higgsino-like chargino, and a SUSY model

with a long-lived gaugino-like chargino. The long-lived top squarks were generated

and hadronized by linking external code to Pythia 6.409. The top squark production

code [257] is applicable to any SUSY model that features a long-lived top squark.

For each of the models, mass points were generated with a CMLLP mass of 100,

150, 200, 250 and 300 GeV. A total of 50,000 events were generated for each model

and mass point. Additionally, for the model with long-lived top squarks, we generated

50,000 event samples at CMLLP masses of 350 and 400 GeV.

The D0 full detector GEANT simulation (D0GSTAR) [80] was employed to sim-

ulate the detector response for Monte Carlo (MC) samples. The detector geometry

information was described in D0GSTAR, which provided the position and hit infor-

mation of the scintillation counters.

A.1.3 Detection of Top Squarks

As explained in our D0Note on the top squark detection probabilities [256], only 60%

of top squark hadrons will be charged after initial hadronization [101]. We checked this
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number by counting the number of charged and neutral top squark states produced

by Pythia. After initial hadronization, top squark hadrons can undergo charge

�ipping as they pass through material. Furthermore, the top squark hadrons will

have di�erent charge survival e�ciencies depending on whether they are top squarks

or anti-top squarks. After the numerous interactions in the detector material, all

top squark hadrons are baryons, and out of the three possible �nal states, two are

charged. Thus, a top squark hadron will have a 2/3 probability of being charged after

scattering. On the other hand, anti-top squark hadrons are all mesons after scattering,

and so they will have a 1/2 probability of being charged [148,149,258]. As can be seen

in Fig.A.1, the top squarks and anti-top squarks must be charged at three locations

while passing through the detector: at production, after the calorimeter, and after

the muon toroid. Therefore, the probability of a top squark being charged at all three

locations is 0.6 (at production) × 0.67 (at the end of the calorimeter) × 0.67 (at the

end of the muon toroid) = 0.27. Likewise, the probability of an anti-top squark being

charged at all three locations is 0.6 × 0.5 × 0.5 = 0.15.
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Figure A.1: Diagram of the D0 detector showing the locations (blue crosses) where a
top squark hadron must be measured as charged to be selected as a CMLLP candidate.

For the single CMLLP analysis, either the top squark or the anti-top squark could

be charged, or both could be charged. In that case, the probability of at least one

particle being charged in all three locations was 0.27 × (1-0.15) + 0.15 × (1-0.27) +

0.27 × 0.15 = 0.38, or 38%. This was the charge survival probability used for the

single CMLLP analysis.

After obtaining limits with the charge survival probabilities listed above, we also

considered limits in the extreme case that there is no charge �ipping in the detector.

However, the 60% of top squarks that are charged after initial hadronization must

still be taken into account. For the single CMLLP analysis, one or both particles

could be charged at production. In this case, the charge survival probability was 2 ×

0.6 × (1-0.6) + 0.6 × 0.6 = 0.84, or 84%, for the single CMLLP analysis, when there

was no charge �ipping. The charge survival probability was applied as an additional

factor when the top squark MC is normalized to the expected number of events.
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A.2 The D0 Experiment at the Tevatron Collider

This search for CMLLPs was performed using the D0 Experiment, which was a

general-purpose particle detector that ran at the Fermilab Tevatron Collider. Since

the D0 detector and the CMS detector are similar in many ways and the CMS detec-

tor was described in detail in Chapter 3, this section will be brief and focus on the

di�erences between the two experiments and on the subsystems that were the most

important for the CMLLP search.

A.2.1 The Tevatron and the D0 Detector

The D0 Experiment was a general-purpose detector that measured the properties of

particles produced from proton-antiproton elastic collisions in the Tevatron, which

operated at a center-of-mass energy of 1.96 TeV [259]. The Tevatron accelerated 36

proton and 36 antiproton bunches around a ring that is 6.28 km in circumference,

colliding them at various points around the ring. The bunches collided every 396

ns. D0 and CDF were the two general-purpose collider detectors located along the

Tevatron ring, while it operated from 1985 to 2011. See Fig.A.2 for a diagram of the

Tevatron.
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Figure A.2: A diagram of the Fermilab Tevatron.

The D0 detector was proposed in 1983, and its construction was completed in

1992. The D0 experiment had two major run periods: Run I, from 1992 to 1996,

when the Tevatron operated at 1.8 TeV and had 3500 ns between bunch crossings,

and Run II, from 2001 to 2011, when the Tevatron operated at 1.96 TeV and had

296 ns between bunch crossings. During Run I, D0 collected about 120 pb−1 of

data, and then the detector was upgraded for Run II. About 10 fb−1 were recorded

by D0 in Run II [260]. Like the CMS experiment, the D0 detector was comprised of

several concentric subdetectors: the central tracker, the electromagnetic and hadronic

calorimeters, and the muon system [261]. These systems will be described here, and

then the D0 trigger, and in particular, the trigger used for the CMLLP analysis, will

be explained. See Fig.A.3 for a picture of D0.
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Figure A.3: A picture of the D0 detector.

A.2.2 The Central Tracker

The innermost D0 subdetector was the central tracker. The central tracking system

determined a particle's trajectory, charge, and momentum, using a 2 T solenoid mag-

net that encased the tracking system. The central tracker consisted of the Silicon

Microstrip Tracker (SMT) and the Central Fiber Tracker (CFT). The two tracking

subdetectors pinpointed the primary interaction vertex with a resolution of about 35

µm. Both subdetectors provided tracking information to the trigger. See Fig.A.4 for

a diagram of the tracker.
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Figure A.4: A diagram of the D0 central tracking system.

The SMT provided triggering and vertexing for the detected particles. The SMT

was comprised of six barrels and 12 �F-disks� in the central region, and four �H-disks�

in the forward regions, two to each side. Each barrel had four silicon readout layers.

The F-disks were double-sided wedge detectors, and the H-disks were large-diameter

disks, which provided tracking at high |η|. The SMT provided triggering information

at Level 2 (L2) and Level 3 (L3), which was particularly useful for identifying displaced

vertices from b quark decays. It is from the SMT that the CMLLP analysis obtained

the ionization energy loss, or dE/dx, measurement. The dE/dx was an important

variable used in the analysis because muons are minimum ionizing particles, while

CMLLPs are highly ionizing.

The CFT, which spanned the radial space between 20 and 52 cm as measured

from the center of the detector, consisted of scintillating �bers that were on eight

concentric cylinders. The CFT provided fast tracking to the �rst trigger level (L1),

as well as slower information reaching the L2 and L3 of the trigger.
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A.2.3 The Calorimeter

Surrounding the central tracker was the calorimeter. The electromagnetic calorimeter

detected the energies from the showers of particles that interact electromagnetically,

such as photons and electrons, while the hadronic calorimeter detected the energies

from the showers of particles that interact due to the strong force, such as protons,

neutrons, pions, and kaons. The D0 calorimeter consisted of a barrel and two endcap

sampling calorimeters, which were primarily uranium and liquid argon. The central

calorimeter (CC) covered |η| ≤ 1, while the two endcap calorimeters, ECN (north)

and ECS (south), extended the coverage to |η| = 4. Each calorimeter section was

comprised of the electromagnetic section, which was closest to the tracker, followed

by �ne and coarse hadronic sections. See Fig.A.5 for a diagram of the calorimeter.

Figure A.5: A diagram of the D0 calorimeter.

A.2.4 The Muon System

The outermost subdetector of D0 was the muon system. The muon system paid

attention to muons, the only known particle from a collision that should penetrate this
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far from the center of the detector and could be directly detected. The muon system

was composed of the central muon system, which used the original proportional drift

tubes (PDTs) from Run I and provided coverage to |η| = 1, and the forward muon

system, which was completely new in Run II, used mini drift tubes (MDTs) instead

of PDTs, and extended the coverage to |η| = 2. The muon system had three layers:

the A, B, and C layers, with a 1.8 T toroid between the A and B layers. (Unlike the

CMS muon system, where the magnetic �eld is produced by the return �eld of the

solenoid, the magnetic �eld in the D0 muon system was produced by the iron toroid.)

The muon system used wires for muon tracking and scintillators for muon triggering.

See Fig.A.6 for a picture of the D0 muon system.

The CMLLP analysis made use of the scintillator hits in all three layers, if they

existed. The scintillator hit times, and the distance from the production vertex

to that scintillator hit, allowed us to compute independent TOF and speed (or β)

measurements for up to three possible layers. Particles traveling at the speed of light

were calibrated to arrive at 0 ns, while CMLLPs arrive at late times.

Figure A.6: A picture of the D0 muon system.
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A.2.5 The Trigger

Unlike CMS's two stage trigger, that is, the L1 and the HLT, the D0 trigger was

comprised of the more traditional three level trigger.

The D0 L1 trigger was a hardware system that reduced the 2.5 MHz input rate

to about 2 kHz. The Level 1 (L1) trigger, which consisted of 128 trigger bits, was

made up of the calorimeter trigger, the central track trigger, the muon trigger, and

the forward proton detector trigger. The trigger framework combined the information

from all the subsystems of the L1 trigger and decided whether the event would be

accepted at L1. The Level 2 (L2) reduced the event rate further to 1 kHz and began

to form physical objects. Then, the Level 3 (L3) processor farm performed more

complex algorithms on the data and reduced the acceptance rate to about 100 Hz.

The data that passed the L3 trigger were written to tape for further analysis o�ine.

CMLLPs would appear as muons in the detector, and we applied our analysis to

events associated with triggers indicating the presence of one or more muons. Because

the speed was such an important variable in this analysis, we required triggers with

the �tight� scintillator condition to select events with hits in both the A layer and the

B or C layer of scintillation counters, in order to maximize the number of independent

speed measurements. The details of triggering for this analysis can be found in [262],

and are brie�y summarized here.

The acceptance of slow-moving particles in the muon trigger system was limited

by the length of trigger gates used in the L1 muon trigger. The e�ect of these trigger

gates was much more pronounced for a dimuon trigger, where both slow-moving

particles must arrive within the trigger gate, as compared to single muon triggers,

where only one of the two slow-moving particles must arrive within the trigger gate.

This e�ect can be seen in Fig.A.7. A single muon trigger is much more e�cient for

the slow-moving signal than a dimuon trigger, whether looking at just the trigger gate

e�ect, or if also including the trigger e�ciency for speed-of-light muons. As the mass
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of the slow moving particle increases, and the speed therefore decreases, the e�ect of

the L1 trigger gates becomes more pronounced.

Figure A.7: The e�ciency for staus to pass the L1 muon trigger gates. There are
always two staus in the event, and the two lines show the e�ciency for either both,
or for only one, of of the two staus to be within the trigger gate. The plot on the left
only includes the e�ect of the trigger gate, while the plot on the right includes the
e�ect of the trigger gate and the e�ciency of the single muon triggers. We assume
that the e�ciency of the dimuon trigger is 100%.

Since the experiment was able to trigger much more e�ciently on single slow-

moving particles than on pairs of slow moving particles, the events used in this anal-

ysis were required to pass an �OR� of single muon triggers. There was, however, a

complication with using the standard D0 single muon OR trigger suite in this anal-

ysis. In the trigger lists used to collect all RunIIb data, a scintillator timing cut was

applied at the L2 of the muon trigger system to reduce rates, by reducing out-of-

time backgrounds. However, this L2 timing requirement was very ine�cient for our

slow-moving signal.

The single muon triggers implemented in the trigger lists used to collect RunIIb

data used an �OR� of several di�erent terms at L2. One of the terms was a muon term

that required a timing cut, while there was another term involving central tracking

at L2, which did not involve a timing cut. To properly utilize these L2 tracking

terms for data events, the trigger matching code was modi�ed to require that events

pass the L2 tracking term that was implemented in the trigger list used to collect
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that particular event. Trigger e�ciencies were also measured in data, using the same

framework used to measure the o�cial single muon OR trigger e�ciencies, explicitly

requiring the relevant L2 tracking trigger term, instead of the OR of the L2 muon and

the L2 tracking term. These trigger e�ciencies were then applied to the simulated

events as trigger weights. There was a small, but unavoidable, reduction in the trigger

e�ciency as measured on prompt muons that resulted from explicitly requiring the

L2 tracking term.

A.3 Analysis Strategy and Techniques

Within the D0 detector, CMLLPs would appear to have the same properties as muons,

except they would be more massive, slower, and highly-ionizing. CMLLPs would

have a mass about three orders of magnitude heavier than SM muons, which have a

mass of 0.106 GeV. Typical muons in the detector travel at about the speed of light,

while the speed of CMLLPs would be considerably less, more on the order of 0.5c.

Furthermore, CMLLPs ionize heavily because they move slowly, while SM muons are

minimum-ionizing particles.

We exploited these two variables in the analysis, as well as their combination, as

the speed and dE/dx were highly anti-correlated for signal, and not for background.

See Section A.6 for a further discussion of the relationship between these two key

variables, and how it was used in this analysis.

A.3.1 Time-of-Flight Measurement

One of the most important variables in this analysis was the TOF of the apparent

muon. We measured the TOF to the A, B, and C layers of the muon system, for

each layer where there were hits for the given muon, and using the distance from the

vertex to the scintillator hit, we could determine independent speed (or β = v/c)
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measurements for each layer. We then computed a weighted average of the speeds

from di�erent layers. CMLLPs would have a slow β, while SM muons have β = 1.

See Fig.A.8 for the average β distribution for data, background (largely SM muons),

and signal CMLLPs. For background and data, the distribution is somewhat broad

around β = 1 due to the imperfect detector resolution.
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Figure A.8: The speed distribution for data, background, and signal (100 and 300 GeV
gaugino-like charginos). The histograms were normalized to have the same number
of events.

The TOF was calculated from the muon scintillation counter hit information (the

region, layer, octant of the detector, time, and position). The muon scintillator timing

electronics were adjusted for each channel, with the goal that speed-of-light particles

from the interaction region collisions registered an averaged digitized time of 0 ns. In

reality, the digitized time from SM muons was Gaussian distributed; the width of the

Gaussian gave us the timing resolution, as measured for each region and layer of the

detector, which can be seen in TableA.1.
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Table A.1: The measured muon scintillator timing resolutions.

Scintillator Timing Resolution [ns]

Forward A Layer 2.165
Forward B Layer 2.296
Forward C Layer 2.405
Central A Layer 2.065

Central B Layer Sides 2.274
Central B Layer Bottom 3.110

Central C Layer Top and Sides 3.775
Central C Layer Bottom 2.379

The D0 muon system employed several timing gates at L1, which were relevant for

this analysis. The �rst of these were the timing readout gates, which were asymmetric

gates of 100 ns, with a typical muon traveling at the speed of light recording a time of

0 ns. Since these gates were asymmetric, they allowed slow-moving apparent muons

to be recorded, thus allowing for our signal CMLLPs. The second set of timing gates

were the L1 muon trigger gates, which were symmetric electronic gates set in each

layer of the scintillators. The readout and trigger gates are given in TableA.2.

Table A.2: The muon scintillator readout and trigger gates.

Scintillator Readout Gate [ns] L1 Trigger Gate [ns]

All Forward Layers [-15, 85] [-15, 15]
Central A Layer [-12, 88] [-12, 12]

Central B Layer Sides [-42, 58] [-42, 42]
Central B Layer Bottom [-25, 75] [-25, 25]

Central C Layer Top and Sides [-23, 77] [-23, 23]
Central C Layer Bottom [-30, 70] [-30, 30]

We will brie�y de�ne the TOF variables and show how they were calculated. The

�rst variable was the speed (in units of c) or β, which was a weighted average of the

speeds found from each scintillator hit for a given muon. The speed from a single

scintillator hit was:
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βi =
di
cti

(A.1)

where di was the distance from the production place of the muon to the position of

the scintillator hit and ti was the digitized time of the hit plus the time tc it takes

a speed-of-light particle to reach the scintillator counter (tc = di
c
). The production

place was assumed to be at x = y = 0, and the z-coordinate was taken to be the

z-component of the point of closest approach to the beam line. The error in the speed

for a single scintillator hit was:

σi = βi
σt
ti

(A.2)

where σt was the scintillator resolution for the relevant region of the muon system,

as listed in TableA.1.

Then, the average weighted speed (β) was:

β = σ2
∑
i

βi
σ2
i

(A.3)

where σ was the error in the weighted average speed, de�ned by:

1

σ2
=
∑
i

1

σ2
i

(A.4)

Thus, a speed measurement from a particular scintillator hit was given more weight

in the average speed if it was more accurate.

It should be noted that we explicitly required that there was at least an A layer

and either a B or C layer hit, which is in keeping with the quality of the muons

selected for this analysis, when performing the average speed calculation and all the

calculations that follow. Therefore, i was at least 2.

The speed χ2 (per degree of freedom) was de�ned as:
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χ2 =
1

i− 1

∑
i

(β − βi)2

σ2
i

(A.5)

The speed χ2 was based on the average speed, the speed from each scintillator hit,

and the error in the speed from each scintillator hit; it was then normalized by the

number of degrees of freedom. As we discussed in [150], we developed an algorithm

based on this speed χ2 to eliminate spurious inclusion of random hits in the speed

calculation. Some hits were not consistent with the other hits for a given muon, which

resulted in a high speed χ2. It was important to remove these spurious hits because

they tended to give slow speeds, which could resemble our slow-moving signal.

We also de�ned a variable called the speed signi�cance as:

1− β
σ

(A.6)

which is based on the average speed and the error in the average speed.

A complete discussion of the TOF, the timing corrections, smearing, and algo-

rithms we applied, and the related timing variables for this analysis can be found

in [150].

A.3.2 dE/dx Measurement

In addition to the long TOF, a large ionization energy loss dE/dx was a distinguishing

characteristic of the candidate CMLLPs. dE/dx varies roughly as 1/β2 for CMLLPs,

while the rise in dE/dx at high β is logarithmic. As shown in Fig.A.9, the dE/dx

between SM muons and CMLLPs is well separated.
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Figure A.9: The dE/dx distribution for data, background, and signal (100 and 300
GeV gaugino-like charginos). The histograms were normalized to have the same
number of events. We have adjusted the scale of the dE/dx measurements so that
the dE/dx of muons from Z → µµ events peak at 1.

The measurement of dE/dx was best made in the central tracking system, where

ionization is sampled multiple times per track. We used the dE/dx as measured in

the SMT because it could be associated with a speci�c track and thus could easily

be corrected for the track inclination and because the associated electronics allowed

for a large range in digitized values. The SMT dE/dx was a calibrated average over

the SMT clusters and was corrected for the particle path in the barrels or disks to

reduce the strong angular dependence. The dE/dx was determined from the energy

deposits and the path length in the SMT layers. It was derived from the pulse height

values of the SMT hits used in the track �t. The algorithm excluded SMT clusters

with the highest 20% dE/dx values, in order to minimize the contribution of data

from the Landau tails.

As discussed in [263], this analysis required a constant average dE/dx over the time

period in which the data were collected, in order to have a baseline value for the dE/dx

of SM muons. However, the dE/dx as a function of delivered integrated luminosity
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was not constant, due to the radiation in the silicon, which resulted in a roughly

linear decline, and also due to SMT upgrades in the online software, which resulted

in abrupt jumps in the distribution. In order to provide a constant average dE/dx,

we recalibrated every dE/dx value, dividing the value given for the particle by the

mean muon dE/dx values from Z → µµ events, at the integrated luminosity for that

store. See Fig.A.10 for the mean dE/dx in data before and after this recalibration

was applied. We adjusted the MC similarly, normalizing the dE/dx values by the

mean of the muon dE/dx from Z → µµ events.

Figure A.10: The mean dE/dx as a function of delivered integrated luminosity, before
(left) and after (right) the adjustment. The �1st �t� is for luminosities between 1434
and 3556 pb−1, the �2nd �t� is for luminosities between 3563 and 6711 pb−1, and the
�3rd �t� is for luminosities between 6712 and 7900 pb−1.

We also introduced a variable called the dE/dx signi�cance, much like the speed

signi�cance discussed in the previous section, in order to relate the dE/dx measure-

ment to its error, which would depend on the number of individual measurements

taken, that is, the number of SMT hits. The dE/dx signi�cance was de�ned as:

dE/dx− 1

RMS(Nc)
(A.7)

where RMS(Nc) is the root mean squared of the distribution of adjusted dE/dx, for
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the given number of SMT hits Nc, for Z → µµ data.

A complete discussion of the dE/dx, the corrections and smearing we applied, and

the related variables for this analysis can be found in [263].

A.4 Event Selection

Now that we have introduced the analysis strategy, we can discuss the selection of

events used in the single CMLLP search. The D0 p20 MUinclusive skim, a common

data sample used by many analyses in D0 that has at least one reconstructed muon per

event, was re-skimmed by the CMLLP group in order to include the muon scintillator

hit information. The �p20� term refers to the fact that the data was reconstructed

with the p20 release of the D0 packages; it corresponds to the RunIIb data taking

period, of which 5.2 fb−1 of data was used in this analysis. At the time of this re-

skim, a cut of pT > 20 GeV was applied to reduce the large dataset. Then, for the

single CMLLP search, an initial Muon Selector was applied to select events where

at least one muon has a pT > 60 GeV, which was added to help reduce the large

background in the single CMLLP study. The choice of 60 GeV was optimized for the

single CMLLP search. The events selected for the single CMLLP search must have

at least one muon, and then the muons are sorted by their pT . The highest pT muon

must satisfy the:

� Single muon trigger without the L2 tight scintillator timing cut (see [262])

� mediumnseg3NCV muon identi�cation

� trackmedium track quality

� NPtight isolation

� |det η| < 1.6
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which are fully described in [264].

The highest pT muon must pass the cosmic cuts that were applied for one muon:

� The muon's Distance of Closest Approach (DCA) to the beam line must be less

than 0.2 cm.

� The muon's C-layer time minus the A-layer time must be greater than -10 ns.

In addition, more cosmic cuts were applied if there are exactly two muons in the

event. If there were exactly two muons, an event was rejected if any of the following

conditions were true:

� The DCA of either muon was larger than 0.2 cm.

� The absolute value of the di�erence in A-layer times of the two muons was larger

than 10 ns. (See Fig. A.11 (b) for this distribution in Z → µµ and cosmic data.)

� The C-layer time minus the A-layer time for either muon was less than -10 ns.

(See Fig. A.11 (a) for this distribution in Z → µµ and cosmic data.)

� The pseudo-acolinearity ∆α = |∆φ+∆θ−2π| < 0.05, to reject comic ray events

that appear as two muons essentially back-to-back.
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Figure A.11: (a) Distribution of the di�erence between the A-layer and C-layer times
for a single muon. There are two cosmic ray peaks for the two possible directions,
away from or towards the pp̄ collision vertex. (b) Distribution of the absolute value
of the di�erence between the A-layer times of the two muons in the event. The times
shown in these plots are centered at zero for β = 1 particles. This cosmic ray data
was collected when there was no p or p̄ beam in the Tevatron collider. The selection
requirement on the time di�erence is shown with a blue vertical line. The histograms
have been normalized to the same number of events.

Furthermore, additional cuts were applied to the highest pT muon:

� |zAtPca| < 40 cm (z-coordinate of the DCA)

� pT ≥ 60 GeV

� β <1.0

� Speed χ2/dof < 2

� Matching χ2 ≤ 100

More details about the speed and speed χ2 variables can be found in [150]. The

matching χ2 describes the agreement between the local muon system track and the

central track. A cleanup cut of 100 was applied to remove events in which the local

muon has been matched to the wrong central track.

The background was modeled with data, so to create separate data and back-

ground samples, a transverse mass (MT =
√

(pT + 6ET )2 − (px + 6Ex)2 − (py + 6Ey)2)
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cut was applied. Most of the background in this sample was W → µν events, so

events with MT < 200 GeV were selected as the �background� sample, as is done in

the W mass group to select W events. Events with MT > 200 GeV were selected as

the �data� sample. See Fig. A.12 for a plot ofMT for the single muon events and 100,

200, and 300 GeV higgsino-like charginos. The single muon events sample has all of

the selection criteria described above except the transverse mass cut, which separates

the �data� from �background� samples. The charginos have all the selection criteria

except the MT > 200 GeV cut.
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Figure A.12: The transverse mass distribution for single muon events and 100, 200,
and 300 GeV higgsino-like charginos. The single muon events sample has all of the
selection criteria described above except the transverse mass cut, which separates
the �data� from �background� samples. The charginos have all the selection criteria
except the MT > 200 GeV cut. The histograms have been normalized to the same
number of events.

The speed χ2 distribution was not modeled perfectly in MC (see Fig. A.13, com-

paring the distributions for Z → µµ data and MC). The MC distribution was broader

than that of data, and thus the speed χ2 cut over-reduced the signal acceptance. As

a result, we applied an additional event weight to the signal to correct for this over-

reduction. The event weight was based on the ratio of Z → µµ data to MC for each

bin in the speed χ2 distribution. The event weight was applied in a �nal step to the

signal MC. One can observe from the tables below that the overall signal acceptance
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was 4-7% higher, due to this speed χ2 correction.

Figure A.13: The speed χ2 distribution forW → µν data, Z → µµ data, and Z → µµ
MC, for the leading muon in each event. The plot on the right is the same as on the
left, but zoomed in between speed χ2 values of 0 and 2. (The single CMLLP analysis
only accepts events with the leading muon's speed χ2 < 2.0.) The histograms have
been normalized to the same number of events.

The acceptance tables for data (including the background sample) and signal

MC are shown in Tables A.3 - A.7. In these tables, please note that �good beta�

means that the speed calculation has explicitly required an A and either a B or C

layer scintillator hit and that the speed χ2 minimizing algorithm has been performed

(see [150] for more details). �Good dE/dx� means that dE/dx > 0. and there are at

least 3 SMT clusters for that muon's dE/dx value.
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Table A.3: Selection cut e�ciencies for data events.

Cut Number of Events Passing Cut

After initial Muon Selector 345173
Remove bad runs and lbns 314711

Event quality 304791
|detector η| < 1.6 290511

Calorimeter isolation <
2.50 GeV

156869

Track isolation < 2.50 GeV 141008
Trigger Matching 79983

Di�erence in A and C layer
times

79308

Timing for 2 muons 79096
Acolinearity < 0.05 for 2

muons
79076

|zAtPca| < 40 cm 70464
Good beta and good dE/dx 57532

pT > 60 GeV 56466
Speed < 1.0 30336
Speed χ2 < 2 27876

Matching χ2 ≤ 100 27740

Background(MT < 200
GeV)

Data (MT > 200
GeV)

MT 22368 5374
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Table A.4: Selection cut e�ciencies for stau MC events.

Cut Percent of Stau Events Passing Each Cut
100 GeV 150 GeV 200 GeV 250 GeV 300 GeV

Initial 100.0 100.0 100.0 100.0 100.0
Lumi reweighting 98.9 97.1 97.4 97.3 97.7
Beam weight 98.8 96.7 97.3 97.1 97.7

Remove bad runs and lbns 91.0 88.6 88.9 88.8 89.5
Event quality 87.2 84.8 85.1 84.9 85.6

|detector η| < 2.0 81.0 78.8 79.4 79.0 79.6
Medium quality 75.4 73.9 74.7 74.1 74.5

Number of layers ≥ 3 72.9 71.6 72.5 71.7 72.2
Matched with central track 70.6 69.4 70.2 69.6 70.0
Track �t chi-square < 4.00 69.5 68.5 69.4 68.7 69.1
DCA < 0.02 for nSMT > 0 68.9 67.9 68.9 68.1 68.5

and DCA < 0.2 for nSMT = 0
N muons ≥ 1 68.9 67.9 68.9 68.1 68.5

|detector η| < 1.6 66.0 66.0 67.2 66.8 67.2
Calorimeter isolation < 2.50 GeV 60.8 61.1 62.2 61.7 62.2

Track isolation < 2.50 GeV 59.1 59.5 60.6 60.2 60.8
muon_id_corr 56.2 56.4 57.3 56.9 57.3

muon_track_corr 49.5 49.4 50.0 49.5 49.8
muon_track_corr_lumi 49.8 49.7 50.3 49.8 50.1
muon_deltaR_corr 50.6 50.5 51.1 50.6 50.8
muon_iso_corr 49.3 49.2 49.7 49.2 49.5

Trigger Probability 31.5 31.2 31.4 31.0 31.0
Di�erence in A and C layer times 28.1 26.5 25.7 27.8 26.5

Timing for 2 muons 27.9 26.2 25.3 27.3 26.1
Acolinearity < 0.05 for 2 muons 27.8 26.1 25.1 27.1 25.8

|zAtPca| < 40 cm 25.9 24.2 23.3 25.1 24.0
Good beta and good dE/dx 21.3 18.7 17.0 17.2 14.9

pT > 60 GeV 19.5 18.5 17.0 17.2 14.9
Speed < 1.0 18.3 18.0 16.7 17.1 14.8
Speed χ2 < 2 16.2 15.8 14.8 15.0 13.1

Matching χ2 ≤ 100 16.1 15.7 14.7 14.9 13.0
MT > 200 GeV 13.8 14.9 14.4 14.7 13.0

Speed χ2 event weight 14.4 15.6 15.2 15.4 13.6
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Table A.5: Selection cut e�ciencies for top squark MC events. See Sections A.1.3 and
A.6 for discussion of the top squark charge survival e�ciency and charge �ipping.

Cut Percent of top squark Events Passing Each Cut
100 GeV 150 GeV 200 GeV 250 GeV 300 GeV 350 GeV 400 GeV

Initial 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Lumi reweighting 97.8 97.1 97.0 98.2 97.9 97.2 97.6
Beam weight 97.9 97.1 96.8 98.2 98.1 97.0 97.4

Remove bad runs
and lbns

89.6 88.8 88.6 90.4 98.7 88.8 89.2

Event quality 85.7 84.7 84.7 86.4 85.8 85.1 85.5
|detector η| < 2.0 78.3 78.1 78.8 78.9 79.4 79.0 79.2
Medium quality 64.6 69.1 71.9 63.9 73.3 72.8 72.5
Number of layers

≥ 3
61.4 66.3 69.4 60.8 70.7 70.3 69.8

Matched with
central track

58.7 63.9 67.1 58.2 68.4 68.2 67.7

Track �t chi-square
< 4.00

57.5 62.9 66.2 57.2 67.7 67.4 67.0

DCA < 0.02 for
nSMT > 0 and
DCA < 0.2 for
nSMT = 0

56.9 62.3 65.6 56.6 67.2 66.9 66.5

N muons ≥ 1 56.9 62.3 65.6 56.6 67.2 66.9 66.5
|detector η| < 1.6 52.0 59.3 63.4 52.0 65.7 65.7 65.3

Calorimeter isolation
< 2.50 GeV

47.3 53.7 57.7 47.9 59.5 59.6 59.2

Track isolation
< 2.50 GeV

46.0 52.0 55.8 47.0 57.3 57.3 56.6

muon_id_corr 44.0 49.5 52.9 44.9 54.1 54.0 53.4
muon_track_corr 39.2 43.7 46.4 39.9 47.1 47.0 46.4

muon_track_corr_lumi 39.4 43.9 46.6 40.0 47.4 47.3 46.6
muon_deltaR_corr 40.0 44.6 47.4 40.7 48.1 47.9 47.3
muon_iso_corr 39.1 43.5 46.1 39.8 46.8 46.7 46.1

Trigger Probability 24.9 27.6 29.3 25.3 29.4 29.3 28.8
Di�erence in A and

C layer times
21.4 23.6 26.5 24.7 25.1 23.9 25.2

Timing for 2 muons 21.1 23.3 26.2 24.3 24.6 23.3 24.6
Acolinearity < 0.05

for 2 muons
21.1 23.2 26.0 24.1 24.3 23.1 24.3

|zAtPca| < 40 cm 19.6 21.6 24.2 22.4 22.6 21.4 22.6
Good beta and
good dE/dx

15.2 16.0 17.0 14.5 13.5 11.1 10.0

pT > 60 GeV 12.5 15.6 17.0 14.5 13.4 11.1 10.0
Speed < 1.0 12.1 15.3 16.8 14.8 13.4 11.1 10.0
Speed χ2 < 2 10.7 13.6 14.9 12.8 11.8 9.8 8.8

Matching χ2 ≤ 100 10.6 13.5 14.8 12.7 11.7 9.8 8.8
MT > 200 GeV 8.3 12.6 14.4 12.6 11.7 9.7 8.8
Speed χ2 event

weight
8.6 13.2 15.2 13.3 12.4 10.3 9.3

top squark charge
survival

e�ciency (38%)

3.3 5.0 5.8 5.0 4.7 3.9 3.5
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Table A.6: Selection cut e�ciencies for gaugino-like chargino MC events.

Cut Percent of Gaugino-Like Chargino Events Passing Each Cut
100 GeV 150 GeV 200 GeV 250 GeV 300 GeV

Initial 100.0 100.0 100.0 100.0 100.0
Lumi reweighting 96.9 98.0 98.3 98.0 97.5
Beam weight 96.9 97.9 98.3 97.9 98.3

Remove bad runs and lbns 88.5 89.6 90.0 89.5 90.1
Event quality 84.5 85.8 86.1 85.6 86.4

|detector η| < 2.0 76.0 77.8 78.4 78.0 78.0
Medium quality 58.9 62.1 62.7 61.3 61.0

Number of layers ≥ 3 56.0 59.1 59.5 58.2 57.6
Matched with central track 53.3 56.3 56.8 55.7 55.2
Track �t chi-square < 4.00 52.3 55.3 55.8 54.8 54.4
DCA < 0.02 for nSMT > 0 51.7 54.7 55.4 54.3 53.8

and DCA < 0.2 for nSMT = 0
N muons ≥ 1 51.7 54.7 55.4 54.3 53.8

|detector η| < 1.6 45.8 49.4 50.5 49.6 49.4
Calorimeter isolation < 2.50 GeV 42.3 45.6 46.7 45.6 45.7

Track isolation < 2.50 GeV 41.3 44.6 45.7 44.7 44.9
muon_id_corr 39.7 42.7 43.6 42.7 42.9

muon_track_corr 35.7 38.2 38.9 38.1 38.1
muon_track_corr_lumi 35.8 38.4 39.1 38.2 38.3
muon_deltaR_corr 36.4 39.0 39.7 38.8 38.9
muon_iso_corr 35.6 38.1 38.8 38.0 38.1

Trigger Probability 22.7 24.3 24.7 24.2 24.1
Di�erence in A and C layer times 21.2 21.1 21.4 20.3 20.4

Timing for 2 muons 21.0 20.8 21.0 19.9 19.7
Acolinearity < 0.05 for 2 muons 20.9 20.8 20.8 19.7 19.6

|zAtPca| < 40 cm 19.5 19.4 19.5 18.3 18.3
Good beta and good dE/dx 14.9 13.1 11.7 9.4 7.9

pT > 60 GeV 11.7 12.5 11.6 9.4 7.9
Speed < 1.0 11.2 12.3 11.5 9.4 7.9
Speed χ2 < 2 10.0 11.1 10.4 8.4 7.1

Matching χ2 ≤ 100 9.9 11.0 10.3 8.4 7.0
MT > 200 GeV 7.5 10.1 10.0 8.3 7.0

Speed χ2 event weight 7.8 10.6 10.6 8.8 7.4
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Table A.7: Selection cut e�ciencies for higgsino-like chargino MC events.

Cut Percent of Higgsino-Like Chargino Events Passing Each Cut
100 GeV 150 GeV 200 GeV 250 GeV 300 GeV

Initial 100.0 100.0 100.0 100.0 100.0
Lumi reweighting 96.4 97.6 98.2 98.0 97.2
Beam weight 96.3 97.3 98.2 98.3 97.3

Remove bad runs and lbns 87.6 88.6 90.4 90.4 88.5
Event quality 83.8 84.7 86.4 86.6 84.7

|detector η| < 2.0 75.8 77.2 78.9 78.7 77.1
Medium quality 59.5 62.6 63.9 63.4 61.1

Number of layers ≥ 3 56.5 59.6 60.8 60.3 58.0
Matched with central track 53.9 57.1 58.2 57.7 55.4
Track �t chi-square < 4.00 53.0 56.2 57.2 56.6 54.6
DCA < 0.02 for nSMT > 0 52.4 55.6 56.6 56.1 53.9

and DCA < 0.2 for nSMT = 0
N muons ≥ 1 52.4 55.6 56.6 56.1 53.9

|detector η| < 1.6 46.7 50.6 52.0 51.7 50.0
Calorimeter isolation < 2.50 GeV 43.1 46.7 47.9 47.9 46.2

Track isolation < 2.50 GeV 42.2 45.8 47.0 47.0 45.3
muon_id_corr 40.5 43.9 44.9 44.9 43.1

muon_track_corr 36.3 39.2 39.9 39.9 38.3
muon_track_corr_lumi 36.4 39.4 40.0 40.1 38.5
muon_deltaR_corr 37.0 40.0 40.7 40.7 39.1
muon_iso_corr 36.1 39.1 39.8 39.8 38.2

Trigger Probability 23.1 25.0 25.3 25.3 24.2
Di�erence in A and C layer times 21.3 23.7 24.2 21.8 20.6

Timing for 2 muons 21.1 23.4 23.7 21.3 20.1
Acolinearity < 0.05 for 2 muons 21.0 23.3 23.6 21.1 19.9

|zAtPca| < 40 cm 19.5 21.7 21.9 19.7 18.5
Good beta and good dE/dx 15.1 15.0 13.7 10.7 8.5

pT > 60 GeV 12.1 14.3 13.6 10.6 8.5
Speed < 1.0 11.6 14.1 13.5 10.6 8.5
Speed χ2 < 2 10.3 12.6 12.1 9.5 7.7

Matching χ2 ≤100 10.3 12.6 12.0 9.5 7.6
MT > 200 GeV 7.9 11.5 11.7 9.4 7.6

Speed χ2 event weight 8.3 12.2 12.4 10.0 8.1

A.5 Background Estimation

The background was modeled with data for the single CMLLP analysis. The back-

ground was selected to be the events that passed the selection criteria described in
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Section A.4, as well as having MT < 200 GeV.

A.5.1 Background Normalization

It is optimal to normalize the background to the data in a signal-free region. As

previously discussed, we imposed an analysis cut of β < 1, and in fact, most of the

signal should have a speed less than 1. Thus, we could de�ne a signal-free region with

β > 1. Furthermore, one could de�ne the signal-free background as events with β > 1

and MT < 200 GeV and likewise, the signal-free data as events with β > 1 and MT >

200 GeV. Let the number of background events be NB, the number of normalized

background events beNNB, the number of signal-free background events beNSFB, and

the number of signal-free data events be NSFD. Therefore, the normalized background

was the number of background events times the number of signal-free data events,

divided by the number of signal-free background events:

NNB = NB
NSFD

NSFB

(A.8)

A.5.2 Di�erences in Kinematic Distributions and Additional

Event Weight

It was noticed that there was a di�erence in the background and data distributions

in η. This di�erence could be expected because one would expect high MT events

to have a higher chance of being in the forward regions than low MT events. Thus,

the di�erent percentages of forward muons in the background and data resulted in

di�erent kinematic distributions. The di�erence in the η distributions causes a prob-

lem in the speed distributions because the speed resolution is di�erent in the central

and forward muon systems. The solution we imposed for this issue was to de�ne an

additional event weight.
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The additional event weight was based on the |det η| distribution in the signal-free

region (see Fig. A.14). The event weight was the ratio of signal-free data to signal-free

background for each bin in |det η|. This event weight was applied to each background

event. One obtains the most agreement between data and background when a large

number of bins in the |det η| distribution is used. See Fig. A.15 for the η distribution

for background and data, before and after the new event weight.

Figure A.14: The absolute value of the detector η distribution for signal-free back-
ground and signal-free data. The histograms in each plot have been normalized to
have the same number of events.

Figure A.15: η distribution for background and data, before the new event weight
(left) and after (right). The histograms in each plot have been normalized to have
the same number of events.
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A.6 Analysis Method

The key variables used for discrimination between signal and background were the

speed and dE/dx (see Sections A.3.1 and A.3.2 for more information). The speed and

dE/dx were highly anti-correlated for signal, and not for background. Figure A.16

shows the adjusted dE/dx as a function of β for data, background, and signal.
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Figure A.16: Adjusted dE/dx as a function of β for data (a), background (b), and
300 GeV gaugino-like charginos (c). The contours indicate the numbers of events.

The �nal ntuples of events passing all the selection criteria were made, the back-

ground event weight was applied, and the background was normalized. After all

of this, the �nal variable distributions, which are of the speed, dE/dx, and related

variables, were made for signal, background, and data (see Fig. A.17 and A.18).
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Figure A.17: Final distributions related to the speed for signal (100, 200, and 300
GeV gaugino-like charginos), background (single muon data with MT < 200 GeV),
and data (single muon data with MT > 200 GeV). The speed distribution (a), speed
signi�cance distribution (b), and number of scintillator hits distribution (c). For each
plot, the histograms have been normalized to have the same number of events.
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Figure A.18: Final distributions related to the dE/dx for signal (100, 200, and 300
GeV gaugino-like charginos), background (single muon data with MT < 200 GeV),
and data (single muon data withMT > 200 GeV). The dE/dx distribution normalized
to dE/dx from Z → µµ data (a), dE/dx signi�cance distribution (b), and number of
SMT clusters distribution (c). For each plot, the histograms have been normalized
to have the same number of events.

These �nal variables, namely, the speed, speed signi�cance, number of scintillator

hits, dE/dx, dE/dx signi�cance, and number of SMT clusters, were the ones that

were input to the Toolkit for Multivariate Analysis (TMVA) [265]. TMVA is a ROOT

package designed to use multivariate techniques to separate signal from background.

The TMVA correlation matrices for 300 GeV staus are shown in Fig. A.19. The results

of the TMVA overtraining check, which compares the training and test samples for

signal and background, are shown in Fig. A.20, for all of the stau mass points.
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Figure A.19: TMVA correlation matrices for signal, in this case, a 300 GeV stau
(left), and for background (right).

.

Figure A.20: TMVA overtraining check, which compares the training and test sam-
ples for signal and background, for the 100, 150, 200, 250, and 300 GeV staus.

In TMVA, the Boosted Decision Tree (BDT) method was used. One �rst trains
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the BDT on the signal and background distributions to get �weights�. Then, these

weights are applied to the signal, background, and data distributions to get the BDT

output distributions. The BDT output distributions must be properly normalized to

the expected number of events. In particular, the BDT distributions for signal must

be normalized by the theoretical cross-section, times the total integrated luminosity,

divided by the number of generated events. In addition, the top squarks can undergo

charge �ipping, and it is at this stage that the probability of a top squark being

charged was applied. For the single CMLLP analysis, the probability of at least one

top squark in the event being charged in all necessary regions of the detector is 38%

(see Section A.1.3). This factor was applied in the top squark signal normalization

as an additional multiplicative factor. See [256] for a complete description of the top

squark charge �ipping probability.

The BDT output distributions for the staus, top squarks, gaugino-like charginos,

and higgsino-like charginos, after being normalized to the expected number of events,

are shown in Fig. A.21, A.22, A.23, and A.24, respectively. These distributions,

along with the systematic uncertainties, were then input to the Con�dence Level

Limit Evaluator (Collie) [266] to get 95% con�dence level cross-section limits (see

Section A.8).

Collie does not produce accurate results (especially not the -2σ expected cross-

section) when there are bins with signal but no background. Thus, we explicitly

required that the highest BDT bin in background was also the last bin for signal,

for every signal and mass point. This procedure e�ectively creates one large bin at

the end of the BDT distribution. However, we still obtained anomalous -2σ expected

cross-section values for a few mass points where there are low background statistics

in the last bin. Collie's algorithm breaks down when one does not have enough

background statistics. The problem was further corrected, for these signal and mass

points only, by reducing the number of bins from 15 to 10. As the reader can see in
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the BDT plots below, 10 bins were required for the 300 GeV and 400 GeV top squarks,

the 300 GeV gaugino-like charginos, and the 250 GeV higgsino-like charginos. Note

that changing the binning will, in general, also change the central value of the limits.
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Figure A.21: Final BDT distributions for signal, background, and data. From left
to right are displayed the 100, 150, 200, 250, and 300 GeV stau cases. For each plot,
the signal histograms have been normalized to the expected number of events.
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Figure A.22: Final BDT distributions for signal, background, and data. From left to
right are displayed the 100, 150, 200, 250, 300, 350, and 400 GeV top squark cases.
For each plot, the signal histograms have been normalized to the expected number of
events. 264
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Figure A.23: Final BDT distributions for signal, background, and data. From left to
right are displayed the 100, 150, 200, 250, and 300 GeV gaugino-like chargino cases.
For each plot, the signal histograms have been normalized to the expected number of
events.
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Figure A.24: Final BDT distributions for signal, background, and data. From left to
right are displayed the 100, 150, 200, 250, and 300 GeV higgsino-like chargino cases.
For each plot, the signal histograms have been normalized to the expected number of
events.

A.7 Systematic Uncertainties

Several choices made in the analysis could have a systematic e�ect on the results.

Each systematic uncertainty, besides the known typical systematic uncertainties, was
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studied in turn by creating the variation in the �nal ntuples and then passing these

ntuples through our version of TMVAClassificationApplication.C to obtain BDT

distributions for each variation. One could determine how much these new BDT

distributions varied from the original distributions. If the variation was constant

for all bins of the BDT, then the systematic was taken to be a ��at� systematic

uncertainty and was inputted appropriately into the Collie IO �le. If the variation

was not constant in the BDT bins, then the systematic was taken to be a �shape�

systematic uncertainty and was inputted into Collie as such.

A.7.1 Flat Systematic Uncertainties

A few systematic uncertainties, which are used in many D0 analyses, are well-known

to be �at. These systematics include the luminosity uncertainty (6.1%) [267] and the

muon identi�cation uncertainty (2.1%). The muon identi�cation uncertainty was the

combination in quadrature of the muID uncertainty (1.2%), the muon track uncer-

tainty (1.4%), and the muon isolation uncertainty (0.9%) [264]. These systematics

were only applied to the MC, so therefore, only to the signal.

The rest of the systematics were studied one by one, comparing each BDT vari-

ation to the original BDT distributions. Many of these were found to be small and

�at with respect to the shape of the BDT. The systematics that were found to be �at

were: the background normalization uncertainty from the choice of the β cut (7.2%)

and from the choice of theMT cut (2.2%), the muon pT smearing uncertainty (0.2%),

the dE/dx correction uncertainty (<0.1%), the dE/dx smearing uncertainty (0.2%),

and the speed χ2 correction uncertainty (0.4%).

The analysis results could vary with the exact choice of background events. The

background was normalized by taking the ratio of the number of signal-free data

events to the number of signal-free background events. The signal-free data were

data events with β > 1 and MT > 200 GeV, and the signal-free background events
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were data events with β > 1 and MT < 200 GeV. The background normalization

can be systematically varied by choosing di�erent values to cut on β, for example,

choose β cuts of 0.9 and 1.1. These two choices for β were made, and then the �ratio

of ratios� was recomputed, where the �ratio of ratios� is: ND

NSFD
/ NB

NSFB
. Subsequently,

it was determined how much these new �ratios of ratios� di�ered from the original,

and the average di�erence was taken as the β cut systematic: ±7.2%. Likewise, the

MT cut can be varied to 180 and 220 GeV, and the computation of the new �ratios of

ratios� and how they di�ered from the original gave an MT cut systematic of ±2.2%.

The muon pT smearing is done as a processor within vjets_cafe. The ±1σ

variations can be obtained by using the �shifted up parameters� and the �shifted

down parameters�, respectively. The ±1σ variations were obtained and the BDT

distributions were compared with the originals. For each signal (stau, top squark,

gaugino-like chargino, and higgsino-like chargino) and mass point (100, 150, 200, 250,

and 300 GeV/c2), the BDT distributions changed no more than ±0.2%, which was

taken to be the systematic for all signal samples and mass points.

Another systematic was to vary the choice of PDF, which was done using

the caf_pdfreweight v00-00-05 D0 package. For each signal (stau, top squark,

gaugino-like chargino, and higgsino-like chargino) and mass point (100, 150, 200, 250,

and 300 GeV/c2), the BDT distributions changed no more than ±0.2%.

The dE/dx correction was made to the data to account for the shifts and downward

slope in the graph of the mean dE/dx as a function of total integrated luminosity [263].

For each event, the correction was the mean dE/dx for the given integrated luminosity.

We systematically varied this correction by using the mean dE/dx plus or minus its

error, for the given integrated luminosity. This systematic was also relatively small

and could be taken to be �at. For the background, the systematic was ±0.1%, and

for the signal, the systematic was ±0.02%.

The MC dE/dx distributions were smeared slightly to maximize the agreement
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with data. The smearing was optimized so that the Z → µµ MC distribution most

agreed with the Z → µµ data distribution. For the systematic, we instead looked for

the most agreement with the W → µν data distribution. Again, the systematic gave

�at results, with a �uctuation of ±0.2%.

The speed χ2 correction uncertainty was also taken to be a �at systematic. The

speed χ2 event weight for signal was derived based on the ratio of Z → µµ data to

Z → µµ MC for each bin in the speed χ2 distribution, so for the systematic, W → µν

data was used instead of Z → µµ data. The speed χ2 distribution between Z → µµ

and W → µν data was very similar, so the systematic uncertainty was found to be

small and �at: ±0.4%.

A.7.2 Shape Systematic Uncertainties

Systematics relating to the timing were also considered, and these were found to

be shape systematics, meaning that they signi�cantly altered the shape of the BDT

distribution.

The �rst shape systematic varied the width of the level 1 (L1) timing gates, which

are explicitly applied to the MC, by ±1 ns to re�ect the uncertainty in these widths.

Figure A.25 shows plots for this systematic for one signal sample and mass point (the

300 GeV stau, in this case). On the left, one can see the original BDT distribution

and the variations by ±1 ns. On the right, one can see the ratio of the BDT with the

systematic minus the BDT without the systematic, all divided by the BDT without

the systematic. In other words, this plot shows how much the variations di�er from

the original. The �tight timing� plots correspond to a variation of -1 ns, while the

�loose timing� plots correspond to +1 ns.

Secondly, the timing smearing systematic was taken to be a shape. The timing

smearing was originally done with Z → µµ data timing distributions, so the smearing

was redone using the W → µν data distributions. See Fig. A.26 for plots relating to
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Figure A.25: Plots of the L1 timing gate systematic for the 300 GeV stau case.
The BDT distributions for the original and the two variations (left), and how much
each variation changed the original (right). The histograms in each plot have been
normalized to have the same number of events.

this systematic, for the 100 GeV higgsino-like chargino case.

Figure A.26: Plots of the timing smearing systematic for the 100 GeV higgsino-like
chargino case. The BDT distributions for the original and the variation (left), and
how much the variation changed the original (right). The histograms in each plot
have been normalized to have the same number of events.

The systematics are summarized in Table A.8.
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Table A.8: Summary of systematic uncertainties.

Systematic Uncertainty Background Signal
Luminosity Uncertainty - Flat, ±6.1%

Muon Identi�cation Uncertainty - Flat, ±2.1%
Background Normalization (β cut) Flat, ±7.2% -
Background Normalization (MT cut) Flat, ±2.2% -

Muon pT Smearing Uncertainty - Flat, ±0.2%
PDF Uncertainty - Flat, < ±0.2%

dE/dx Correction Uncertainty Flat, ±0.1% Flat, ±0.02%
dE/dx Smearing Uncertainty - Flat, ±0.2%

Speed χ2 Correction Uncertainty - Flat, ±0.4%
L1 Timing Gate Uncertainty - Shape
Timing Smearing Uncertainty - Shape

A.8 Results

A table of the expected number of events was obtained from the number of events

in the signal-like region of the BDT distributions. A cut in the BDT was applied to

de�ne the signal-like region. However, this cut in the BDT was not optimized for

the best expected limit, but rather, one cut (BDT value > 0.27) was applied for each

signal MC and each mass point. The BDT cut was not optimized for simplicity and

clarity. The percentage of signal acceptance and numbers of predicted background

and observed data events, as obtained from this BDT cut, are shown in Tables A.9-

A.12. Please note that these tables are for illustrative purposes only and are not

taken into account for the 95% CL limits.

Table A.9: Expected event table for staus.

Mass [GeV] Signal Acceptance (%) Predicted Background Observed Data
100 0.97 ± 0.001(stat.) ± 0.10(sys.) 0 ± 0(stat.) ± 0(sys.) 0
150 3.04 ± 0.001 ± 0.07 2.43 ± 0.001 ± 0.18 4
200 6.20 ± 0.001 ± 0.39 1.11 ± 0.001 ± 0.08 2
250 7.86 ± 0.001 ± 0.47 1.24 ± 0.001 ± 0.09 7
300 8.29 ± 0.01 ± 0.36 2.63 ± 0.001 ± 0.20 3
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Table A.10: Expected event table for top squarks.

Mass [GeV] Signal Acceptance (%) Predicted Background Observed Data
100 0.01± 0.001(stat.) ± 0.001(sys.) 0 ±0(stat.) ± 0(sys.) 0
150 1.18 ± 0.001 ± 0.13 0.25 ± 0.001± 0.02 2
200 2.02 ± 0.001 ± 0.15 0.59 ± 0.001± 0.04 3
250 2.60 ± 0.001 ± 0.17 1.70 ± 0.001 ± 0.13 1
300 2.84 ± 0.001 ± 0.18 3.01 ± 0.001 ± 0.23 2
350 2.56 ± 0.001± 0.21 1.05 ± 0.001 ± 0.08 4
400 2.38 ± 0.001± 0.16 0.53 ± 0.001 ± 0.04 1

Table A.11: Expected event table for gaugino-like charginos.

Mass [GeV] Signal Acceptance (%) Predicted Background Observed Data
100 0 ± 0(stat.) ± 0(sys.) 0± 0(stat.) ± 0(sys.) 0
150 3.16 ± 0.001 ± 0.20 0.25 ± 0.001 ± 0.02 2
200 3.60 ± 0.001 ± 1.39 0.17 ± 0.001 ± 0.01 0
250 5.33 ± 0.001 ± 0.41 0.51 ± 0.001 ± 0.04 1
300 4.59 ± 0.001 ± 0.47 0.59 ± 0.001 ± 0.04 1

Table A.12: Expected event table for higgsino-like charginos.

Mass [GeV] Signal Acceptance (%) Predicted Background Observed Data
100 0.33 ± 0.001(stat.) ± 0.12 (sys.) 0 ± 0(stat.) ± 0(sys.) 0
150 3.65 ± 0.001 ± 0.26 0.87 ± 0.001 ± 0.07 3
200 5.87 ± 0.001 ± 0.35 1.75 ± 0.001 ± 0.13 5
250 5.39 ± 0.001 ± 0.64 0.79 ± 0.001 ± 0.06 2
300 4.87 ± 0.001 ± 0.38 0.36 ± 0.001 ± 0.03 0

Event displays of two candidate events are shown in Figures A.27 and A.28. For

the �rst event (event # 12813686, run # 243293), β is 0.742, it has 2 scintillator

hits, the adjusted dE/dx is 3.33, and there were 5 SMT clusters. For the second

event (event # 22550709, run # 247800), β is 0.654, there were 2 scintillator hits, the

adjusted dE/dx is 1.43, and there were 9 SMT clusters.
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Figure A.27: Event displays for a candidate event (event # 12813686, run # 243293).
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Figure A.28: Event displays for a candidate event (event # 22550709, run # 247800).

95% CL cross-section limits, as obtained with Collie's CL�t2, are shown in Tables

A.13, A.14, A.15, A.16, and in Fig. A.29. Using the intersection of the observed 95%

CL cross-section limit with the NLO limit, mass limits could be set for top squarks,

gaugino-like charginos and higgsino-like charginos. The mass limits are 285 GeV for

top squarks (assuming a charge survival probability of 38%), 267 GeV for gaugino-like

charginos, and 217 GeV for higgsino-like charginos.

FigureA.14 also shows the top squark limits when there is no charge �ipping.

When there is no charge �ipping, the top squark charge survival probability will be

84% for the single analysis, to take into account the fact that at production, not all

top squarks are charged (see Section A.1.3). As can be seen in this �gure, a mass
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limit of 305 GeV could be set when there is no charge �ipping.

Table A.13: NLO cross-sections and cross-section limits for staus.

Mass [GeV] NLO Cross-Section [pb] 95% CL Limit [pb] Expected Limit ±1σ [pb]
100 0.0120 0.038 0.025+0.011

−0.0075

150 0.0021 0.050 0.018+0.0076
−0.0038

200 0.00050 0.013 0.0066+0.0020
−0.0008

250 0.00010 0.015 0.0055+0.0015
−0.0008

300 0.000030 0.006 0.0053+0.0013
−0.0007

Table A.14: NLO cross-sections and cross-section limits for top squarks, assuming a
charge survival probability of 38%.

Mass [GeV] NLO Cross-Section [pb] 95% CL Limit [pb] Expected Limit ±1σ [pb]
100 15.6 0.70 0.26+0.094

−0.078

150 1.58 0.081 0.030+0.011
−0.0063

200 0.27 0.053 0.021+0.0096
−0.0043

250 0.056 0.025 0.020+0.0088
−0.0049

300 0.013 0.026 0.016+0.0061
−0.0016

350 0.0032 0.032 0.016+0.0046
−0.0024

400 0.0008 0.020 0.016+0.0036
−0.0031

Table A.15: NLO cross-sections and cross-section limits for gaugino-like charginos.

Mass [GeV] NLO Cross-Section [pb] 95% CL Limit [pb] Expected Limit ±1σ [pb]
100 1.33 0.44 0.180+0.076

−0.051

150 0.240 0.033 0.0120+0.0047
−0.0028

200 0.0570 0.014 0.0070+0.0026
−0.00006

250 0.0150 0.010 0.0072+0.0031
−0.0004

300 0.0042 0.014 0.0084+0.0012
−0.0014

Table A.16: NLO cross-sections and cross-section limits for higgsino-like charginos.

Mass [GeV] NLO Cross-Section [pb] 95% CL Limit [pb] Expected Limit ±1σ [pb]
100 0.3810 0.088 0.087+0.038

−0.026

150 0.0740 0.038 0.015+0.0049
−0.0033

200 0.0190 0.015 0.0095+0.0018
−0.0017

250 0.0053 0.013 0.0091+0.0047
−0.0013

300 0.0015 0.0103 0.0077+0.0025
−0.0009
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Figure A.29: 95% CL cross-section limits as a function of mass for staus (top left), top
squarks (top right), gaugino-like charginos (bottom left), and higgsino-like charginos
(bottom right). For the main top squark limits with the 1 and 2 σ bands, a charge
survival probability of 38% was assumed.

We could extend the results presented here by adding cascade decays to the pair

produced signal samples we have worked with so far. The addition of cascades will in-

crease our acceptance times cross-section and allow for improved limits. The cascade

decays can be easily added to the stau MC because our stau signal is a particu-

lar GMSB model. We can add the following cascade decays: chargino1 pair decay,

chargino1 neutralino2 decay, RH smuon decay, and selectron decay. The cross-sections

and acceptances have been calculated for 100 GeV staus, and they are summarized in

Table A.17. By comparing the total acceptance times cross-section with that of the

100 GeV stau pair alone, we can see that for the single analysis, the acceptance times

cross-section would increase by 80% after including the cascade decays, for the 100
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GeV stau case. However, this would not be enough to set a mass limit for the staus

around 100 GeV, and so we did not pursue the cascade decays further.

Table A.17: Acceptance times cross-section for 100 GeV staus: pair produced and
cascade decays.

Acceptance Cross Section [pb] Acceptance*Cross Section [pb]

100 GeV stau pair 0.138 0.0122 0.00168
100 GeV stau through
chargino1 pair decay

0.073 0.00786 0.000574

100 GeV stau through
chargino1, neutralino2

decay

0.066 0.00467 0.000308

100 GeV stau through RH
smuon decay

0.081 0.00457 0.000370

100 GeV stau through
selectron decay

0.081 0.00457 0.000370

Total 0.00302
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