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ABSTRACT

Searches of supersymmetry at the LHC have put stringent constraints on the strong pro-

duction of squarks and gluinos. Current results exclude colored particles with masses up to

roughly 1 TeV. To fully explore the discovery potential of the LHC, we study the challeng-

ing signals that are hidden by Standard Model backgrounds but with masses accessible by

the LHC. These particles include the sleptons with a weak production cross section, and

stops that are hidden by large top-antitop (tt̄) backgrounds. In this dissertation, I explore

the collider phenomenology of sleptons and stops at the LHC.

Sleptons can be produced at the LHC either through cascade decay or via Drell-Yan pair

production. For the cascade decay, we studied neutralino-chargino associated production,

with the subsequent decay through on shell sleptons (χ0
2 → ``χ0

1 and χ±1 → ν``χ
0
1) resulting

in a trilepton plus missing transverse energy (6ET ) signal. The invariant mass m``, from the

neutralino decay has a distinctive triangle shape with a sharp kinematic cutoff. We utilized

this feature and obtained the effective cross section that is needed for a 5σ discovery of

sleptons. We apply these results to the MSSM and find a discovery reach for left-handed

sleptons which extends beyond the reach expected in usual Drell-Yan studies.

Slepton pair production searches on the other hand, have limited reach at the LHC.

The slepton decay branching fractions, however, depend on the composition of the lightest

supersymmetric particle (LSP). We extend the experimental analysis for data collected

thus far to include different scenarios for the composition of the LSP. We find that the

LHC slepton reach is enhanced up to a factor of 2 for a non-Bino-LSP. We present the

95% C.L. exclusion limits and 5σ discovery reach for sleptons at the 8 and 14 TeV LHC

considering Bino-, Wino-, or Higgsino-like LSPs.

Current stop searches at the LHC focus on signals with tt̄ (or bbWW ) plus 6ET . However,

in many regions of SUSY parameter space, these decay modes are not dominant, leading to

weakened experimental limits on stops. We identify stop decays that can have significant
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branching fractions to new final states resulting in new signal channels to observe. We

investigate stop pair production by considering the channel of t̃1 → χ0
2 t → χ0

1h t and

t̃1 → χ±1 b → χ0
1W

± b leading to a signal of 4 b-jets, 2 jets, 1 lepton and 6ET . We present

the 95% C.L. exclusion limits and 5σ discovery reach for stops at the 14 TeV LHC.
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CHAPTER 1

Introduction

The study of phenomenology is concerned with the interplay between theory and exper-

iment. Given a theoretical model, phenomenologists identify its possible experimental

signatures. Conversely, they can use theoretical models to try to explain anomolous sig-

natures found in experimental data. Ultimately, phenomenologists seek answers to the

fundamental questions of the universe.

1.1 State of the Field

The Standard Model is an incredibly successful theory. The theories of Quantum Chro-

modynamics (QCD), Quantum Electrodynamics (QED), and Glashow-Weinberg-Salam

(GWS) are robust formulations describing the strong, electromagnetic and weak interac-

tions of matter respectively. Rigorous tests have found these theories correct to astounding

accuracy. The electroweak sector of the Standard Model has been extensively studied at

LEP [1, 2] with precision measurements of the W and Z bosons. The QED prediction

of the anomolous magnetic moment of the electron matches experiment to 10 significant

digits and is the most precisely known quantity in all of physics [3].

The mathematical structure of the Standard Model has lead to the prediction and the

subsequent discovery of many particles. For example, the quark model has laid a framework

to characterize baryons and mesons by utilizing isospin [4]. The quasi-symmetry of isospin

explains the connection between up- and down-type quarks leading to the prediction of the

charm quark [5].

The final particle of the Standard Model, the Higgs boson, was discovered at the Large

Hadron Collider (LHC) by the ATLAS and CMS collaborations [6, 7]. While the Higgs fits

as the missing puzzle piece in the Standard Model, it brings with it many questions. A light

Higgs at the weak scale, gains unstable radiative corrections to its mass, which requires an
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unnatural cancellation of terms in order to recover the physical Higgs mass of 125 GeV.

This is referred to as the hierarchy problem [8]. Another puzzle occurs on the cosmological

front, where observations show that the majority of matter in our universe is composed of

an unknown component. We exist in a universe filled with “weakly” interacting matter, by

which we infer its existence from its gravitational interaction with visible baryonic matter.

One of the most well motivated extensions to the Standard Model is the theory of

Supersymmetry (SUSY). SUSY postulates that for every Standard Model fermion/boson

there exists an identical bosonic/fermionic superpartner differing only by its intrinsic spin.

These superpartners cancel out the divergent component of the mass corrections to the

Higgs, effectively solving the hierarchy problem by introducing a new physical scale of

SUSY [9]. In addition to solving the hierarchy problem, SUSY brings with it other attactive

features. SUSY includes a mechanism for unifying all the Standard Model forces at high

energies; an energy known as the “GUT” scale. Additionally, many models lead to stable

SUSY particles that could potentially satisfy the dark matter component of the universe.

1.2 Motivation

The current general-purpose experiments at the Large Hadron Collider (LHC), ATLAS

and CMS, are searching for new physics at the TeV scale. Current results show the Stan-

dard Model is a remarkably accurate theory [10, 11]. Both experiments have verified top

quark and electroweak precision measurements, and most recently discovered the elusive

Higgs boson [6, 7]. While the confirmation of the Standard Model is exciting, it is also

disappointing that there have been no signs of new physics. Where is Supersymmetry, and

how might we find it?

To maintain proton stability, an important charge is introduced in supersymmetry

called R-parity, under which SUSY and SM particles have opposite charge. If this charge

is conserved, there are interesting phenomenological consequences. R-parity conservation

requires SUSY particles to be pair produced at the LHC. It also requires that SUSY par-

ticles decay through lighter SM and SUSY particles. As a result, the distinctive collider

signatures of SUSY are cascade decays. The subsequent cascade decay occurs until the
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lightest supersymmetric particle (LSP) is reached, which is stable when R-parity is con-

served. The resulting signatures of SUSY particle pair production are high particle mulit-

plicities coming from the cascade decays, and large amounts of missing energy resulting

from the LSP escaping the detector.

New colored particles, the squarks and gluino, whose production is enhanced by the

strong coupling strength, were expected to be observed as early as the initial run at
√
s = 7

TeV [12, 13]. Current results exclude gluino masses up to mg̃ . 1200 GeV [14–21]. First

and second squark masses are excluded up to mq̃ . 800 GeV [14, 17, 19]. It is entirely

possible that these colored particles are too massive to reach at the LHC.

The null search results for new colored particles lead us to search in the electroweak

sector where the reach is limited by the weak coupling suppression to the production cross

section. Particles of interest in the electroweak sector include the sleptons, neutralinos and

charginos. The neutralinos and charginos are mass eigenstates occurring from mixing in

the Higgsino and gaugino sectors. We go into more detail in Sec. 3.3.2 and Sec. 3.3.3.

Third generation squarks are expected to be much lighter than the other generation

squarks [22]. On the other hand, the signals from stops and sbottoms are masked by large

Standard Model backgrounds resulting in weaker exclusion limits. Additionally, the stop

and Higgs sectors are closely associated with one another due to large Yukawa couplings.

If we gain knowledge of the stop, we also gain a better understanding of the Higgs and the

nature of electroweak symmetry breaking.

1.2.1 Sleptons

We often find the particles in the electroweak sector among the lightest SUSY particles

and thus should be accessible at the LHC. In this dissertation, I investigate slepton pro-

duction at the LHC in two ways. In Appendix A, I explore sleptons produced in cascade

decays from neutralino-chargino production at the LHC. In Appendix B, I explore sleptons

directly produced through Drell-Yan pair production. The former mechanism has a higher

production cross-section but requires accessible neutralino and chargino states in order to

cascade decay down to sleptons. Whereas, the direct production mechanism is viable as

long as the sleptons are light, but suffers from a smaller production cross-section.
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Sleptons in particular, lead to relatively clean collider signatures, with final states

including multiple charged leptons. Multi-lepton signals are able to significantly reduce

Standard Model background and avoid uncertainties from jet reconstruction algorithms.

In certain cascade decay topologies with intermediate mass sleptons, a distinctive triangle

feature appears in the dilepton signal, which can be detected despite strong Standard

Model backgrounds, see Appendix A for further discussion. Direct production searches

often utilize a kinematic variable known as MT2 in order to further cut down the Standard

Model background [23, 24]. In Appendix B, we employ MT2 cuts to effectively reduce tt̄

background to improve detection of sleptons in pair production mechanisms.

Due to the fact that sleptons can be light, they play an important role in processes

occuring at low energies. If the lightest supersymmetric particle is the neutralino, χ0
1,

the slepton mediates a t-channel process which contributes to the overall annihilation

cross section [25]. Sleptons also can contribute loop corrections to low energy precision

observables, such as the electron and proton weak charges tested in ee Møller scattering

and ep scattering experiments respectively [26, 27].

1.2.2 Third Generation Squarks

While first and second generation squark limits are approaching masses of 1 TeV, third

generation squarks have less stringent experimental bounds. For a massless LSP, stops and

sbottoms with masses mt̃/b̃ . 600 GeV are excluded by ATLAS and CMS [28–30]. The

bounds are weaker since signals resulting from stop and sbottom pair production overlap

with the enormous tt̄ signal produced at the LHC. Efforts in “tagging” top quarks have

attempted to identify the stop signal, but these are still difficult backgrounds to reduce

effectively [31]. Stops and sbottoms are hidden in this sense.

Third generation squarks are tightly connected to the Higgs sector due to strong Yukawa

couplings. Stop loops provide the dominant radiative corrections to the Higgs mass. The

measurement of the Higgs mass of 125 GeV puts constraints on the stop sector and favors

a heavily mixed and light stop [32]. Coupled with the fact that the gluino mass is excluded

up to approximately 1 TeV so that cascade decays are unlikely, we study pair production

of the third generation squarks. We present the discovery reach of the stop/sbottom when
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utilizing uncommon decay channels in Appendix C.

1.3 Dissertation Format

The rest of the dissertation is organized as follows. In Chapter 2, I introduce the Stan-

dard Model. In particular, I focus on the gauge structure and symmetries present and

the subsequent symmetry breaking by the Higgs. In Chapter 3, I discuss the Minimal Su-

persymmetric Standard Model highlighting the electroweak sector and the stop/sbottom

sector. In Chapter 4, I discuss the underlying physics of colliding protons, focusing on the

experimental and computational tools used to make measurements and predictions at the

LHC. In Chapter 5, I present the conclusions of my dissertation work. Attached in the

appendices are my publications with my advisor and other collaborators. In Appendix A,

we discuss searching for sleptons by utilizing a distinctive signal feature occuring in pro-

duction by cascade decay [33]. Appendix B describes our efforts to extend the LHC reach

for slepton pair production by adding complementary results to scenarios with Wino- and

Higgsino-like LSPs [34]. My work in Appendix C identifies alternative search channels for

stop and sbottom pair production and we present the discovery potential at the LHC [35].
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CHAPTER 2

Standard Model

The mathematical structure of the Standard Model is one of symmetry; each fundamental

force is represented using a symmetry group. Particle interactions with the forces are

described mathematically by how the particles transform with the corresponding symmetry

group. We find that the gauge structure of SU(3)c⊗SU(2)L⊗U(1)Y accurately describes

the fundamental interactions of particles, neglecting gravity.

This chapter gives a brief review of the Standard Model. First, I discuss the gauge

structure and symmetries present in the Standard Model Lagrangian. Next, I explain

the Higgs mechanism and the Higgs’s role in electroweak symmetry breaking. Last, I

discuss areas where the Standard Model is unsatisfactory; these issues include the hierarchy

problem and the unknown identity of dark matter.

2.1 Gauge Structure and Symmetries

The Standard Model gauge structure is governed by symmetry groups. The strong force

is gauged by SU(3)c which corresponds to the theory of QCD, which describes the behav-

ior of colored particles [36, 37]. The electroweak forces are governed by SU(2)L ⊗ U(1)Y

corresponding to weak and hypercharge couplings. Particles in the Standard Model and

their charges under each symmetry group are shown in Table 2.1. Prior to electroweak

symmetry breaking, all particles are massless; a requirement by the symmetries imposed.

The particles are expressed based upon a group representation formalism. Fermions exist

as states in the fundamental representation of the symmetry group under which they are

charged. The states in the theory are the massless chiral states, ψL and ψR. A consequence

of massless fermionic states is that there is a well defined direction of the particle’s momen-

tum relative to its spin. We call particles whose spin and momentum vectors are aligned,

right-handed chiral states. Particles with anti-parallel spin and momentum vectors are
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Field SU(3)c, SU(2)L, U(1)Y

Q
(
3,2, 1

6

)

uR
(
3,1, 2

3

)

dR
(
3,1,−1

3

)

L
(
1,2,−1

2

)

eR (1,1,−1)

Gµ (8,1, 0)

Wµ (1,3, 0)

Bµ (1,1, 0)

Φ
(
1,2, 1

2

)

Table 2.1: Particle content and gauge group representation in the Standard Model. Par-
ticles listed include the fermions, gauge bosons and the Higgs. Left-handed fermions are
grouped in SU(2) doublets.

left-handed chiral states.

We group the left-handed fermions together in SU(2) doublets where,

Q =


uL
dL


 , L =


 ν

eL


 (2.1)

and the right handed fermions uR, dR, and eR are singlets. There exists three generations

for each fermion. The quarks consist of three up-type quarks, up, charm, top; three down-

type quarks, down, strange, bottom. The leptons consist of charged and neutrino states in

electron, muon, and tau flavors.

The gauge bosons exist as states in the adjoint representation of the corresponding

symmetry groups. This leads to the 8 gluons, Ga
µ of QCD, the 3 weak bosons, W a

µ and

the Bµ for the hypercharge force. The superscript, a, indexes each of the unique bosons in

non-abelian gauge theories.

The scalar field in the Standard Model, the Higgs field, Φ, is represented as an SU(2)

doublet:

Φ =


φ

+

φ0


 (2.2)
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composed of two complex scalars. We discuss the Higgs sector in more detail in Sec. 2.2.

Now that we have defined the particle content, let’s begin to write down the Standard

Model Lagrangian. The Standard Model Lagrangian can be split into the following terms.

L = Lgauge + Lfermion + LHiggs + LYukawa (2.3)

The first term contains the pure gauge interactions. The fermion term contains the kinetic

part and the gauge couplings for the fermions. The Higgs term contains the kinetic and

potential terms in the Higgs sector. The last term contains the Yukawa interactions between

the Higgs and fermions. After electroweak symmetry breaking, the Higgs and Yukawa terms

also contain the gauge boson and fermion mass terms respectively.

The pure gauge terms are expressed using the field strength tensor represented by

F a
µν = ∂µA

a
ν − ∂νAaµ− gfabcAbνAcµ, where the fabc terms are the structure constants, arising

from the commutation relations between generators of the underlying gauge group. We

can now express the gauge term of the Lagrangian simply as:

Lgauge = −1

4
F i a
µνF

i aµν (2.4)

where we sum over the indices i and a, corresponding to the gauge group and unique fields

in each gauge group respectively. This term encapsulates the gauge kinetic terms and the

gauge boson-gauge boson interactions for non-abelian gauge theories [38].

The fermion gauge interactions are represented in the lagragian as:

Lfermion = Q̄i��DQi + ūi��Dui + d̄i��Ddi + L̄i��DLi + ēi��Dei (2.5)

where the covariant derivative, Dµ, is represented as:

Dµ = ∂µ − igsT aGa
µ − ig

τa

2
W a
µ − ig′Y Bµ (2.6)

which provides the kinetic term and the gauge coupling terms for the SU(3)c, SU(2)L, and

U(1)Y gauge groups with strengths gs, g and g′ respectively. The generators of SU(2) are

τa which correspond to the Pauli matrices. The generators of SU(3) are the Gell-Mann

matrices represented as T a. The “slash” notation is shorthand for a contraction with a γµ.
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The gauge structure formalism works in the high energy limit where all particles are

massless. Fermion mass terms enter the Lagrangian of the form:

L = mψ̄LψR (2.7)

Although these terms are completely allowed in Lagrangian, the mass terms cannot be

added arbitrarily; doing so would break the SU(2)L symmetry. The left-handed particles

must be able to transform independently from the right-handed particles. However, these

terms can be dynamically generated by the Higgs mechanism.

2.2 Electroweak Symmetry Breaking and the Higgs Mechanism

The Higgs field is responsible for electroweak symmetry breaking [39–41] and giving parti-

cles their mass [42–45]. Recently discovered at the LHC by the ATLAS and CMS collab-

orations [6, 7], the Higgs boson is one of kind; the only fundamental scalar particle in the

Standard Model. The Higgs sector of the Lagragian:

LHiggs = |DµΦ|2 + µ2Φ†Φ− λ(Φ†Φ)2 (2.8)

consists of a kinetic term and potential terms with mass −µ2 and self-coupling with

strength, λ. The Higgs sector in its current form obeys all symmetries present in the

Standard Model. When the Higgs gets a vacuum expectation value (VEV):

〈Φ〉 =
1√
2


0

v


 (2.9)

where v =
√

µ2

λ
, the potential is minimized. This results in a spontaneous break of the

SU(2)L ⊗ U(1)Y symmetry groups to U(1)EM . Whenever, a global symmetry is sponta-

neously broken, Goldstone’s theorem [46] states that N massless real scalar particles are

created, where N is the difference of the number of generators in the theory before and after

symmetry breaking. The spontaneous symmetry breaking of SU(2)L ⊗ U(1)Y → U(1)EM

results in the generation of three massless Goldstone bosons. These are easily seen, by



21

rewriting the Higgs field in terms of real fields; we have [47]:

Φ =
1√
2


−i (φ1 − iφ2)

v + (h+ iφ3)


 (2.10)

where the φi are the Goldstone bosons. The remaining field h is the Higgs boson.

By breaking the electroweak symmetry, the Higgs mixes the W a
µ and Bµ fields to con-

struct the weak bosons W±
µ and Zµ and the photon, Aµ. The neutral fields Zµ and Aµ are

mixtures of the W 3
µ and Bµ. The charged states W±

µ , are mixtures of the W 1
µ and W 2

µ . The

Goldstone bosons are “eaten” by the W and Z bosons to become the longitudinal modes

which give the bosons their mass. The photon remains massless.

In addition to giving the vector bosons mass, the Higgs is also responsible for giving

mass to the fermions. These masses arise from the Yukawa couplings to the Higgs:

LYukawa = yuQ̄iεijΦ
†
juR + ydQ̄iΦidR + yeL̄iΦieR (2.11)

where the SU(2) doublets are contracted with the Higgs directly or with the antisymmetric

matrix εij. When the Higgs field gets a VEV, mass terms appear in form 1√
2
y v ψ̄LψR, where

the Yukawa coupling, y corresponds to the fermion ψ. The third generation fermions have

the largest mass, so their corresponding Yukawa couplings are also large; the coupling to

the top quark the strongest.

After electroweak symmetry breaking, we have a Standard Model which obeys the

gauge structure of SU(3)c ⊗ U(1)EM corresponding to the strong and electromagnetic

forces respectively. Mass terms for the fermions of the form mψ̄LψR and for the weak

bosons of the form m2W µWµ are spontaneously generated by the Higgs mechanism.

2.3 Shortcomings

The Standard Model is a very successful theory, but the prescription is still incomplete.

As it stands, the Standard Model is not a very “natural” theory. In this section I discuss

the problem a light Higgs presents, known as the hierarchy problem. Addtionally, I discuss

the problem of dark matter, whose particle identity is unknown.
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h h

t

t

Figure 2.1: Feynman loop diagram of the Yukawa interaction between the top quark and
Higgs. The diagram contributes to the Higgs mass of the form shown in Eqn. 2.12, leading
to a quadratic divergence.

2.3.1 Hierarchy Problem

The discovery of the Higgs completes the Standard Model as we know it today. However, we

are left with an unsatisfactory feature in the model. The Higgs gains radiative corrections

to its mass by loop diagrams of the form as shown in Fig. 2.1. The Higgs couples strongly

to the top quark, which leads to the dominant contribution of the form [22]:

∆m2
h = − y2

t

8π2

(
Λ2 − 2m2

t log Λ/mt + ...
)

(2.12)

where yt is the Higgs-top Yukawa coupling and Λ is a cutoff scale at which the theory is no

longer valid, creating a quadratic divergence. We know that the Higgs mass is 125 GeV,

which means that the loop corrections need to be of order the weak scale (∼ 100 GeV). If

we take the cutoff scale Λ2 ∼ m2
Planck, then the counter terms need to be precisely tuned

to 1 part in 1034 in order to recover the physical Higgs mass of 125 GeV. This disparity

between the weak and gravitational forces, is in essence, the “Hierarchy Problem” [8]. The

level of fine tuning required is highly unnatural and a call for concern. New physics is

needed to reconcile the problem.
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2.3.2 Cosmological Problems

Analogous to the Standard Model of particle physics, there is a “Standard Model” of

cosmology. Under the laws of General Relativity, the model consists of an spatially flat,

expanding universe made up of radiation, baryonic matter, a cold dark matter (CDM)

component and a dark energy component often referred to as the cosmological constant

(Λ). Observations show that the evolution of the universe is dominated by the relatively

unknown dark matter and energy components, thus the model is referred to as ΛCDM.

Space-based observations of the Cosmic Microwave Background (CMB) [48] combined

with ground-based observations of large scale structure using Baryon Acoustic Oscilla-

tions (BAO) [49] and a measurement of the expansion rate using Type 1a supernovae

(SNe) [50, 51] have verified the model to good accuracy.

The composition of the dark matter component of our universe is relatively unknown.

From observations, we have the following constraints on dark matter [52]:

• Massive, due to its inferred gravitational presence

• Stable, or quasi-stable on timescales of order the age of the universe

• “Weakly” coupled to ordinary matter, if at all (excluding gravity)

• Cold, non-relativistic species of matter

These constraints rule out all particles from the Standard Model to comprise the entirety

of the dark matter component of the universe. The existence of dark matter implies a need

for new physics.

A common type of dark matter falls under the category of weakly interacting massive

particle (WIMP). Many extensions of the Standard Model have WIMPs. If WIMPs were

produced in the early universe, while in thermal and chemical equilibrium with the hot

“soup” of SM particles we can calculate the relic density of WIMPs after freeze out [53].

The relic density is given by [54]:

Ωχh
2 ' 0.1pb

〈σAv〉
' 1 (2.13)
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where σA is the annihilation cross section of WIMPs into SM particles, v is the velocity,

both quantities thermally averaged. We find a surprising realization that for a weak inter-

action cross section the distribution of WIMPs would satisfy the dark matter component

in the universe. This miraculous coincidence is referred to as the “WIMP Miracle”. The

theoretical motivations coupled with the presence of WIMPs in many extensions of the

Standard Model have led to searches for WIMPs on three fronts: through direct detection

[55, 56], indirect detection [57, 58], and collider experiments [59–61]. Supersymmetry can

potentially provide a WIMP dark matter candidate in the form of the neutralino. See

further discussion in Sec. 3.2.
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CHAPTER 3

Minimal Supersymmetric Standard Model

In this section, I introduce Supersymmetry (SUSY) and the Minimal Supersymmetric

Standard Model (MSSM). SUSY is a well motivated extension to the Standard Model

that provides a solution to the hierarchy problem. Assuming R-parity conservation, SUSY

provides interesting collider phenomenology, and most importantly it generates a potential

candidate for dark matter. I will focus primarily on the electroweak sector and stop sector,

as this will provide useful background for topics discussed in the Appendices. Throughout

this chapter, I follow many of the conventions of Martin [22], who provides a complete

review on SUSY.

3.1 A New Symmetry

Let us consider a new global symmetry between bosons and fermions, one in which a

transformation turns bosons into fermions and vice versa. This transformation can be

represented through the use of the operator, Q, which transforms states as follows:

Q |Boson〉 = |Fermion〉 , Q |Fermion〉 = |Boson〉 (3.1)

When this transformation is applied to SM particles, the result is a set of new particles,

which we call superpartners. The common nomenclature names the superpartners to the

fermions, the sfermions, eg. squarks and sleptons, and the superpartners to the gauge

bosons, the gauginos, eg. bino, wino, and gluino. The superpartner to the Higgs is the

Higgsino. The description proposed above, is the simplest extension to the standard model,

known as the Minimal Supersymmetric Standard Model (MSSM) [9]. The particle content

of the MSSM is shown in Table 3.1. A necessary requirement for a valid Supersymmetric

theory is the presence of an additional Higgs doublet [22]. We denote an “up-type” Higgs,

Hu and “down-type” Higgs, Hd to generate the up- and down-type masses respectively; we
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Fermions Bosons SU(3)c, SU(2)L, U(1)Y

Q Q̃
(
3,2, 1

6

)

uR ũR
(
3,1, 2

3

)

dR d̃R
(
3,1,−1

3

)

L L̃
(
1,2,−1

2

)

eR ẽR (1,1,−1)

G̃µ Gµ (8,1, 0)

W̃µ Wµ (1,3, 0)

B̃µ Bµ (1,1, 0)

H̃u Hu

(
1,2, 1

2

)

H̃d Hd

(
1,2,−1

2

)

Table 3.1: Particle Content in the MSSM

express the Higgs doublets as:

Hu =


H

+
u

H0
u


 , Hd =


H

0
d

H−d


 (3.2)

where Hu replaces the use of the charge conjugate Φ† in Eqn. 2.11. Additional discussion

of the Higgs Sector can be found in Sec. 3.3.1.

3.1.1 Solution to Hierarchy Problem

The primary motivation of Supersymmetry is to provide a solution to the hierarchy prob-

lem. We see that the sfermions also couple with the Higgs in a 4-scalar interaction, as

shown in Fig. 3.1, leading to additional Higgs mass corrections. Since sfermion couplings

are related to the fermion couplings, the resulting mass corrections differ only by a sign

difference coming from the scalar loop versus fermion loop. The correction to the mass of

the Higgs from a stop is

∆m2
h =

λs
16π2

(
Λ2 − 2m2

s log Λ/ms + ...
)

(3.3)

where ms is the mass of the stop, λs is the stop coupling to the Higgs, and Λ is some cutoff

scale at which the theory breaks down. But, SUSY requires λs = y2
t , so when adding the
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h h

t̃

Figure 3.1: Feynman loop diagram of the 4-scalar interaction between the stop and Higgs.
The diagram contributes to the Higgs mass of the form shown in Eqn. 3.3. This diagram
cancels out the divergent contribution from the top loops shown in Fig. 2.1. and Eqn. 2.12.

Higgs mass divergent contributions from the top, left- and right-handed stops we find a

cancellation of the divergent components:

(
∆m2

h

)quad.div.
= − y2

t

8π2
Λ2 + 2× λs

16π2
Λ2 = 0. (3.4)

The remaining corrections to the Higgs are terms that only diverge logarithmically. I

discuss the corrections from stop loop contributions in Sec. 3.3.5.

3.1.2 SUSY Breaking

For supersymmetry to exist in nature, it must be hidden at low energies. Therefore, SUSY

must be broken at some energy scale, MSUSY. If Supersymmetry was not broken, we would

observe the existence of light scalar particles with identical quantum numbers and mass to

SM particles.

Finding models with spontaneous symmetry breaking is a challenging task. It is very

difficult to create a consistent model that is well motivated by physical principles. Cur-

rently, there is no consensus model for symmetry breaking. Common models include gravity
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mediated (MSUGRA), gauge mediated (GMSB), and anomoly mediated (AMSB) symme-

try breaking. See references [62–66] for more detail.

Although each model of spontaneous symmetry breaking leads to different SUSY break-

ing parameters, we can write down the terms generically. The soft (terms with positive

mass dimension) breaking terms in the MSSM are:

Lsoft = −1

2

(
M3g̃g̃ +M2W̃W̃ +M1B̃B̃ + c.c.

)

−
(

˜̄u auQ̃Hu − ˜̄d adQ̃Hd − ˜̄e aeL̃Hd + c.c.
)

− Q̃†m2
QQ̃− ũ†m2

uũ− d̃†m2
dd̃− L̃†m2

LL̃− ẽ†m2
e ẽ

−m2
Hu
H∗uHu −m2

Hd
H∗dHd − (bHuHd + c.c.) (3.5)

The first line contains the soft mass terms of the gauginos. The second line contains the

(scalar)3 terms with coupling matrix a, which is a 3 x 3 matrix in flavor space. The third

line contains the soft mass terms of the sfermions. Each sfermion mass matrix is also 3 x 3

in flavor space. The last line contains the symmetry breaking terms in the Higgs potential.

3.1.3 Model Framework

The studies explored in this dissertation exist in the framework of the Minimal Supersym-

metric Standard Model (MSSM). The MSSM is the minimal extension to the Standard

Model that creates a Supersymmetric Lagrangian. We work under the assumption of R-

parity conservation, which prohibits couplings that contribute to proton decay, see the

discussion in Sec. 3.2. Additionally, the following soft SUSY breaking universality condi-

tions are imposed to avoid large flavor-changing or CP-violating effects.

• Sfermion soft mass matrices are “flavor-blind”, that is each generation has the same

mass term with no mixing terms, eg. M2
Q = M2

Q 1. This condition is often relaxed

to allow third generation masses to differ.

• The (scalar)3 couplings are proportional to the corresponding Yukawa matrix in 3 x

3 flavor space, eg. au = Au yu.

• Soft parameters do not introduce any new complex phases, eg. Im (M1) = 0.
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p+





}
π0

u

u∗

e+

λ′′∗
112 λ′

112

Figure 3.2: Feynman diagram of proton decay via R-parity violating terms of the form
shown in Eqn. 3.6.

3.2 R-parity and its Consequences

In general, SUSY allows for terms of the form:

1

2
λ′ijkLiQj d̃k,

1

2
λ′′ijkuidj d̃k (3.6)

which violate lepton and baryon number respectively. Yet in the Standard Model, baryon

and lepton number are strictly conserved. Diagrams of the form shown in Fig. 3.2 would

lead to proton decay by the process p+ → e+π0. However, experiments have placed very

strong constraints on the lifetime of the proton [67] requiring that the couplings in Eqn. 3.6,

denoted by λ, are extremely small, or forbidden altogether.

Baryon and lepton number conservation arises due to an “accidental” symmetry in the

Standard Model so imposing these symmetries by hand in SUSY would be unsatisfactory.

Instead, we can resolve the issue by defining a new charge for SM and SUSY particles

called R-parity [68]. R-parity can be expressed as:

R = (−1)3(B−L)+2s (3.7)

where B is baryon number, L is lepton number, and s is the spin of the particle. We see

that SM particles have even parity, R = +1 and SUSY particles have odd parity, R = −1.

If we impose R-parity conservation in our theory, then the terms which violate lepton or

baryon number are now forbidden.

In addition to eliminating unwanted baryon and lepton number violating terms, R-

parity has interesting phenomenological consequences. First, SUSY particles must be pair

produced at colliders, and once produced, these particles must decay into other SUSY

particles and SM particles. This process continues until it decays into the lightest su-

persymmetric particle (LSP) which is stable. The LSP must interact weakly, otherwise
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experiments would have discovered the stable particle. Therefore, in models of SUSY, the

LSP is often considered a dark matter candidate.

Depending on the mechanism of SUSY breaking, there are a number of possible LSPs,

eg. the sneutrino, lightest neutralino, or gravitino. If the sneutrino or the lightest neu-

tralino is the LSP, it is a WIMP dark matter candidate. In collider experiments, WIMP

LSPs escape the detector, resulting in a missing energy signature. WIMP dark matter is

also well motivated by cosmological expectations. Alternatively, the superpartner of the

graviton, the gravitino, is also a viable dark matter candidate and would interact only via

the gravitational force. Both types of particles are viable through SUSY, but we focus on

WIMP-like LSPs, since they lead to more interesting phenomenology. In particular, we

consider the lightest neutralino, χ0
1, as the LSP in our studies, presented in the Appendices.

3.3 Review of SUSY Electroweak and Stop Sectors

In this section, I describe the structure of each of the following sectors of the SUSY elec-

troweak sector: the Higgs (Sec. 3.3.1), neutralino (Sec. 3.3.2), chargino (Sec. 3.3.3), slepton

(Sec. 3.3.4), and third generation squark (Sec. 3.3.5). See Martin [22] for more details and

references therein.

3.3.1 Higgs Sector

In the MSSM, there exists two Higgs doublets, Hu and Hd. The neutral states, H0
u and H0

d

get separate VEVs,
1√
2
vu =

〈
H0
u

〉
,

1√
2
vd =

〈
H0
d

〉
, (3.8)

but the electroweak constraints on v remain, such that:

v2 = v2
u + v2

d. (3.9)

The ratio is commonly expressed as

tan β = vu/vd. (3.10)

The Higgs doublets participate in the Higgs mechanism, resulting in the usual three

Goldstone bosons, φ± and φ0, which become the longitudinal modes of the W± and Z, and
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an additional 5 scalar particles. The particles consist of two CP-even neutral scalars, h0

and H0, one CP-odd neutral scalar, A0, and two charged Higgses H±.

The fields can be expressed in the terms of the mass eigenstate fields as:


H

0
u

H0
d


 =

1√
2


vu
vd


+

1√
2
Rα


h0

H0


+

i√
2
Rβ


φ

0

A0


 (3.11)


H+

u

H−∗d


 = Rβ


φ+

H+


 (3.12)

where the rotation matrices are defined:

Rα =


 cosα sinα

− sinα cosα


 (3.13)

Rβ =


 sin β cos β

− cos β sin β


 (3.14)

Considering the discovery of a Higgs at 125 GeV, commonly we work under the decoupling

limit, where mA � mZ , which gives a SM-like Higgs h0, and pushes the other “Supersym-

metric” Higgses to high mass near the SUSY scale.

A consequence of having two VEVs, the third generation quark masses are now defined

as:

mt =
1√
2
yt v sin β, mb =

1√
2
yb v cos β (3.15)

where, in the case of large tan β, the bottom Yukawa becomes comparable to the top

Yukawa. This can lead to enhanced couplings of the Higgs to bottom quarks.

3.3.2 Neutralino Sector

There can also be significant mixing between the Higgsinos and Gauginos. In the gauge-

eigenstate basis of ψ =
(
B̃, W̃ 0, H̃0

d , H̃
0
u

)
, the neutralino mass term in the Lagrangian

is:

L = −1

2

(
ψ0
)T

Mχψ
0 + cc. (3.16)



32

where

Mχ =




M1 0 −cβ sW mZ sβ sW mZ

0 M2 cβ cW mZ −sβ cW mZ

−cβ sW mZ cβ cW mZ 0 −µ
sβ sW mZ −sβ cW mZ −µ 0




(3.17)

where I have introduced the abbreviations, sβ = sin β, cβ = cos β, sW = sin θW , cW =

cos θW for compactness. If the mZ terms are small, we end up with the following mass

eigenstates:

• χ0
1, Bino-like, mχ1

= M1

• χ0
2, Wino-like, mχ2

= M2

• χ0
3, χ

0
4, Higgsino-like, mχ3,4

= |µ|

The common convention is to label the lightest neutralino, χ0
1. So, in the above case, we

have assumed the mass hierarchy of M1 < M2 < µ. In many models of SUSY, the lightest

neutralino is the LSP. The neutralino is a good WIMP dark matter candidate [69].

3.3.3 Chargino Sector

Similarly for the charged Higgsino and Wino, we use the gauge- eigenstate basis of ψ± =(
W̃+, H̃+

u , W̃
−, H̃−d

)
. The chargino mass term in the Lagrangian is:

L = −1

2

(
ψ±
)T

Mχ±ψ
± + cc. (3.18)

where in 2 x 2 block form,

Mχ± =


0 XT

X 0


 (3.19)

and where:

X =


 M2

√
2sβmW√

2cβmW µ


 . (3.20)

If the mW terms are small and if we assume the mass hierarchy M2 < µ, we have the

following mass eigenstates:
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• χ±1 , Wino-like, mχ±1
= M2

• χ±2 , Higgsino-like, mχ±2
= |µ|

3.3.4 Sleptons

The slepton masses are governed by the m2
L and m2

e mass matrices. Following the uni-

versality conditions, we assume that flavor mixing is negligible. Moreover, the left-right

mixing in the slepton sector is proportional to the lepton Yukawa couplings which are small

for the first two generations. The resulting mass eigenstates are ˜̀
L and ˜̀

R, for the lepton

flavors ` = e, µ with masses m˜̀
L

and m˜̀
R

respectively. The masses, in terms of the soft

breaking terms mSL and mSR:

m2
˜̀
L

= m2
SL + ∆˜̀

L
;m2

˜̀
R

= m2
SR + ∆˜̀

R
, (3.21)

where the D-term contributions are ∆˜̀
L

= (−1
2
− sin2 θW )m2

Z cos 2β and ∆˜̀
R

=

− sin2 θWm
2
Z cos 2β. On the other hand, staus have significant Yukawa couplings to the

Higgs resulting in mixing between the left and right states. As a result, the stau mass

eigenstates are labeled τ̃1 and τ̃2. The sneutrino states, ν̃` also have masses governed by

m2
L with an additional mass splitting given by:

m2
ẽL
−m2

ν̃e = − cos 2βm2
W . (3.22)

3.3.5 Third Generation Squarks

In gauge basis, the eigenstates are: (t̃L b̃L), t̃R and b̃R. The third generation is tightly

coupled to the Higgs due to large Yukawa couplings. These couplings lead to mass terms

when the Higgs get a VEV. In practice, these terms are small compared to the soft mass

terms and do not influence the masses. However, these terms can play a role in determining

the mixing angle and cannot be ignored. The stop mass eigenstates are found by:

L =
(
t̃∗L t̃∗R

)
m2

t̃


t̃L
t̃R


 , (3.23)
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where the stop mass matrix is:

m2
t̃

=


M

2
3SQ +m2

t + ∆ũL mtÃt

mtÃt M2
3SU +m2

t + ∆ũR


 . (3.24)

Along the diagonal, we have M2
3SQ and M2

3SU , which come from the soft SUSY breaking

mass terms. The m2
t term comes from the F-terms in the SUSY Lagrangian of the form

y2
t t̃Lt̃LH

0
uH

0
u where both Higgses get VEVs. Finally we have the ∆ terms which come from

the D-term coupling, given by:

∆ũL =

(
1

2
− 2

3
sin2 θW

)
cos 2β m2

Z (3.25)

∆ũR =
2

3
sin2 θW cos 2β m2

Z . (3.26)

On the offdiagonal, we have combined the soft SUSY breaking (scalar)3 terms and the

F-term left/right couplings of the form µ yt t̃Lt̃RH
0
d , to define a term Ãt given by:

Ãt = At − µ cot β. (3.27)

We can diagonalize the mass matrix (Eqn. 3.24) and define a stop mixing angle θt as

follows, 
t̃1
t̃2


 =


cos θt − sin θt

sin θt cos θt




t̃L
t̃R


 (3.28)

where θt can be expressed as:

tan 2θt =
2mtÃt

M2
3SQ −M2

3SU + ∆ũL −∆ũR

(3.29)

In addition to playing a role in determining the mixing angle, the Ãt term can generate

large mass splittings between the two stops. In cases where the off-diagonal terms are

large, the light stop can be the lightest squark. Since the off-diagonal terms originate from

Higgs couplings, the Ãt plays an important role in the Higgs mass correction. The Higgs

mass gains significant corrections from the quartic interaction with the stop. The one-loop

correction [70]:

∆m2
h =

3

4π2
y2
tm

2
t sin2 β

(
log

M2
S

m2
t

+
Ã2
t

M2
S

(
1− Ã2

t

12M2
S

))
(3.30)
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is a maximum for the maximal mixing case where Ãt =
√

6MS. Minimum corrections

occur when Ãt = 0, which we refer to as the minimal mixing case.

A general form for the stop masses is shown here.

m2
t̃ =

1

2

(
M2

3SQ +M2
3SU + 2m2

t + ∆ũL + ∆ũR

)

± 1

2

√(
M2

3SQ −M2
3SU + ∆ũL −∆ũR

)2
+ 4m2

t Ã
2
t (3.31)

∆m2
t̃ =

√(
M2

3SQ −M2
3SU + ∆ũL −∆ũR

)2
+ 4m2

t Ã
2
t (3.32)

In the maximal mixing case where M3SQ = M3SU = MS and Ãt =
√

6MS and mZ

small, the mass separation is given by:

∆m2
t̃ = 2

√
6mtMS (3.33)

In a very similar analysis for the sbottom, the mass matrix is given as:

m2
b̃

=


M

2
3SQ +m2

b + ∆d̃L
mbÃb

mbÃb M2
3SD +m2

b + ∆d̃R


 (3.34)

where,

Ãb = Ab − µ tan β (3.35)

The off-diagonal terms are now suppressed by the bottom mass. As a result, considerable

mixing among the sbottom mass states is uncommon.
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CHAPTER 4

Collider Physics

What happens in the process of colliding two proton beams at the LHC? In this chapter

we will go through the physics of colliding protons. First we discuss the requisite physics of

the proton, by introducing the parton model. Then we discuss the consequences of QCD,

the phenomena of asympotic freedom and color confinement. The next section will be

concerned with detecting these processes at the LHC. We end this chapter with numerical

methods used by phenomenologists to make predictions at the LHC.

4.1 QCD Primer

As discussed in Chapter 2, Quantum Chromodynamics (QCD) is the theory of the strong

interactions between quarks and gluons. QCD follows the gauge structure of SU(3)c, where

quarks exist in the fundamental representation and gluons exist in the adjoint representa-

tion. The gauge theory is non-Abelian, allowing for self-interactions amongst the gluons.

These interactions lead to the phenomena of asympotic freedom at high energy and con-

finement at low energy. This section will discuss the consequences of an asympotically free

theory and its impact on physics at the LHC.

4.1.1 Parton Model

The internal structure of the proton can be well described by the parton model. The

parton model takes a parametric approach to describing the proton with multiple structure

functions which quantify the probability of finding a given flavor of parton inside the proton.

These structure functions are referred to as parton distribution functions (PDFs). Deep

inelastic scattering experiments have shown that these partons fall into three categories:

• Valence quarks: These partons can be thought of as the bound quark states which

form the hadron.
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e

e
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xPµ

qµ

proton

Figure 4.1: Deep inelastic scattering process involving an electron and proton. The electron
penetrates the proton and interacts with a single parton with momentum fraction x.

• Gluons: The strong force is responsible for keeping quarks bound inside the hadron.

Gluons are accessible through scattering off of other colored particles.

• Sea quarks: Virtual quark-antiquark pairs created inside the hadron by the afore-

mentioned gluons. In principle, these gluons can produce quarks of any flavor, but

the heavier mass quark fractions will be suppressed.

To discern the structure inside the proton, we utilize deep inelastic scattering processes.

A schematic of the scattering process is shown in Fig. 4.1. We have a proton with momen-

tum Pµ, scattering via a t-channel process with an electron. The momentum transfer, t

can be expressed as t = −Q2 = qµqµ. The electron interacts with one of the partons inside

the proton, which carries a fraction x, of the proton’s momentum. To determine which

parton participates in the interaction we use the proton PDFs. The PDFs denoted ff (x),

provide the probability of finding a parton of flavor f , with momentum fraction x. The

PDFs must follow certain constraints. The proton is a bound state of 2 u valence quarks

and 1 d valence quark. By using the usual definition of quark number, Nq = nq − nq̄, we

can assert the following:
∫ 1

0

dx [fu(x)− fū(x)] = 2

∫ 1

0

dx [fd(x)− fd̄(x)] = 1 (4.1)

to require the expected number of up and down quarks as shown. Calculations of PDFs are

non-perturbative and are determined by data-driven methods. Proton PDFs at energies
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Figure 4.2: Parton distribution functions (PDFs) for the proton compiled by the MSTW
collaboration and taken from Beringer et al. [54] published with permission from the Par-
ticle Data Group.

µ2 = 10 (10000) GeV2 are shown in the left (right) panels of Fig. 4.2. At high momentum

fraction, we find as expected the PDF is dominated by the valence quarks, with a 2:1 ratio

of u to d quarks. We also find a large contribution of gluons (scaled by a factor of 10).

Since the sea quarks are virtual quark-antiquark pairs from gluon splitting, the sea quarks

contribute to the low momentum fraction region, with lighter sea quarks more prevalent. In

comparing the left and right panels, at higher interaction energies, µ, we see that the gluons

and sea quark curves shift to higher momentum fraction. Subsequently, the valence quark

PDFs decrease. This behavior can be explained by additional radiation energy coming

from the valence quarks which contributes to the gluon PDF. Having more energetic gluons

leads to higher energy sea quarks, thus shifting the curves to higher momentum. At high

energies, heavy quarks such as charm and bottom can have non-trivial contributions to the

proton PDF.

Utilizing the proton PDFs, we can express the inclusive cross section for deep inelastic

scattering in terms of the elastic scattering process of partons as follows:

σ(e−p→ e− +X) =

∫ 1

0

dx
∑

f

ff (x)σ(e−qf → e−qf ) (4.2)

where X denotes any hadronic final state. We sum over all flavors of quarks and anti-

quarks. The sum is weighted by the PDFs and we integrate over all momentum fractions
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x. Generalizing to proton-proton collisions, the inclusive production cross section of final

state Y can be expressed as:

σ(pp→ Y +X) =

∫ 1

0

dx1

∫ 1

0

dx2

∑

f,f ′

ff (x1)ff ′(x2)σ(qf + qf ′ → Y ) (4.3)

where the sum now includes all flavors of quarks, anti-quarks, and gluons. The possible

initial states from proton-proton collisions include: gg, gq, qq′, qq̄, and q̄q̄′. The sums are

weighted appropriately by both PDFs.

4.1.2 The Running of αs

Analogous to the running of the coupling strength, αEM in Electromagnetism, the coupling

strength of the strong force also changes with energy. The renormalization group equations

describe the evolution of the coupling constant gs, or similarly αs = g2s
4π

as [71, 72]:

β(gs) =
∂gs

∂ log µ
. (4.4)

Applying the formula to QCD with three colors and nf flavors of “massless” quarks (mq �
Q), we find an equation for β:

β(gs) = −
(

11− 2nf
3

)
g3
s

(4π)2
. (4.5)

Most interestingly, the sign of the β function is negative, leading to a weaker coupling

strength at higher energy scales, µ. Solving the β function gives an expression for αs

αs (Q) =
2π

(11− 2nf

3
) log (Q/ΛQCD)

(4.6)

where we have introduced a scale, ΛQCD, the scale at which αs becomes large, requiring use

of non-perturbative calculation methods. More formally using Eqn. 4.6, ΛQCD is defined

as

1 =
g2
s

8π2

(
11− 2nf

3

)
log (Q/ΛQCD) . (4.7)

For three “massless” quarks, measurements find ΛQCD ≈ 200 MeV [47]. At energies less

than ΛQCD, QCD calculations become non-perturbative.
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Figure 4.3: Running of αs, taken from Beringer et al. [54] published with permission from
the Particle Data Group.

Experiments have confirmed the running of αs, the results of which have been com-

piled in Fig. 4.3. The evolution of αs is best explained through comparison to the process

of Electromagnetic screening. Electromagnetism exhibits charge screening, where the ob-

served charge of a particle decreases with increasing distance. In the vacuum, virtual

particle-antiparticle pairs act as electric dipoles and align themselves with the electric field

produced by the charge. This phenomenon of vacuum polarization screens the electric

charge. As you probe closer to the particle, there is less vacuum between the observer and

particle, resulting in a lessened screening effect. A similar process exists for quarks and

color charge. However, in QCD the gluon carries color charge. These gluon-gluon inter-

actions contribute to an anti-screening effect. The gluon-gluon interactions dominate over

quark-antiquark screening, resulting in an overall anti-screening effect. The color charge of

a quark increases with increasing distance. So when probing a quark at high energies (close

distances), the quark is effectively free inside a hadron. This phenomenon was discovered

by Gross and Wilczek [73] and was coined the term asympotic freedom. Asympotic freedom

is the foundation for using proton-proton collisions in particle discovery experiments. Scat-

tering processes can be calculated perturbatively, allowing for the utilization of Feynman

diagrams to calculate the process effectively.
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4.1.3 Hadronization

At low energies, QCD is non-perturbative, meaning we cannot use Feynman diagrams to

describe processes. However, we know that quarks bind together to form hadrons and infer

their presence from the internal degrees of freedom of hadrons. These quarks can never be

observed directly, due to a process known as color confinement. Confinement prevents a

single quark from being isolated. Quarks must bind together to form mesons or baryons.

Confinement can be best explained by an analogy with Electromagnetism. Let’s con-

sider a scenario where we have an electron and positron moving away from each other.

We can draw the electric field lines between the two particles which follow a potential

V (r) ∼ 1
r
. The force between the two particles decreases with increasing distance. Above

some escape velocity, the particles will not fall back into each other. Now instead, consider

a quark and antiquark. Just as we have electric field lines between the two quarks, we can

also consider the strong field lines. The field lines associated with the strong interaction

which follow a potential V (r) ∼ r, can be well approximated by a narrow tube between the

two quarks, called color tubes. The force between two colored particles is constant with

distance. Classically, we would expect these particles to always fall back into each other.

However, quantum mechanics provides another solution. As two quarks move away from

each other, the energy in the gluon field gets larger. When there is sufficient energy in the

vacuum between the two quarks, it becomes energetically favorable to create quark-anti-

quark pairs from the vacuum as opposed to increasing the length of the color tube. These

pairs are created with energies near the mass threshold, so these new quarks combine to

form hadronic bound states. This process continues until all quarks hadronize. Thus this

process is known as hadronization.

4.2 LHC

The Large Hadron Collider (LHC) at CERN in Geneva, Switzerland is the most powerful

accelerator in the world. The LHC accelerates two proton beams which collide at designated

points along the circular track. These points are the locations of the various LHC detectors.

Of particular interest are the general purpose detectors, ATLAS and CMS. As of this work,
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the LHC has collected 5 fb−1 of integrated luminosity at center-of-mass energy of 7 TeV,

and 20 fb−1 at 8 TeV. In early 2015, the LHC will begin colliding protons at a center-of-

mass energy of 13 TeV. Later upgrades will increase the center-of-mass energy to 14 TeV.

During this time, the LHC is expected to collect upwards of 300 fb−1 of data. Future high

luminosity upgrades are planned to upgrade to the High Luminosity LHC (HL-LHC) [74].

4.2.1 Detectors

The structure of the ATLAS and CMS experiments are very similar [75, 76]. For the dis-

cussion in this work, we can simply consider a generic all purpose LHC experiment. The

basic structure of the detector can be broken up into four parts: tracker, electromagnetic

calorimeter, hadronic calorimeter, and muon spectrometer. Additionally, there exists a

strong magnetic field inside the detector to deflect charged particles. The detector read-

ings are combined to attempt to reconstruct events by identifying the following objects:

electrons, photons, muons, and jets. Since we know that the momentum in the transverse

direction to the beam is initially zero, we can also calculate a missing transverse momentum

vector, pmiss
T .

Tracker

At the innermost part of the detector, near the interaction point, lives the tracker. The

tracker, composed of primarily of silicon1, is responsible for tracing out “tracks” of charged

particles. These tracks provide useful information in identification of particles.

The tracker is particularly important in the identification of jets originating from bot-

tom quarks, called b-jets. Hadrons containing bottom quarks are relatively long lived. As

a result, displaced interaction vertices appear in the tracker between the creation of the b

quark and the subsequent B hadron decay. Many processes at the LHC contain b-jets in

their final state making proper identification of these jets very important.

1The outer ATLAS tracking component, the Transition Radiation Tracker (TRT), is composed of drift

tubes filled with Xenon gas.
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Calorimeters

The next detector layers are the electromagnetic calorimeter (ECAL) and hadronic

calorimeter (HCAL). The goal of the calorimeter layers, is to contain the energy show-

ers produced in pp collisions, typically by using materials with heavy nuclei, such as lead.

However, not all heavy nuclei allow for an accurate reading of the energy deposited, so

the energy is often sampled using a different material to provide a signal proportional to

the energy of the incident particle (for example, ATLAS uses liquid Argon to make ECAL

measurements)2. The total energy deposited by the showers can then be reconstructed

from this signal.

The ECAL is the inner calorimeter designed to contain all electron and photon energy

showers. The thickness for the ATLAS ECAL is approximately 22 radiation lengths, which

is sufficient for containing the electron and photon energies. The HCAL is the outer

calorimeter, responsible for measuring jet energies, as typically jets are not stopped by the

electromagnetic calorimeter. The extended size of the HCAL is necessary to contain the

hadronic energy showers, which extend out to approximately 9.7 interaction lengths for

ATLAS.

Muon Spectrometer

The last detector component is the muon spectrometer. Muons are approximately 200

times more massive than the electron. As a result, it is very difficult to contain muons

so that they deposit all of their energy in the detector. Therefore, unlike electrons and

photons, muon energies cannot be measured by simply referring to the calorimeters. Muons

are reconstructed using combined information from the tracker, calorimeters, and muon

spectrometer. The tracks are curved due to the magnetic field inside the experiment. From

this information, we can extract the momentum and charge of the muon.

2An exception is the CMS ECAL, which uses lead tungstate crystals for both stopping power and

detection.
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4.2.2 Experimental Complications

Particle Identification

It is a difficult task to reconstruct particles from detector readouts. Common issues include

particle fakes and the reconstruction of jets.

Fakes are broadly characterized as signal from the detector components that fakes a

signal from a particular object. A common issue which appears in this work, are muon

fakes. A jet can fake a muon by having a high momentum muon arise from the decay of a

hadron inside of the jet. A common method for reducing fakes, is by instituting constraints

on the separation of objects in the detector.

Jets must be reconstructed from calorimeter readouts through various clustering algo-

rithms. In events with high jet multiplicity, jet identification becomes ambigious. If two

jets are produced near enough to each other, jet reconstruction algorithms can mistake

the two jets as one. These issues become more pronounced at high energies, where jets

are more collimated by relativistic beaming effects. Poor jet reconstruction algorithms can

also lead to fake missing energy, resulting in an inaccurate calculation of pmiss
T .

Issues at 14 TeV

Efforts are currently underway to upgrade the LHC to center-of-mass energies of 14 TeV.

In addition to the collision energy upgrade, the LHC will increase the rate of pp collisions,

referred to as instantaneous luminosity. While increased luminosity provides more data

over time, we encounter more experimental complications.

The proton beam is composed of bunches of protons. There are two parameters of

the proton beam that can be changed to increase luminosity; we can increase the size

of the proton bunches, and/or increase the frequency of proton bunches in the beam.

But, to maintain beam stability, the frequency of bunches is limited. So ultimately, the

bunch size must be increased. However, increasing the bunch size leads to the problem of

increased pile-up. Pile-up is the average number of collisions per bunch crossing. Luckily,

most proton collisions produce generic QCD background, so experimentalists can identify

interesting processes amongst the background. As the number of collisions increases, it
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becomes increasingly difficult to disentangle the interesting collisions from the generic ones.

Additional issues arise when calculating the total transverse energy of the event, which is

necessary to calculate pmiss
T . Pile-up effects need to be corrected for in the momentum sum.

4.3 Monte Carlo

Simulation is essential for both experimentalists and phenomenologists to understand how

physical processes present themselves in data. The calculations fall into two categories:

numerical calculations and stochastic process generation. Numerical integration is essential

for matrix element calculation, the solutions of which feed into decay width and cross

section calculations. Monte Carlo simulation is needed to effectively simulate the stochastic

processes of event generation, hadronization, and detector simulation.

Given some process at the LHC, we can write down the relevant Feynman diagrams

and calculate the matrix elements. These matrix elements are convolved with the proton

PDFs to provide a realistic production cross section at the LHC. These calculations involve

multi-dimensional integrals which are best suited for Monte Carlo integration. In this

dissertation, we make use of CalcHEP [77] for cross section calculations.

Monte Carlo simulation is needed for three aspects of physics at the LHC. Foremost,

simulation is needed for the event generation of a given process. We use the software

package, Madgraph for event generation in this work [78]. This stage is referred to as

parton level or truth level. It can be helpful knowing the truth level for comparison to

detector reconstructions to back out the truth. The next step is to incorporate particle

showers and hadronization. In our Monte Carlo studies, we utilize the program Pythia

[79] to add realistic fragmentation, radiation, and hadronization to our parton level (truth

level) data. Lastly, if we want our events to be realistic, we use a detector simulation. In

this work we have used the software programs, PGS and Delphes [80] [81]. The goal of

the detector simulation is to turn the Pythia level events into detector objects: electron,

photon, muon, jets, and missing energy. Once the objects are identified in each event, the

events can be combined to form histograms of kinematic variables for further analysis.
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CHAPTER 5

Conclusion

In this dissertation, I have presented studies on the prospects of finding supersymmetry at

the LHC. Despite the null search results for superpartners, there are still good prospects

for discovery in the electroweak and stop sectors.

In Appendix A, I discussed use of a distinctive signal in certain SUSY decay topologies

involving onshell sleptons. This triangle signal is present in the dilepton invariant mass,

m`` and when utilized, can extend the mass reach for left-handed sleptons up to 600 GeV

for 5σ discovery at the 14 TeV LHC with 100 fb−1 of integrated luminosity.

We also considered pair production of sleptons in Appendix B. We extended the exper-

imental analysis reported for 8 TeV to other scenarios with LSPs of different composition

than Bino. We found that for a Higgsino-like LSP, the slepton decay fraction to charged

leptons is strongly dependent on the Bino-Wino mass ratio, M1/M2. The 95% C.L. limit

on the left-handed slepton mass can be extended by up to a factor of 2 depending on the

LSP composition. We also calculate the expected 95% C.L. limits and 5σ discovery reach

for sleptons at the 14 TeV LHC with 100 and 300 fb−1 of integrated luminosity. In the

best case scenario, sleptons can be discovered with masses up to 850 GeV at 5σ.

In Appendix C, I discuss other significant decay channels of the stop beyond the usual

decay to top (or bW ) and LSP. In particular, we highlight the decay through intermediate

neutralinos, with decay channels t̃1 → χ0
2 t→ χ0

1h t and t̃1 → χ±1 b→ χ0
1W

± b leading to a

combined signal of 4 b-jets, 2 jets, 1 lepton and 6ET . We find that stops with masses up to

940 GeV can be found with 5σ significance at the 14 TeV LHC with 300 fb−1 of integrated

luminosity.

We are entering an exciting era in particle physics led by the discovery of the Higgs. As

the LHC probes even higher energies, we hope to discover new physics at the TeV scale.

Perhaps we will unlock the secrets of supersymmetry.
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Abstract: The LHC studies on the MSSM slepton sector have mostly been focused on

direct slepton Drell-Yan pair production. In this paper, we analyze the case when the slep-

tons are lighter than heavy neutralinos and can appear in the on-shell decay of neutralino

states. In particular, we have studied the χ±
1 χ

0
2 associated production, with the consequent

decays of χ±
1 → νℓℓχ

0
1 and χ0

2 → ℓℓχ0
1 via on-shell sleptons. The invariant mass of the lep-

ton pairs, mℓℓ, from the neutralino decay has a distinctive triangle shape with a sharp

kinematic cutoff. We discuss the utilization of this triangle shape in mℓℓ distribution to

identify the slepton signal. We studied the trilepton plus missing ET signal and obtained

the effective cross section, σ × BR × acceptance, that is needed for a 5σ discovery as a

function of the cutoff mass for the LHC with center of mass energy 14TeV and 100 fb−1

integrated luminosity. Our results are model independent such that they could be applied

to other models with similar decay topology. When applied to the MSSM under simple

assumptions, it is found that with 100 fb−1 integrated luminosity, a discovery reach in the

left-handed slepton mass of about 600GeV could be reached, which extends far beyond the

slepton mass reach in the usual Drell-Yan studies.
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1 Introduction

While the Large Hadron Collider (LHC) has great potential in searching for strongly in-

teracting particles, its reach in the electroweak sector of new physics scenarios is limited

due to the suppressed electroweak production cross sections. Although those electroweak

particles could appear in the cascade decay of heavier colored objects, the discovery reach

depends strongly on the mass scale of the colored ones. Current LHC searches in the

Minimal Supersymmetric Standard Model (MSSM) are mostly focused on the direct pair

production of squarks and gluinos. Null search results from both ATLAS and CMS [1–13]

already exclude the mass of those colored particles up to about 1000GeV for uncompressed

spectrum cases. To minimize the dependence on the spectrum of heavy colored objects,

we consider the direct production of the electroweak sector of the MSSM in our current

study. In particular, we focus on the LHC reach for the discovery of the sleptons. A com-

plementary study on the LHC reach in the neutralino and chargino sector with decoupled

sleptons can be found in ref. [14].

If low energy supersymmetry is realized in the nature, sleptons are likely to be light.

This happens in the Gauge Mediated Supersymmetry (SUSY) breaking scenarios [15], as

well as the Anomaly Mediated SUSY breaking scenarios [16–18], in which the slepton

masses are proportional to the electroweak gauge couplings. Even in the minimal Gravity

Mediated SUSY breaking scenarios (mSUGRA) [19] where all the scalars have a common

mass m0 at some high energy scale, renormalization group running to low energies typically

pushes up the squark mass (due to the contributions of strongly interacting gluinos) while

the sleptons remain light. While the masses of the superpartners of the colored objects

– 1 –

54



J
H
E
P
0
5
(
2
0
1
2
)
0
8
1

have already been constrained by current search limits, it is timely to fully explore the

discovery potential of the LHC for the superpartners of leptons.

In the R-parity conserving MSSM with the lightest neutralino χ0
1 being the lightest

supersymmetric particle (LSP), χ0
1 is a good candidate for Weakly Interacting Massive

Particle (WIMP) dark matter [20, 21]. When sleptons are light, the t-channel diagram

mediated by the exchange of sleptons is important in determining the annihilation cross

section of χ0
1 dark matter [22–24]. Therefore, discovery of the sleptons is not only a

verification of low energy supersymmetry in nature; precise measurement of their masses

also plays an important role in determining the relic density of the neutralino LSP.

Earlier studies on the slepton discovery potential at the LHC mostly focused on

the Drell-Yan pair production of slepton pairs, with sleptons directly decaying down to

lepton and χ0
1 [25–30]. Most of those studies are done either in the mSUGRA frame-

work or for a certain set of benchmark points only. The Drell-Yan production cross sec-

tions for slepton pairs are typically small, suppressed both by the electroweak coupling

strength, as well as the scalar nature of the sleptons. The LHC reach is very limited:

mℓ̃L
& 300GeV and mℓ̃R

& 200GeV for the LHC with center of mass 14TeV and 30 fb−1

integrated luminosity [28–30].

In our study, we focused on an alternative production mechanism for the sleptons

via the on-shell decay of heavier neutralino and chargino states [31, 32]. In particular,

we considered the scenario where M1 < mℓ̃L
< M2 ≪ µ (M1, M2 and µ being the mass

parameters for Bino, Winos and Higgsinos, respectively) and studied the pair production of

Wino-like1 χ±
1 χ

0
2 with the subsequent decay of χ0

2 → ℓℓ̃L → ℓℓχ0
1 and χ±

1 → ℓν̃, νℓ̃L → ℓνχ0
1.

The collider signature is trilepton plus missing ET .

Compared to the traditional searches of slepton Drell-Yan pair production with dilep-

ton plus missing ET signature, this channel is advantageous for the following reasons.

Firstly, the production cross section for χ±
1 χ

0
2, although also at the electroweak strength,

is larger than slepton pair production due to the fermionic nature of the neutralinos and

charginos. Secondly, for χ0
2 and χ±

1 being dominantly Wino, the decay branching fraction

into left-handed sleptons is almost 100%. Thirdly, the SM backgrounds for this trilepton

signature are also much smaller, with dominant contributions from the leptonic decay of

WZ and asymmetric conversion in WZ/γ∗, as well as tt̄ with an extra lepton from heavy

flavor decay.

In addition, the invariant mass of the dileptons from the χ0
2 cascade decay chain, mℓℓ,

has a distinctive triangle shape, with a sharp kinematic cutoff, mcut completely determined

by mχ0
2
, mχ0

1
and mℓ̃L

[33]. This triangle feature has been mostly used as a precise de-

termination of the slepton mass [33–35]. It is also used in the recent CMS opposite sign

dilepton searches to enhance the signal acceptance [13]. Although this spectral shape can

be obvious to the eye, it could easily get washed out when SM backgrounds are considered.

In our study, we explore the LHC discovery potential for sleptons by performing a fit to

this triangle spectral shape. We also fit the dilepton invariant mass distribution from the

1By “Wino-like”, we refer to the case that χ±
1 and χ0

2 are mostly Winos with a small mixture of Higgsino

and Bino states that is suppressed by O(mZ/µ) or smaller.

– 2 –
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dominant SM backgrounds (either containing a Z/γ∗ or from tt̄). Since we keep the overall

normalization of the backgrounds that contain a Z as a fitting parameter, our treatment

allows us to include other backgrounds that contain a Z as well, for example, those from

other SUSY processes. We obtain the effective cross section, σ× BR × acceptance, neces-

sary for a 5σ discovery as a function of the cutoff mass. This result is model independent

and can be applied to any new physics model that gives rise to the same decay topology and

signature. When applied to the MSSM slepton produced in the cascade decay of Wino-like

χ±
1 χ

0
2, we obtain the 5σ reach in the parameter space of M2 vs. mℓ̃L

.

Note that even though we used the cascade decay via left-handed slepton (sneutrino)

in our study since our method works more effectively in such scenario, it could be applied

to cascade decay via the right-handed slepton as well. The branching fraction of χ0
2 to the

right-handed slepton, however, are typically suppressed, except in the limited parameter

space when χ0
2 → ℓℓ̃R is the only on-shell two-body decay channel.

A recent analysis by ATLAS on the same sign dilepton plus missing ET signature [5]

studied χ±
1 χ

0
2 associated production with decays of χ±

1 and χ0
2 via on-shell slepton in a

simplified weak gaugino production model. With 1 fb−1 at the 7TeV LHC, masses of χ±
1

(χ0
2) up to 200GeV for mχ0

1
= 0GeV were excluded at 95% C.L., based on event counting.

Fitting the dilepton invariant mass distribution was also performed in the opposite sign

dilepton plus missing ET search at CMS [13]. With 0.98 fb−1 integrated luminosity at the

7TeV LHC, 95% C.L. upper limits on the cross section times acceptance of about 4 − 30 fb

is obtained for the cutoff mass scale between 20 to 300GeV.

The outline of the paper is as follows. In section 2, we discuss the slepton production

and decay, focusing on the sleptons produced via neutralino/chargino cascade decay and

identify their collider signature. In section 3, we present the triangle spectral shape of the

dilepton invariant mass distribution and discuss the parameter dependence of the cutoff

mass. In section 4, we review the current collider bounds on sleptons as well as bounds on

neutralinos and charginos in the MSSM. In section 5, we discuss in detail our treatment

of the signal, as well as the SM backgrounds by fitting to the spectral shape of the mℓℓ

distribution. In section 6, we present the model-independent least effective cross section,

σ ×BR× acceptance, that is needed for a 5σ discovery as a function of cutoff mass at the

LHC with center of mass energy 14TeV and 100 fb−1 luminosity. In section 7, we apply

our study in the MSSM electroweak sector and show the 5σ reach in M2 vs. mℓ̃L
parameter

space. In section 8, we conclude.

2 MSSM with light gauginos and sleptons

We consider the low lying spectrum of the MSSM electroweak sector, which includes only

neutralinos, charginos, and light sleptons. In our discussion below, we assume the canon-

ical case where M1 < M2, µ and the lightest neutralino LSP is dominantly Bino-type.

Scenarios with other mass orderings can be studied similarly. The slepton mass spectrum

is determined by (M2
ℓ̃
)LL, (M

2
ℓ̃
)RR and (M2

ℓ̃
)LR, where each M2

ℓ̃
is a 3 × 3 matrix, rep-

resenting three generations. In our study, we take the simple assumption that the flavor

mixing between generations is negligible. The phenomenology and implication of sizable

– 3 –
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flavor mixing in the slepton sector can be found in ref. [36–39]. Furthermore, the left-right

mixing in the slepton sector is typically proportional to the lepton Yukawa, which is small

for the first two generations. Therefore, we assume there is no left-right mixing for selec-

trons and smuons and label the mass eigenstates as ℓ̃L and ℓ̃R, for ℓ = e, µ, with masses

mℓ̃L
and mℓ̃R

, respectively. For the stau, left-right mixing could be sizable, especially with

large tanβ. The mass eigenstates are labeled as τ̃1 and τ̃2. There are three parameters

involved for the stau sector: mτ̃1 , mτ̃2 and the left-right mixing angle θτ̃ . Our discussion

below applies to the simplified case of selectrons and smuons, although it could be adapted

to the stau case as well. For sneutrinos, their masses mν̃ℓ are also determined by (Mℓ̃)
2
LL.

Therefore, their masses are related to mℓ̃L
with a small splitting introduced by electroweak

effects: m2
ν̃ℓ

= m2
ℓ̃L

+m2
W cos 2β; for the allowed range of tanβ > 1, mν̃ℓ < mℓ̃L

.

The direct production channels of sleptons are Drell-Yan pair productions2 of ℓ̃Lℓ̃L,

ℓ̃Lν̃ℓ, ν̃ℓν̃ℓ and ℓ̃Rℓ̃R. The production cross sections are typically small due to both the

electroweak coupling strength and the scalar nature of the particles. At the LHC with√
s = 14TeV, the cross sections vary from 0.2 pb to 0.5 fb for ℓ̃Lℓ̃L and ν̃ℓν̃ℓ, from 0.8 pb

to 1.5 fb for ℓ̃Lν̃ℓ, and from 0.08 pb to 0.2 fb for ℓ̃Rℓ̃R, for masses of sleptons in the range

of 100 to 500GeV [26, 27].

The decay of right-handed sleptons is quite straightforward, proceeding dominantly

into ℓχ0
1. In cases when on-shell decay of ℓ̃R into higher neutralino states is open and

when there is a significant Bino component in higher neutralino states (typical for µ ∼
M1), ℓ̃R → ℓχ0

2,3,4 could also contribute, although the decay branching fraction is almost

always suppressed.

The decay of left-handed sleptons depends on the neutralino and chargino spectrum,

in particular, that of Wino-type neutralino and charginos. Since the decay of sleptons into

Higgsino-type neutralinos and charginos are typically suppressed, we assume M2 ≪ µ, and

thus χ0
2, χ

±
1 are mostly Wino-like. Formℓ̃L

, mν̃ℓ < M2, the branching fractions of ℓ̃L → ℓχ0
1,

ν̃ℓ → νℓχ
0
1 are almost 100%. Once mℓ̃L

, mν̃ℓ & M2, the decays of ℓ̃L → ℓχ0
2, νℓχ

±
1 ,

ν̃ℓ → νℓχ
0
2, ℓχ±

1 become dominant. The branching fraction is about 10% into χ0
1, 30% into

χ0
2, and 60% into χ±

1 . With the subsequent decay of χ0
2 → Z(∗)χ0

1, hχ0
1 and χ±

1 → W (∗)χ0
1,

left-handed slepton and sneutrino decay would have multi-lepton, multi-jets, plus missing

ET final states.

For the Drell-Yan pair production of sleptons with dominant direct decay of sleptons

into χ0
1, the collider signatures are dilepton plus missing ET for ℓ̃Lℓ̃L and ℓ̃Rℓ̃R, single lepton

plus missing ET for ℓ̃Lν̃ℓ, and missing ET only for ν̃Lν̃L. The single lepton channel suffers

from large SM backgrounds, mainly W . The missing ET only signature from ν̃Lν̃L needs an

extra jet or lepton from initial or final state radiation, which leads to further suppression

of signal cross sections. Current collider analyses of slepton Drell-Yan production focus

on the final states of two isolated energetic leptons plus missing ET [26–30]. The SM

backgrounds are typically large, dominantly from WW or tt̄. The LHC reach is very

limited: mℓ̃L
& 300GeV and mℓ̃R

& 200GeV for the LHC with center of mass 14TeV and

30 fb−1 integrated luminosity [28–30].

2For the case of stau, additional stau pair productions from b-quark annihilation and gluon fusion could

enhance the cross sections by more than one order of magnitude in certain parameter space [41].
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Figure 1. The left plot shows the cross section for χ±
1 χ

0
2 associated production in the pure Wino

case at the LHC with center of mass energy 14TeV. Here we have decoupled both Higgsinos as well

as squarks by setting their masses to be 3TeV. The right plot shows an example of the production of

the trilepton plus missing ET final states via the cascade decay of χ±
1 χ

0
2 through on-shell sleptons.

In this paper, we explore alternative production channels for sleptons, in particular,

ℓ̃L and ν̃ℓ, via the decay of heavier neutralinos and charginos. The coupling of Higgsinos

to sleptons are highly suppressed by the small lepton Yukawa coupling, therefore the pro-

duction of sleptons from Higgsino decay is negligible. We assume µ is heavy and decouple

Higgsinos. Winos, on the other hand, could dominantly decay into ℓ̃L and ν̃ℓ once it is

kinematically available, since the competing processes of χ0
2 → Zχ0

1, hχ
0
1 and χ±

1 → Wχ0
1

suffer from small neutralino mixing. The pair production cross sections of Wino-like neu-

tralinos/charginos are larger compared to those of sleptons of similar mass. In figure 1,

we show the production cross section (calculated in Madgraph 5 version v0.6.2 [40]) for

Wino-like χ±
1 χ

0
2 for the LHC with

√
s = 14TeV. The cross section is about 10 pb for M2

around 100GeV, which drops to about 10 fb for M2 around 700GeV. In principle, ℓ̃L,R
could also appear in Bino-like neutralino decay, in cases of M1 > mℓ̃,M2, µ. However, the

pair productions of Bino-type neutralino with other neutralinos/charginos are typically

suppressed due to the small neutralino mixing effects.

For M1 < mℓ̃L
,mν̃ℓ < M2 , the lightest chargino χ±

1 dominantly decays into ℓν̃ℓ and

νℓℓ̃L. With the consequent decay of ν̃ℓ and ℓ̃L directly into χ0
1, the branching fraction

of χ±
1 → ℓνℓχ

0
1 is almost 100%. χ0

2, on the other hand, decays into νℓν̃ℓ and ℓℓ̃L with

about the same branching fraction. The former decay leads to ννχ0
1 final states, while the

latter process has two isolated charged leptons ℓℓχ0
1. Considering trilepton plus missing

ET signatures, the overall branching fraction of χ±
1 χ

0
2 into this final state is about 50%.

Combining the production cross section of χ±
1 χ

0
2, left-handed sleptons could be produced in

the decay products of Wino-like heavier neutralino and charginos states with relatively large

cross sections compared to the direct Drell-Yan process. Relatively small SM background

for the trilepton final state and the distinctive triangle spectral shape for mℓℓ render this

channel useful in probing the left-handed sleptons at the LHC. Of course it should always

be kept in mind that such slepton production is only possible when the slepton masses are

less than M2.
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Figure 2. The dependence of the dilepton invariant mass mℓℓ distribution endpoint mcut on

the slepton mass mℓ̃, for (M1,M2)=(50,400) GeV (solid curve) and (50,225) GeV (dashed curve).

Benchmark point I: (M1,M2,mℓ̃L
) = (50, 225, 200)GeV and benchmark point II: (M1,M2,mℓ̃L

) =

(50, 400, 220)GeV are displayed as dots. Also plotted is the Z boson mass in red dotted line.

It should also be noted that such slepton production via cascade decay of heavier

neutralinos and charginos works effectively for the left-handed charged sleptons. For the

right handed sleptons, even if it is lighter than M2, the branching fraction is small in

general compared to the dominant decays of χ0
2 → Zχ0

1, χ
0
2 → hχ0

1 since it is suppressed by

the small Wino-Bino mixing. It only becomes important in the limited parameter regions

with small M2 − M1 such that the on-shell decay of χ0
2 into the dominant channels are

forbidden. Therefore, in our study below, we focus on the light left-handed sleptons.

In cases when µ is lighter: M1 < µ < M2, additional decay modes of heavier Wino

states into lighter Higgsino states plus Higgses open, which could lead to the suppression

of the branching fractions of Winos decaying into sleptons. The results that we obtained in

our study, however, can also be applied to such cases, taking into account the suppressed

branching fractions.

3 mℓℓ distribution and triangle shape

One distinctive feature of the dileptons from the on-shell cascade decay of χ0
2 (see the

right plot of figure 1) is that the invariant dilepton mass mℓℓ distribution has a triangle

shape [33], with a cutoff mass determined by the masses of the χ0
1,2 and ℓ̃:

mcut = mχ0
2

√√√√1−
m2

ℓ̃

m2
χ0
2

√√√√1−
m2

χ0
1

m2
ℓ̃

. (3.1)

figure 2 shows the dependence of mcut on mℓ̃ for a given set of (M1,M2). mcut varies in

the range of 0 to M2 −M1. For M2 −M1 > mZ , mcut is larger than mZ (indicated by the

straight red dotted line in figure 2) for a large range of mℓ̃. This is advantageous since we

can effectively suppress the dominant SM background from WZ/γ∗ by imposing a mℓℓ cut

to be above mZ .
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This feature in the mℓℓ spectral shape is often used as a precise determination of the

slepton mass [33]. Even in the case of off-shell sleptons in neutralino decay, there have been

studies in the literature exploring the sensitivity of the mℓℓ spectral shape on the slepton

mass [34, 35]. In our study below, we explore how to use this distinctive triangle shape of

the mℓℓ distribution to identify the slepton signal from the SM backgrounds. This triangle

shape in mℓℓ is not unique to the specified χ0
2 decay in the MSSM; it could appear in many

new physics model with a similar cascade decay topology that gives rise to two leptons.

Our analysis is therefore model independent and can be applied to a more general set of

new physics models.

4 Current collider search limits

The current best limits on the slepton masses come from LEP searches for dilepton plus

missing energy signatures [42] with
√
s up to 208GeV. For a mass splitting between slepton

and neutralino LSP above 15GeV and considering only the contribution from right-handed

sleptons, the mass limits are: mẽ > 99.6GeV, mµ̃ > 94.9GeV and mτ̃ > 85.9GeV. This is

conservative, since the production cross section for the left-handed sleptons is higher. For

stau, it is possible to have a large left-right mixing, which could decrease the production

cross section for the lightest stau pair. A lower limit of mτ̃ > 85.0GeV can be obtained

when the production cross section for the lightest stau is minimized. It should be noted

that the slepton mass limits are obtained with µ = −200GeV and tanβ = 1.5, a point at

which the neutralino mass limit based on the LEP neutralino and chargino searches is the

weakest, and the selectron cross section is relatively small. The gaugino mass unification

relation M1 = (5/3) tan2 θWM2 is assumed, which is relevant in fixing the masses and field

content of the neutralinos. Slepton mass limits would change for a non-unified mass relation

between M1 and M2, since neutralinos appear in both the slepton decay final states, as

well as participating in the t-channel diagram for selectron production. For selectrons,

ẽLẽR production is also possible via t-channel neutralino exchange. In the case where the

ẽR − χ0
1 mass splitting is small and the usual acoplanar dilepton search is insensitive, a

single lepton plus missing energy search yields a lower limit on mẽR of 73GeV, independent

of mχ0
1
[43, 44]. For sneutrinos, a mass limit of 45GeV can be deduced from the invisible

Z decay width [45]. An indirect mass limit on sneutrinos could be derived from the direct

search limits on the charged slepton masses.

Since we consider the production of sleptons from heavier neutralino decay, we also

summarize the current status of the neutralino and chargino sector. Charginos χ±
1 can be

pair produced at LEP via s-channel exchange of Z/γ∗ or t-channel exchange of ν̃e, with

destructive interference. It decays to ff̄ ′χ0
1 via a virtual W or sfermion, or dominantly to

ff̃ ′ when two body decay is kinematically accessible. In the case of heavy sfermions and

a mass splitting mχ±
1
−mχ0

1
of at least a few GeV, a robust chargino mass lower limit of

103.5GeV can be obtained for sneutrino masses larger than 300GeV [46], assuming the

gaugino mass unification relation. For the case of small mass splitting between the lightest

chargino and neutralino LSP, limits have been obtained for the degenerate gaugino region

(M1 ∼ M2): mχ±
1

> 91.9GeV for large sneutrino mass, as well as the “deep Higgsino”
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region (|µ| ≪ M1,2): mχ±
1
> 92.4GeV [47]. For lower sfermion masses, the limit is worse

due to the reduced pair production cross section, as well as the reduction of selection

efficiency due to the opening of two body decay channels. In particular, there is a so called

“corridor” region where mχ±
1
−mν̃ℓ is small and the lepton from χ±

1 → ℓν̃ℓ is so soft that

it can escape detection. Associated production of χ0
1χ

0
2 can be studied in cases where the

chargino search becomes ineffective. Limits on chargino and neutralino masses for the light

sfermion case, therefore, depend on the sfermion spectrum.

For the lightest neutralino LSP, there is no general mass limit from LEP if the gaugino

mass unification relation is not imposed. Production via s-channel exchange of Z/γ∗ could

be absent for a Bino-like neutralino, and t-channel production could be negligible for heavy

selectrons. An indirect mass limit on the neutralino LSP can be derived from chargino,

slepton and Higgs boson searches, when gaugino mass (and sfermion mass) unification

relation is assumed. A lower mass limit of 47GeV can be obtained at large tanβ [48],

while a tighter limit of 50GeV can be derived in the mSUGRA scenario [49].

Trilepton searches at Tevatron Run II [50–52] study the associated production of χ±
1 χ

0
2

with the subsequent decay of χ±
1 → ℓνχ0

1 and χ0
2 → ℓ+ℓ−χ0

1. σ × BR(χ±
1 χ

0
2 → 3ℓ) is

bounded to be less than about 0.13 − 0.06 pb (0.5 − 0.1 pb) from DØ (CDF) searches

for chargino mass in the range of 100 − 180GeV. For sufficient light sleptons, the leptonic

decay branching fractions are large and a mass limit on the lightest chargino can be derived

based on the null search results. A chargino mass limit of 138GeV is obtained based on

DØ searches, when the leptonic branching fraction for three body decay is maximized, while

no mass limit can be derived in the large m0 case [52]. A recent CDF analysis with 5.8

fb−1 data gives a mass limit on the chargino to be 168GeV at 95% C.L., for the mSUGRA

benchmark point m0 = 60GeV, tanβ = 3 and A0 = 0 [50, 51].

Limits on σ × BR(≥ 3ℓ) are also obtained based on the recent trilepton search from

CMS collaboration using 2.1 fb−1 data collected at the LHC with
√
s = 7TeV [12]. No

jet veto is imposed and the dominant contribution to the trilepton signal is from gluino

cascade decay. No limit on the chargino mass can be derived based on the direct pair

production of χ±
1 χ

0
2.

Recent analyses by ATLAS on the same sign dilepton plus missing ET [5] studied χ±
1 χ

0
2

associated production with the consequent decay of χ±
1 and χ0

2 via an on-shell slepton.

Assuming mℓ̃ =
1
2(mχ0

1
+mχ±

1
), mχ±

1
= mχ0

2
, masses of χ±

1 (χ0
2) up to 200GeV for mχ0

1
=

0GeV are excluded at 95% C.L with 1 fb−1 data collected at the 7TeV LHC. For mχ0
1

about 50GeV, the limit on mχ±
1
, mχ0

2
is weakened to be about 150GeV.

CMS performed an analysis on the opposite sign dilepton plus missing ET final states

by looking for the kinematic edge in the dilepton invariant mass distribution [13]. With

0.98 fb−1 integrated luminosity at the 7TeV LHC, 95% C.L. upper limits on the cross

section times acceptance of about 4 − 30 fb are obtained for the cutoff mass scale between

20 to 300GeV, assuming the signal efficiency of the LM1 benchmark point: m0 = 60GeV,

m1/2 = 250GeV, tanβ = 10, A0 = 0 and µ > 0.
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5 Method

The dominant standard model backgrounds for the trilepton plus missing ET signal come

from the leptonic decay of WZ and asymmetric conversion in WZ/γ∗, as well as tt̄ with

a fake lepton (dominantly from b decay). Note that trileptons from heavy flavor bottom

and charm decay (produced in association with Z/γ∗) could also be a significant back-

ground [53]. As explained below, the overall normalization of backgrounds with a Z peak

is a fitting parameter in our analysis; backgrounds containing heavy flavor produced in

association with Z/γ∗ could be included as well. Therefore, we don’t simulate such heavy

flavor backgrounds in our analyses.

Many SUSY models can generate a trilepton signal, for example, χ±
1 χ

0
2 with χ0

2 →
χ0
1Z

(∗) and χ±
1 → χ0

1W
(∗). For large mass splitting of mχ0

2
− mχ0

1
> mZ , the dilepton

invariant mass distribution from an on-shell Z looks like that of Standard Model WZ.

Such SUSY backgrounds, if they exist, are included in our fitting to mℓℓ from the Z pole,

since the overall normalization of the Z contribution is a fitting parameter. For small

mass splittings mχ0
2
− mχ0

1
< mZ , mℓℓ is peaked near mχ0

2
− mχ0

1
. For such a case, a

dedicated analysis to distinguish such off-shell Z contributions from the triangle spectral

shape is necessary.

The first difficulty in reconstructing the trilepton event is the combinatorial ambiguity

arising from the presence of a third lepton in the final state. To resolve this issue we use the

standard technique of same-sign subtraction. We construct our invariant mass histograms

by including both of the opposite-sign pairs of leptons and then subtract the histogram

of same-sign dilepton invariant mass to have a good approximation to the histogram of

invariant masses of the correct pair of opposite-sign leptons, which is otherwise not exper-

imentally accessible. While other techniques exist to resolve this ambiguity [54], they all

sacrifice statistics for purity, and as our intent is to find the general shape, the statistics

will generally be of more value for us than the purity.

We model the dilepton invariant mass distribution by:

dσ

dmℓℓ
= (ftriangle ∗ g) + fZ + a0ftt̄. (5.1)

The first term models the triangle shape of the mℓℓ from the signal process:

ftriangle(mℓℓ) =

{
2Nsig

mℓℓ

m2
cut

0 < mℓℓ < mcut

0 otherwise
, (5.2)

where Nsig and mcut are fit parameters for the number of counts in the triangle and the

mass of the cutoff. To take into account the detector effects, we smear the triangle by a

convolution of the triangle function with a gaussian with variance σ2 shown below:

(ftriangle ∗ g) ≡
1√
2πσ

∫ ∞

−∞
dt e−

t2

2σ2 ftriangle(mℓℓ − t). (5.3)

The second term models the contribution to mℓℓ from processes that involves a Z peak

using the Breit-Wigner function:

fZ(mℓℓ) =
A

2π

Γ

(mℓℓ −m0)2 + (Γ/2)2
, (5.4)
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where A,m0,Γ are fit parameters for the amplitude, centroid, and width of the Z pole.

Note that we fit the centroid and the width of the Z pole instead of using the SM values

to account for the smearing effects introduced by the detector resolution.

The last term models the contribution to mℓℓ from tt̄ trilepton events, where ftt̄ is

the mℓℓ distribution from tt̄ dilepton events taken from Monte Carlo, scaled by a factor

a0, a parameter to represent the fake rate of tt̄ to give three leptons. This is intended to

emulate a data-driven background understanding, where the dilepton mass distribution is

measured in a control region and then used to understand the background in the signal

region. We choose the dilepton distribution because we expect that the two “wrong” pairs

will largely cancel each other out in the subtracted distribution.

Thus, we have in total seven fitting parameters:

• Number of events in triangle: Nsig

• Cutoff in triangle distribution: mcut

• Amount of gaussian smearing of the triangle: σ

• Amplitude of Z peak: A

• Apparent width of Z peak: Γ

• Apparent centroid of Z peak: m0

• Fake rate for tt̄ events: a0

We use Madgraph 5 version v0.6.2 [40] and Madevent v4.4.57 [55] to generate our

signal and background events. These events are passed to Pythia v6.4 [56] to simulate

initial state radiation, final state radiation, showering and hadronization. Additionally we

use PGS4 [57] with the ATLAS detector card to simulate detector effects. The fitted value

for Z peak width in the SM WZ/γ∗ background sample is 3.121GeV, which agrees well

with the ATLAS public results for the calibrated Z → e+e− invariant mass with 4.6 fb−1

data [58] . Note that, in producing and fitting the dilepton invariant mass, we require

only that there be three leptons in the event. In particular, there is no requirement of

low hadronic activity, which means that strong production of particles which later decay

through an on-shell slepton can also be measured using this technique. We also do not

require any missing energy, which allows this technique to be applicable in scenarios which

do not include an invisible final state particle, such as R-parity violating theories. In

general, some minimal requirement will be needed to ensure that events can be triggered

on (either through a single lepton trigger or dilepton trigger), but all of the points we

consider have spectra which are not compressed enough to have significant loss due to

triggering efficiencies.

For signal generation, we considered the simplified case where the lightest neutralino is

purely Bino in nature, and the second neutralino is purely Wino, with degenerate charginos

which are also purely Wino: mχ0
1
= M1 and mχ±

1
= mχ0

2
= M2. This corresponds to taking

the Higgsino mass parameter µ to be heavy such that the Higgsinos decouple. We assume

– 10 –
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there is no left-right mixing, as well as no flavor mixing between slepton generations. We

also completely decouple the heavy colored objects. The relevant mass parameters involved

are M1, M2 and mℓ̃L
.

We simulate the associated production of χ±
1 χ

0
2 with the consequent decay of χ±

1 and

χ0
2 via left-handed sleptons, as shown in figure 1. As discussed earlier in section 2, since

χ0
2 has equal probability to decay into ℓ̃L or ν̃ℓ, we obtain trilepton final states ℓℓℓ+ 6ET

50% of the time. For simplicity, we only consider trilepton events with ℓ being either

an electron or muon. In cases with lepton universality, mẽL = mµ̃L = mτ̃L , we could

study the same flavor, opposite sign mℓℓ distribution. For non-degenerate slepton masses

between generations, multiple triangle shapes appear and the analysis is more complicated,

though with no flavor mixing they appear in different channels. Note that in the realistic

case when the neutralino and chargino mass eigenstates are not the pure gauginos, the

corresponding branching fractions for the decay into ℓ̃L and ν̃ℓ need to be considered. For

the backgrounds, we generate the SM WZ/γ∗ trilepton events, as well as tt̄ with both tops

decaying leptonically.

We construct our signal and background histograms of the dilepton invariant mass by

using our Monte Carlo data as probability distributions from which we select events. For

the signal, we draw from the opposite-sign lepton events 2Nsig times and draw from the

same-sign lepton events Nsig times and construct the difference between the opposite-sign

and same-sign distributions. Nsig is the number of events that we are including in the

pseudoexperiment we are currently generating. For a given luminosity, Nsig = L × σsig ×
BR× acceptance. Similarly, we can draw NWZ/γ∗ events from the SM WZ/γ∗ background
and construct the corresponding mℓℓ distribution.

Purely leptonic tt̄ decay could lead to trilepton events with a third faked lepton from

b decay. In the pseudoexperiment we are currently generating, we estimate the expected

trilepton events Ntt̄ using the fake rate estimated from PGS simulation: Ntt̄ = L × σtt̄ ×
BR× fake rate× acceptance, where the fake rate is about 4.3× 10−3.

In a trilepton tt̄ sample, the opposite sign dilepton mℓℓ distribution originating from

W+W− decay is the same as the dilepton distribution from dilepton tt̄ events. Therefore,

we draw from the opposite-sign dilepton distribution of the dilepton tt̄ event samples Ntt̄

times to simulate the expected final distribution of mℓℓ from W pair decay. The opposite-

sign/same-sign dilepton mℓℓ distributions with one lepton from the W and the other from

the b jet originating from the same top/the other top decay can have very different dis-

tributions in principle. However, due to poor Monte-Carlo statistics on the three lepton

tt̄ events, we take the simplified assumption that the same sign and opposite sign mℓℓ

distributions from the Wb combination are very similar. We build two random histograms

from the same-sign dilepton distribution of the trilepton tt̄ sample with Ntt̄ entries each to

simulate the wrong pair of opposite-sign leptons and the same-sign pair of leptons, respec-

tively. We then combine these histograms appropriately to get our pseudoexperiment result

histogram for the tt̄ background. While this is not a perfect description of the background

in question, it is approximately valid and a more accurate data-driven background method

than the one we use will be able to include those differences without great difficulty, so the

sensitivities we find using this technique should be valid.
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Figure 3. mℓℓ distribution (after same-sign subtraction) for MSSM trilepton signal and domi-

nant SM backgrounds at the 14TeV LHC with an integrated luminosity of 100 fb−1. The rele-

vant MSSM parameters are chosen to be benchmark point I: (M1,M2,mℓ̃L
) = (50, 225, 200)GeV

with mcut =100GeV (left plot), and benchmark point II: (M1,M2,mℓ̃L
) = (50, 400, 220)GeV with

mcut =325GeV (right plot). Also shown as black curves are the best fit distribution using eq. (5.1).

In figure 3, we show the mℓℓ distribution for the MSSM trilepton signal and domi-

nant SM backgrounds at the 14TeV LHC with integrated luminosity of 100 fb−1, for two

benchmark points: I, (M1,M2,mℓ̃L
) = (50, 225, 200)GeV (left plot); II, (M1,M2,mℓ̃L

) =

(50, 400, 220)GeV (right plot). The corresponding triangle cutoff masses are 100GeV and

325GeV, respectively. For mcut near mZ (as in Benchmark Point I), the triangle distribu-

tion of mℓℓ from the signal process is buried under the SM Z pole, making the identification

of such triangle features much more difficult. For mcut far above mZ (as in Benchmark

Point II), the sharp cutoff feature in mℓℓ distribution can be easily identified from the SM

background, as shown in the right plot of figure 3.

For a given value of integrated luminosity, we fit the mℓℓ distributions built from

the signal and background events generated as described above, using formulae given in

eqs. (5.1)–(5.4) with seven fitting parameters. When the cutoff falls near the Z pole, we

find that the fitting routine has too much freedom and often fails to identify the cutoff in

the proper location. This failure is due to the similarity of the sharp feature of the cutoff

and the edge of the Z pole. This results in a large degeneracy in the signal and Z pole

fit parameters. Therefore, we fix the Z width, Γ to be 3.121GeV and centroid position,

m0 to be 90.158GeV when the cutoff is less than 150GeV. These values are obtained from

the mℓℓ distribution of the SM WZ/γ∗ backgrounds for events passed through the PGS

detector simulation.

We perform a χ2 fit using the MINUIT fitting routine [59]. We fit from 20GeV to

(mcut+100GeV), with a fixed binning scheme of 3GeV/bin. Note that an initial iteration

with a larger fit range is first used to determine the approximate location of mcut. We find

a good fit to the data with χ2/dof ∼ 1 for all cutoff masses. For high cutoff masses, χ2/dof

is slightly lower due to the fact that our fit spans more bins. Conversely, we find a slightly

higher χ2/dof at lower cutoff mass. The data driven approach to fitting the background
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A Γ m0 a0 mcut Nsig σ χ2/dof

(GeV) (GeV) (×10−3) (GeV) (GeV)

Benchmark input 3.981× 103 3.121 90.158 4.280 99.8 1.85× 104

Point I fitted 3.299× 103 (3.121) (90.158) 5.420 99.5 1.83× 104 0.980 1.54

Benchmark input 3.981× 103 3.121 90.158 4.280 325.3 3.17× 103

Point II fitted 3.347× 103 2.914 90.041 4.412 321.9 3.14× 103 2.319 0.94

Table 1. Input and final fitting parameters to eq. (5.1) for two benchmark points: I,

(M1,M2,mℓ̃L
) = (50, 225, 200)GeV; II, (M1,M2,mℓ̃L

) = (50, 400, 220)GeV, for the 14TeV LHC

with L = 100 fb−1. The cutoff for benchmark I is less than 150GeV so we fix the width and centroid

of the Z peak with the values obtained from the mℓℓ distribution of the SM WZ/γ∗ backgrounds

based on Monte-Carlo simulation.

works very well providing a best fit χ2/dof of about 1 when fitting only the background.

For high cutoff masses, we also consider fits from 125GeV to (mcut+100GeV). This to

ensure that our fits for the cutoff at high mass are not being influenced too greatly by

fitting the Z at low mass. As an illustration, we show in table 1 the input parameters for

the simulation, as well as the fitting parameters for the two benchmark points.

6 Results

Using the fitting strategy described above and assuming only the SM backgrounds for

trilepton plus missing ET signals, for a given cutoff mass mcut, we fit for the cutoff feature,

marginalizing over all the other six fit parameters. This allows us to determine the number

of events required for a detection of the cutoff feature with 5σ-level confidence. We consider

cutoff masses ranging from 75 to 650GeV stepping by 25GeV, with finer stepping around

the Z pole. As explained before, for cutoff masses below 150GeV, we perform a five-

parameter fitting with the Z width and centroid fixed. For cutoff masses above 150GeV,

we perform a seven-parameter fitting, allowing the fitting parameters of the Z pole to

vary freely.

In the left plot of figure 4 we plot the required effective trilepton cross section, σ ×
BR× acceptance, as a function of cutoff mass for 5σ discovery at the 14TeV LHC with an

integrated luminosity of 100 fb−1. The maximum near 100GeV is due to the difficulty of

detecting the cutoff feature near the Z pole. There is a significant parameter degeneracy

between the amplitude of the Z and the number of counts in the triangle. The effect

also creates a significant scatter amongst the data points. At cutoff masses greater than

150GeV, the required cross section for detection decreases with increasing cutoff mass.

The scatter at high cutoff mass is due to statistical fluctuations in the Monte Carlo during

the fitting process. The quality of the fit, however, depends on the range of mℓℓ that is

used in the fitting.

In the right plot of figure 4, we show the 5σ reach in the effective cross section similar

to the left plot, but only fitting the mℓℓ distribution above 125GeV rather than above

20GeV, such that the background contributions are significantly less relevant to the fit.
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Figure 4. Effective trilepton cross section, σ×BR× acceptance, at the 14TeV LHC required for

a 5σ detection of the cutoff feature with an integrated luminosity of 100 fb−1. For the left plot, the

cross section reach is obtained with a fitting for mℓℓ in the range of 20GeV to (mcut+100GeV).

The inserted plot shows the zoom-in region of the dashed box for mcut between 80 to 155GeV.

For the right plot, a fitting range of 125GeV to (mcut+100GeV) is used. Error bar for each point

indicates the minimal and maximum values for σ×BR×acceptance that are obtained in our trials.

Comparing to the left plot, in which a blind fitting is performed without prior knowledge

of possible range of mcut, although the resulting lower limit on the effective cross section

is very similar in both cases, the fit with mℓℓ > 125GeV above the Z pole is more robust

since it greatly reduces the dependence on the precise knowledge of the backgrounds, in

particular, those containing a Z pole.

Note that the above result is obtained for an integrated luminosity of 100 fb−1. There

is no simple scaling behavior of the required effective cross section for a different luminosity

because this fitting technique does not have the simple statistical behavior of a counting

experiment. In order to understand the sensitivity of this technique at significantly different

luminosities it is necessary to generate a new set of pseudoexperiments and analyze them

as explained above.

7 Slepton reach in MSSM

The most straightforward application of this search is to a system which gives the maximal

branching ratio for the slepton decay of the second neutralino. We therefore consider the

simplified MSSM scenario that is described earlier, in which χ0
1 is purely Bino and χ±

1 , χ
0
2

are purely Winos with no left-right mixing in the slepton sector and squarks decoupled.

Note that in this simplified scenario, such a trilepton search channel is only sensitive to

the intermediate ℓ̃L since decays to ℓ̃R are forbidden due to the absence of couplings.

Wino pair production χ±
1 χ

0
2 is completely controlled by gauge couplings in this approx-

imation, which allows us to make robust predictions for the cross section of this process.

With our fitting strategy, for a given mass parameter set with known production cross sec-

tion, we allow the luminosity to shift until the triangle spectral shape in mℓℓ distribution is
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Figure 5. Luminosity required at the 14TeV LHC for a 5σ detection of the cutoff feature above

the SM backgrounds. In the left plot, we assume only the left-handed selectron is accessible in the

cascade decay of χ0
2. In the right plot, we assume that all slepton masses are degenerate. The cross

section reaches are obtained considering the final states with electrons and muons only.

detectable at the 5σ level, as defined above. The previous limits from LEP II constrain the

left-handed sleptons to be heavier than about 100GeV, and so we consider only sleptons

which are 100GeV or heavier. While charginos are more weakly constrained in general

than the left-handed slepton, they must be heavier than the left-handed slepton in order

to be within this framework. We scan mℓ̃L
and M2 in the range of 100 − 700GeV, with a

step size of 25GeV. The luminosities necessary to discover the slepton in these decays as

a function of the masses are shown in figure 5.

In the left plot of figure 5, we assume that only one lepton flavor (selectron in our

analysis) is accessible in the cascade decay of χ0
2. For the 14TeV LHC with 100 fb−1

luminosity, the mass reach for the ℓ̃L (under pure gaugino assumption) can be reached

up to 600GeV at 5σ level. In the right plot, we assume the lepton universality condition

such that mẽL = mµ̃L = mτ̃L . Considering only trilepton events with electrons and muons,

namely eee, µµµ, e+e−µ± and µ+µ−e±; additional branching ratio suppression factors

need to be applied. The reach for the left-handed slepton mass is reduced in this case,

about 500GeV for mℓ̃L
.

For comparison, Drell-Yan slepton searches were considered in ref. [28–30], with the

authors concluding that flavor-diagonal sleptons with masses less than 350−400GeV can be

discovered by CMS using 100 fb−1 of data. Thus, our technique indicates that, in the pure

gaugino limit, the reach for left-handed sleptons will be significantly enhanced by looking

for the characteristic cutoff shape of mℓℓ in the decays of the gauginos. Note that right-

handed sleptons are not subject to these results because they are a singlet under SU(2)L.

8 Conclusions and discussion

In this work, we have studied the LHC discovery potential for sleptons, which are produced

via the on-shell decay of the heavier neutralino and chargino states. In particular, we

have studied the χ±
1 χ

0
2 associated production, with the consequent decays of χ±

1 → νℓℓχ
0
1
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and χ0
2 → ℓℓχ0

1 via on-shell sleptons. Comparing to the conventional slepton searches

through Drell-Yan production and dilepton plus missing ET final states, this trilepton

plus missing ET channel has the advantage of larger production cross sections and less

SM backgrounds. In addition, the invariant mass distribution of the dilepton pair from

χ0
2 decay has a distinctive triangle shape, which can be utilized to select out the signals

from the dominant SM background of WZ/γ∗ and tt̄ fakes. We performed a fit to the

mℓℓ distribution of both the signal and the backgrounds. For the LHC with 14TeV center

of mass energy and 100 fb−1 integrated luminosity, we obtained the model-independent

lower bounds on the effective signal cross section, σ × BR × acceptance, as a function of

triangle cutoff mass, mcut, at 5σ significance level. Applying this result to the MSSM in

the parameter space of M1 < mℓ̃L
< M2 ≪ µ, we found that the mass reach for the ℓ̃L can

be up to 600GeV at 5σ level at the 14TeV LHC with L =100 fb−1, when there is only one

slepton generation (selectron in our study) lighter than Winos. For a degenerate slepton

spectrum with mẽL = mµ̃L = mτ̃L , and considering final states with electrons and muons

only, the reach is slightly worse due to the suppression of the branching fractions.

Comparing to earlier studies on the LHC reach for sleptons from Drell-Yan production,

the reach for left-handed sleptons via Wino decay is greatly enhanced. On the other

hand, it should be noted that our study works most effectively for the left-handed slepton,

since the decay fraction of heavier neutralino/chargino states to right-handed sleptons is

typically suppressed in most of parameter space, either by the small Bino-Wino/Higgsino

mixing, or the lepton Yukawa couplings. The right-handed slepton could appear in Bino-

like neutralino decay, if it is not the LSP. The associated production cross sections for Bino

with other neutralino/chargino states, however, are suppressed in general. Our study does

not apply to the parameter region of mℓ̃L
> M2 since the on-shell decay of Winos into

left-handed sleptons is forbidden by kinematics. Therefore, for left-handed sleptons with

mass heavier than M2 or for right-handed sleptons, the usual Drell-Yan production is still

the dominant production mode.

It should also be emphasized that the results we obtained for the lower bounds on the

effective signal cross section, σ×BR×acceptance, as a function of triangle cutoff mass scale

mcut is model independent since it can be applied to both MSSM and new physics models

other than MSSM, as long as those models give rise to the same cascade decay topology and

final states of trilepton plus missing ET . For new physics models with a given parameter

set, we can obtain mcut as well as the production cross sections, branching fractions into

the trilepton final states, and signal acceptance via detector simulation. Comparing it with

the lower bounds we obtained, we can derive the LHC reach in the parameter space for

such new physics models.

More work is needed to fully explore the LHC reach for the slepton sector. Our results

on the left-handed slepton reach are obtained under the simple assumption that χ0
1 is a pure

Bino state, χ0
2, χ

±
1 are pure Wino states, and the heavier Higgsino states are completely

decoupled. In addition, we studied only final states including electrons and muons. The

analysis strategy in our study can be applied to the general MSSM framework with the

mixing of gaugino and Higgsino states, as well as three lepton flavors (and possible left-right

mixing in the stau case). The corresponding branching fraction into trilepton final states
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needs to be taken into account in such general cases. Trilepton final states with all possible

flavor combinations could also be studied, although the fitting to the triangle shapes might

be more complicated when the slepton masses are not degenerate. For a recent study on

the slepton mass determination using kinematic edges with non-degenerate slepton masses

and sizable mixing effects, see ref. [60].

In our study, we performed the triangle shape fitting to the trilepton plus missing ET

final states. The triangle shape in mℓℓ distribution arises from the χ0
2 cascade decay chain.

Therefore, it appears in any process that contains such a heavy neutralino cascade decay.

The fitting strategy could be applied to final states containing two opposite sign same

flavor dileptons. For example, charginos in χ±
1 χ

0
2 production could decay to jets instead

of leptons; or we could consider productions originated from gluinos or squarks, with the

cascade decay of gluino or quark containing a χ0
2. SM backgrounds for dilepton plus jets

plus missing ET signature, of course, are very different from the trilepton plus missing ET

signal that we considered in our study.

We could also consider Wino type χ+
1 χ

−
1 production with χ±

1 → νℓℓχ
0
1. The final

state of dilepton plus missing ET is similar to the conventional slepton study of Drell-Yan

pair production of ℓ̃Lℓ̃L with ℓ̃L → ℓχ0
1. Although this channel is not as powerful as the

trilepton plus missing ET study that we explored in this paper, it would still have better

reach comparing to the Drell-Yan process given the larger production cross sections.

As we mentioned earlier, our analyses can not be applied to the cases when the sleptons

are heavier than M2, when the Drell-Yan is the dominant production mode. Previous LHC

analyses on the Drell-Yan channel focused on the dilepton plus missing ET final states.

When left-handed sleptons are heavier than Wino-like neutralino/charginos, the branching

fractions of heavier sleptons into Wino-like states are sizable given its SU(2) coupling

strength. Considering the consequent decay of the Wino-like neutralino/charginos, multiple

leptons (up to six) + jets + missing ET final states could appear, which provides additional

channels for the left-handed slepton discovery at the LHC. For the right-handed sleptons,

however, decays into lepton plus Bino-like χ0
1 LSP are still dominant.

Light sleptons could also contribute sizably to low energy processes, for example,

parity-violating electron scattering, leptonic Pion and Kaon decays, etc. [61–64]. Given

the recent progress on both the theoretical and experimental studies in those low energy

precision measurements, they have reached a sensitivity which is now able to probe new

physics beyond the SM. LHC studies on the slepton sector will be complementary to the

indirect probes provided by these precision measurements.
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decay branching fractions of ˜̀
L and ν̃` depend strongly on the sign and value of M1/M2,

which has strong implications for the reach of dilepton plus /ET searches for slepton pair

production. We extend the experimental results for same flavor, opposite sign dilepton plus

/ET searches at the 8 TeV LHC to various LSP scenarios. We find that the LHC bounds on

sleptons are strongly enhanced for a non-Bino-like LSP: the 95% C.L. limit for m˜̀
L
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from 300 GeV for a Bino-like LSP to about 370 GeV for a Wino-like LSP. The bound for ˜̀
L

with a Higgsino-like LSP is the strongest (∼ 490 GeV) for M1/M2 ∼ − tan2 θW and is the

weakest (∼ 220 GeV) for M1/M2 ∼ tan2 θW . We also calculate prospective slepton search

reaches at the 14 TeV LHC. With 100 fb−1 integrated luminosity, the projected 95% C.L.

mass reach for the left-handed slepton varies from 550 (670) GeV for a Bino-like (Wino-

like) LSP to 900 (390) GeV for a Higgsino-like LSP under the most optimistic (pessimistic)

scenario. The reach for the right-handed slepton is about 440 GeV. The corresponding

5σ discovery sensitivity is about 100 GeV smaller. For 300 fb−1 integrated luminosity, the
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1 Introduction

While the discovery of a Standard Model (SM)-like Higgs boson at 125 GeV has been the

most significant result obtained at the Large Hadron Collider (LHC) to date [1, 2], no

signal for new physics beyond the SM has yet emerged. Any new colored particle would

be the best targets for the LHC due to the large QCD production cross sections. Searches

for hadronic final states do, however, suffer from the complicated hadronic environment.

Hadronically-quiet new physics searches in leptonic final states are typically challenging due

to the smaller electroweak production cross sections, yet the associated SM backgrounds

are more clearly understood.

Weak scale supersymmetry (SUSY) is one of the most promising new physics scenarios,

and the search for supersymmetric particles continues to be one of the main efforts of LHC

studies. LHC SUSY searches have largely focused on gluinos and squarks. The null results

have set lower limits of about 1200 GeV and 800 GeV, respectively, for the masses of gluinos

and degenerate first- and second- generation squarks [3, 4]. The limits on the electroweak

sector of the Minimal Supersymmetric Standard Model (MSSM), however, are much less

stringent.

If low energy supersymmetry is realized in the nature, sleptons are likely to be light.

This feature emerges in the Gauge Mediated SUSY-breaking scenarios [5] and the Anomaly

Mediated SUSY-breaking scenarios [6–8], wherein the slepton masses are proportional to

the electroweak gauge couplings. Even in the minimal Gravity Mediated SUSY-breaking

scenarios (mSUGRA) [9] where all the scalars have a common mass m0 at a high energy

input scale, renormalization group running to low energies typically pushes up the squark
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mass (due to the contributions of strongly interacting gluinos) while the sleptons remain

relatively light. The observation of sleptons, even in the presence of the strong lower

bounds on squark and gluino masses, would be consistent with these expectations. Thus,

it is timely to fully explore the discovery potential of the LHC for the lepton superpartners.

In the R-parity conserving MSSM, the lightest neutralino χ0
1 can be a natural candidate

for Weakly Interacting Massive Particle (WIMP) dark matter [10, 11] when it is the LSP.

When sleptons are light, the t-channel process χ0
1χ

0
1 → `+`− mediated by the exchange

of sleptons can be important in determining the χ0
1 annihilation cross section [12–14], and

for fairly degenerate spectra of sleptons and χ0
1, coannihilation processes can also become

important [15]. Therefore, discovery of the sleptons would not only provide a verification

of low energy supersymmetry in nature; precise measurement of their masses could also

play an important role in determining the relic density of the neutralino LSP.

Light sleptons also contribute to low energy precision observables, such as the electron

and proton weak charges that can be measured in parity-violation ee Møller scattering

and ep scattering [16, 17], respectively, the muon anomalous magnetic moment [18], or

tests of first row CKM unitarity [19]. With the precision achieved (attainable) in current

(future) measurements [20, 21], these low energy observables provide an indirect probe of

the slepton sector that complements the LHC direct search.

Earlier studies of the slepton discovery potential at the LHC focused primarily on

the Drell-Yan pair production of slepton pairs, with each slepton decaying directly to a

lepton and χ0
1 [22–24]. Most of those studies have been performed either in the mSUGRA

framework or for a certain set of benchmark points only. Dilepton plus missing ET final

states have also been searched for at the LHC. When the results are interpreted in terms

of slepton Drell-Yan pair production with direct decays to a Bino-like LSP, the current

limit is fairly weak: m˜̀
L

>∼ 300 GeV for left-handed sleptons (˜̀
L) with a relatively light

LSP [25, 26].

Sleptons can also be produced in the cascade decay of gauginos when kinematically

accessible. The gaugino pair production cross sections are typically larger than that of the

direct slepton Drell-Yan process, given the fermionic nature of the gauginos. Once sleptons

are lighter than gauginos, the gaugino dominantly decays to a slepton and lepton, with

the slepton subsequently decaying to another lepton and the LSP. For heavier neutralinos

and charginos, such lepton-rich final states greatly extends the reach of neutralino and

charginos at the LHC [27, 28]. In addition, imposing a sharp cut on the invariant mass

distribution of two leptons produced in the χ0
2 decay could provide further discrimination

of the signal from the SM backgrounds, potentially allowing for discovery of the slepton in

gaugino decays [29].

The implications of null results in the searches of neutralino/chargino decay via slep-

tons, however, are limited. First, such experimental searches apply only to the case when

sleptons are lighter than heavier gauginos; naturally there is no sensitivity to sleptons from

gaugino decays once the decay is kinematically forbidden. Second, even when sleptons are

lighter than heavier gauginos, the experimental limits apply only to the case of Wino-like

pair-produced gauginos with a Bino-like LSP and are, therefore, only sensitive to the stau

or the left-handed slepton (˜̀
L). Finally, when the χ0

2 and χ±1 are Higgsino-like states, no
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reach in the slepton mass can be derived even if the cascade decay is kinematically allowed,

since the branching fraction into sleptons is highly suppressed by the small lepton Yukawa

couplings and the small gaugino fractions of the the neutralino and chargino states.

Due to these limitations for the production of sleptons via neutralino/chargino decays,

we are motivated to investigate the reach for sleptons via direct slepton Drell-Yan pair

production, focusing on same flavor, opposite sign dilepton plus /ET signal. Earlier studies

of the slepton searches at the LHC [22–24] assumed a Bino-like LSP. The sensitivity of this

channel, however, depends sensitively on the slepton being either left- or right-handed, as

well on the composition of the LSP as being either Bino, Wino, or Higgsino dominated.

Utilizing the current search channel of dilepton plus /ET with data collected at the 8 TeV

LHC, we re-interpret the results that have been presented by the ATLAS and CMS col-

laborations assuming a Bino-like LSP for cases with a Wino-like or a Higgsino-like LSP.

We also study the exclusion limits and discovery reach for sleptons at the 14 TeV LHC for

various choices of the LSP.

The outline of the paper is as follows. In section 2, we give a brief review of the

slepton sector in the MSSM and discuss its dominant production and decay channels for

various slepton and neutralino/chargino spectra. In section 3, we summarize the current

limits on the slepton searches, from both LEP searches and the latest LHC results. In

section 4, we interpret the ATLAS results on the opposite sign dilepton plus /ET search

(which assume a Bino-like LSP) in the cases of Wino-like and Higgsino-like LSP, including

additional production from sneutrinos in the case of the ˜̀
L as well. In section 5, we study

the reach for sleptons at the 14 TeV LHC. In section 6, we conclude.

2 Sleptons in the MSSM

2.1 Slepton spectrum

The LHC slepton sensitivity considered here depends on both the slepton pair production

cross sections and the detailed nature of the branching fractions for the slepton decays.

The latter, in turn, is determined by the electroweakino (chargino/neutralino) spectrum.

For simplicity, we consider the low-lying spectrum of the MSSM electroweak sector to in-

clude only sleptons, neutralinos and charginos. We also assume negligible flavor mixing

between the slepton generations and zero left-right mixing of the first two generation slep-

tons (motivated by their small Yukawa couplings). We can then label the charged slepton

mass eigenstates for the first two generations as ˜̀
L and ˜̀

R, for ` = e, µ, with masses m˜̀
L

and m˜̀
R

, respectively. These masses are governed by the soft breaking mass terms mSL

and mSR: m2
˜̀
L

= m2
SL + ∆˜̀

L
and m2

˜̀
R

= m2
SR + ∆˜̀

R
, where the D-term contributions are

∆˜̀
L

=
(
−1

2 − sin2 θW
)
m2
Z cos 2β and ∆˜̀

R
= − sin2 θWm

2
Z cos 2β. The sneutrino masses

are controlled by mSL as well and are, therefore, related to m˜̀
L

with a small splitting

introduced by electroweak effects: m2
ν̃`

= m2
˜̀
L

+ m2
W cos 2β; for the range of tanβ > 1,

mν̃` < m˜̀
L
. The phenomenology and implication of sizable flavor mixing in the slepton

sector can be found in refs. [30–32]. For the third generation charged leptons (staus), left-

right mixing may be sizable, especially if tanβ is large. We focus here on the first two
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generations of sleptons, although our approach could be adapted to the stau case as well

by taking the tau tagging efficiency and stau left-right mixing into account.

The decay of sleptons depends on the composition and spectrum of neutralinos and

charginos, which is set mainly by the Bino, Wino, and Higgsino mass parameters M1, M2

and µ, respectively. We consider three representative cases:

• Bino-like LSP: |M1| < |M2|, |µ|, yielding a neutralino LSP χ0
1 that is Bino-like.

• Wino-like LSP: |M2| < |M1|, |µ|, yielding a Wino-like LSP χ0
1 degenerate with χ±1 .

• Higgsino-like LSP: |µ| < |M1|, |M2|, yielding a Higgsino-like LSP χ0
1 degenerate with

χ0
2 and χ±1 .

In the Wino-like LSP and Higgsino-like LSP cases, χ±1 (and χ0
2 in the Higgsino-like LSP

case) decay to the neutralino LSP with very soft jets or leptons that cannot be identified

at the LHC. For mass splittings ∆m = mχ±
1
−mχ0

1
. 200 MeV, however, the associated

χ±1 disappearing charged track can be resolved, allowing for a dedicated χ± search. The

current ATLAS analysis of disappearing-track searches [33] gives a 95% C.L. exclusion of

nearly degenerate charginos for masses up to about 500 GeV for ∆m ∼ 140 MeV. The limits

get weaker for increasing ∆m. For ∆m & 200 MeV, the charged tracks cannot be resolved,

and the χ± only appear as /ET . Applying to the various LSP scenarios identified above,

we note that in the Wino-like LSP case, arising for example in the anomaly mediated

SUSY breaking (AMSB) scenario, the mass splitting is around 160 MeV [34] for large

|µ| & 4TeV
tanβ . Wino masses less than about 270 GeV with this level of degeneracy have been

excluded. Smaller values of |µ|, however, increase ∆m in the Wino-like LSP case. For

the Higgsino-LSP, the mass splittings are typically on the order of a few GeV. Both cases

avoid the disappearing-track limits given the relatively large mass splittings. Therefore, in

our analysis below, we focus on the scenarios in which the nearly degenerate χ±1 (and χ0
2

in the Higgsino-like LSP case) all appear solely as /ET at the LHC.

In our discussion below, we assume the slepton decays directly to the χ0
1 LSP (and

neutralino/chargino states that are degenerate with the LSP for the Wino- or Higgsino-

like LSP cases) plus one lepton, a mode that is most likely to occur when the slepton

is lighter than all other heavier neutralinos and charginos. In cases when sleptons are

heavier than charginos and neutralinos other than the LSP (and its nearly degenerate neu-

tralino/chargino states), sleptons may decay into those neutralino/chargino states, which

subsequently cascade decay to the LSP. The final states from such processes are typically

more complicated, involving multi-leptons, multi-jets and /ET . While a slepton search re-

lying on such slepton cascade decays is complementary to the one assuming direct decay

of the slepton to the LSP plus a lepton, an analysis of the cascade decay scenario goes

beyond the scope of our current study, and we leave it for future work.

2.2 Slepton decays

We now turn to the slepton branching fractions for the three different LSP cases. For the

Bino-like LSP, ˜̀
L and ˜̀

R both decay to `χ0
1, and ν̃ decays to νχ0

1 with 100% branching
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fraction. For the Wino-like LSP, ˜̀
L decays to `χ0

1, νχ
±
1 (ν̃L decays to νχ0

1, `χ
±
1 ) with

branching fractions of 33% and 67%, respectively. These branching fractions are set by the√
2 enhancement of charged current coupling relative to that of the neutral current. The

˜̀
R decays to `χ0

1 with a branching fraction of nearly 100% via a small Wino−Bino mixing.

The decay of ˜̀
R to νχ±1 is highly suppressed by the small lepton Yukawa couplings.

For the Higgsino-like LSP case, due to the strong suppression of the small lepton

Yukawa coupling, ˜̀
L and ν̃L decay to χ0

1,2 and χ±1 via the Bino- and Wino-components

of χ0
1,2 and χ±1 . The branching fractions to χ0

1,2 depend on the relative Bino and Wino

fractions of the χ0
1,2: |NiB̃|2 and |NiW̃ |2 (i = 1, 2), respectively, which are given to leading

order in mZ/(M1,2 ± µ) by:

N1B̃ = (sβ + cβ)
sWmZ√

2(M1 − µ)
N2B̃ = −(sβ − cβ)

sWmZ√
2(M1 + µ)

(2.1)

N1W̃ = −(sβ + cβ)
cWmZ√

2(M2 − µ)
N2W̃ = (sβ − cβ)

cWmZ√
2(M2 + µ)

(2.2)

where sW = sin θW , cW = cos θW for θW being the weak mixing angle; sβ = sinβ and

cβ = cosβ. In arriving at these expressions, we have assumed that |M1,2 − µ| � mZ .

Note that the relative sign between the Bino and Wino components of the neutralinos is

physical, and has interesting consequences. Similarly, the Wino fractions of χ±1 are given

by the absolute squares of

U1W̃− =

(
cβ + sβ

µ

M2

) √
2cWmZ

M2
, V1W̃+ =

(
sβ + cβ

µ

M2

) √
2cWmZ

M2
. (2.3)

Note that we have explicitly kept the sub-leading term µ/M2 in the mixing coefficient

since it can be important for the case of large tanβ (as cβ goes to zero) in U1W̃− , which is

relevant for ˜̀
L decays.

The partial decay widths for the charged slepton and sneutrino decays into Higgsino-

like LSPs are given approximately by

Γ(˜̀→ `χ0
1,2) = C (sβ ± cβ)2

(
mZ

s2W
M1 ∓ µ

−mZ
c2W

M2 ∓ µ

)2

, (2.4)

Γ(˜̀→ ν`χ
±
1 ) = C 8c4W

(
cβ + sβ

µ

M2

)2(mZ

M2

)2

, (2.5)

Γ(ν̃` → ν`χ
0
1,2) = C (sβ ± cβ)2

(
mZ

s2W
M1 ∓ µ

+mZ
c2W

M2 ∓ µ

)2

, (2.6)

Γ(ν̃` → `χ±1 ) = C 8c4W

(
sβ + cβ

µ

M2

)2(mZ

M2

)2

, (2.7)

where

C =
1

16π

e2

4s2W c
2
W

(m2
P −m2

D)2

m3
P

(2.8)

for mP and mD being the the parent slepton mass and daughter neutralino/chargino mass,

respectively. The “±” in eqs. (2.4) and (2.6) correspond to χ0
1 and χ0

2, respectively. Given

the near degeneracy of χ0
1,2 for the Higgsino states, the rates for decays to these two
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(a) (b)

(c) (d)

Figure 1. Branching fractions for ˜̀
L → `χ0

1,2, νχ
±
1 (left panels) and ν̃ → νχ0

1,2, `χ
±
1 (right panels)

as a function of M1/M2. We have fixed M1/M2 > 0 in (a) and (b) and M1/M2 < 0 in (c) and (d).

Other parameters are chosen as mSL = 500 GeV, |M2| = 10 TeV, µ = 100 GeV and tanβ = 10.

The thick solid red and dashed blue curves are the branching fractions to charginos and neutralinos

(χ0
1 +χ0

2), respectively. Also shown in dotted green and dot-dashed magenta lines are the individual

decay branching fraction to χ0
1 and χ0

2.

channels are usually added together since χ0
1,2 both appear as /ET at hadron colliders. In

the limit of |µ| � |M1,2|,

Γ(˜̀→ `χ0
1 + `χ0

2) = C 2

(
mZ

s2W
M1
−mZ

c2W
M2

)2

, (2.9)

Γ(ν̃` → ν`χ
0
1 + ν`χ

0
2) = C 2

(
mZ

s2W
M1

+mZ
c2W
M2

)2

, (2.10)

with no dependence on tanβ. Decays to charginos, however, show a different tanβ depen-

dence for ˜̀ and ν̃`. The decay ˜̀→ ν`χ
±
1 depends on (cβ + sβ

µ
M2

)2, which decreases with

increasing tanβ until tanβ ∼ |M2/µ|, when the decay branching fraction stabilizes. On

the other hand, Γ(ν̃` → `χ±1 ) depends only weakly on tanβ, since cβµ/M2 is always small

compared to sβ, which changes little for large tanβ. As a result, the branching fractions

for ˜̀
L show a strong tanβ dependence since the total decay width varies with tanβ because

of ˜̀→ ν`χ
±
1 , while the branching fractions for ν̃` vary little with respect to tanβ.

In figure 1, we show the branching fractions for charged slepton and sneutrino decays

into Higgsino-like LSP χ0
1, as well as nearly degenerate Higgsino neutralino χ0

2 and chargino

χ±1 . Other parameters are chosen to be tanβ = 10, mSL = 500 GeV, µ = 100 GeV and

|M2| = 10 TeV. In this paper, we always use M1 > 0 as our convention. In general,
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there exist only two physical phases involving the electroweak gaugino and Higgsino mass

parameters. We assume the gaugino/Higgsino sector introduces no new CP-violation, so

these phases simply amount to relative signs. We chose them to be the relative signs of

M1 and M2 and the relative sign of µ and M2. As we discuss below, the choice of these

phases can have a significant impact on the slepton decay branching fractions. On the other

hand, the dependence of the branching fractions on the charged slepton/sneutrino mass or

the Higgsino-like LSP mass is weak since the Higgsino-like neutralinos and charginos are

almost degenerate and phase space effects cancel out. Note that, within this Higgsino-like

LSP regime, when M1 or M2 is less than m˜̀
L

and mν̃` , the ˜̀
L or ν̃` first decay into the

Bino or Wino-like states that subsequently cascade decay down to the Higgsino LSP. The

collider signature would be very different for such a case, which lies beyond the scope of

the current study.

Figure 1 (a) shows the M1/M2 dependence of branching fractions for ˜̀
L to `χ0

1 (dotted

green curve), `χ0
2 (dot-dashed magenta curve), as well as ν`χ

±
1 (thick solid red curve), for

M1/M2 > 0. The sum of the `χ0
1 and `χ0

2 branching fractions is also given by the thick

dashed blue line since these two final states can not be distinguished at the LHC. The

curves show the limiting behavior for M1 � M2 where the decays are dominated by the

Bino component; for M1 & M2 where the decays are dominated by the Wino component;

and behavior in between. For M1 �M2, the branching fractions for decays to neutralinos

reach almost 100% since the decay to charginos is suppressed by the relatively small Wino

fraction in χ±1 . For M1 & M2, the branching fraction for decays to neutralinos is about

90% since the decay to ν`χ
±
1 is suppressed by either cosβ or µ/M2 compared to decay to

neutralinos, as given in eq. (2.5).

There is a notable point at M1/M2 ∼ tan2 θW ≈ 0.3 where the decays to neutralinos

vanish due to the cancellation between the contributions of the Bino and Wino fractions

in the Higgsino-like neutralinos for M1/M2 > 0. In this region, decay to charginos, being

all that remains, is dominant.

The branching fractions for ν̃` decay are shown in figure 1 (b). For sneutrino decays

to the chargino, the Wino-Higgsino mixing scales with sinβ and so is generically more

important than that for the charged slepton decays, unless the Bino component in χ0
1,2

dominates for small M1/M2. No minimum for the decays to χ0
1,2 occurs since there is

no cancellation between the Bino- and Wino- contribution for M1/M2 > 0. Decay to

neutralinos is dominant for M1 �M2, reaching about 80% for M1/M2 = 0.1, while decays

to charginos dominate for M1 &M2, reaching about 70% for M1/M2 = 1.

Figure 1 (c) and (d) show the the decays of the charged slepton and sneutrino for

M1/M2 < 0. The ˜̀
L → χ0

1,2 branching fraction will not have a minimum in its decay

branching fraction since the Bino- and Wino-component interfere constructively in this

case. The step in the neutralino branching fraction curves near M1/M2 ∼ 0.3 is due to a

switchover between 1√
2
(H̃u± H̃d) as being the LSP. The branching fractions for ˜̀

L → `χ0
1,2

almost reaches 100%, due to the relative smallness of the partial decay width for ˜̀
L → ν`χ

±
1 .

Γ(ν̃` → ν`χ
0
1,2), on the other hand, will experience a suppression for M1/M2 ∼ − tan2 θW ,

as shown in eq. (2.10).
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(a) (b)

Figure 2. Branching fraction of ˜̀
L → `χ0

1,2, νχ
±
1 as a function of M1/M2 for (a) M1/M2 > 0 and

(b) M1/M2 < 0 with tanβ = 3. The other parameter choices and color coding are the same as in

figure 1.

(a) (b)

Figure 3. Branching fraction of ˜̀
L → `χ0

1,2, νχ
±
1 as a function of (a) tanβ for M2 = 10 TeV and

(b) M2 for tanβ = 10. We have chosen the other parameters to be mSL = 500 GeV, µ = 100 GeV,

M1/M2 = 1.

Figure 2 shows the dependence of charged slepton branching fractions on M1/M2 for

tanβ = 3. While the generic features are the same as figure 1 for tanβ = 10, the decay

fraction for ˜̀→ ν`χ
±
1 is relatively larger due to the enhancement of Γ(˜̀→ ν`χ

±
1 ) arising

from the larger value of cosβ. For M1/M2 = 1, decay branching fractions to `χ0
1,2 and

ν`χ
0
1,2 are about 50% each. Similarly, for M1/M2 < 0, the branching fraction of decays to

neutralinos is about 80% to 100%, while the decays to charginos could be as large as 20%.

Figure 3 (a) shows the tanβ dependence for the ˜̀
L → `χ0

1,2, νχ
±
1 branching fractions for

mSL = 500 GeV, µ = 100 GeV, M1/M2 = 1 and M2 = 10 TeV. For tanβ < M2/µ such that

cosβ is much greater than sβµ/M2, the ˜̀
L → ν`χ

±
1 branching fraction always decreases as

tanβ increases, with ˜̀
L → `χ0

1,2 becoming dominant for tanβ & 10. Figure 3 (b) shows the

M2 dependence of charged slepton decay branching fraction for tanβ = 10. The dependence

of charged slepton decay branching fractions on M2 is also weak unless tanβ > M2/µ, when

Γ(˜̀→ ν`χ
±
1 ) could have an explicit M2 dependence. The ˜̀

L → ν`χ
±
1 branching fraction

decreases as M2 increases, saturating when M2/µ > tanβ. The sneutrino decay branching

fraction, on the other hand, depends mildly on tanβ and M2.
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˜̀
L → `χ0

1(2)
˜̀
L → νχ±1 ν̃ → νχ0

1(2) ν̃ → `χ±1
˜̀
R → `χ0

1(2)

Bino-like LSP 100% 100% 100%

Wino-like LSP 33.3% 66.7% 33.3% 66.7% 100%

Higgsino-like LSP (I) 0.8% 99.2% 50.3% 49.7% 100%

Higgsino-like LSP (II) 99.1% 0.9% 0.0% 100.0% 100%

Table 1. Branching fractions of charged sleptons and sneutrinos into Bino-, Wino- and Higgsino-

like LSPs. We have set mSL = 500 GeV, tanβ = 10, and used an LSP mass parameter of 100 GeV.

For the Higgsino-like LSP case, we presented the results for two representative benchmark values:

(I) M1/M2 = 1/3 and (II) M1/M2 = −1/3 with |M2| = 10 TeV.

Note that in the foregoing discussion of the ˜̀
L and ν̃` decays to Higgsino-like LSPs, we

have considered the case of M1 > 0 and µ > 0, with two different signs for M2. The relative

sign between these three mass parameters is physical, and the behavior of the branching

fractions will change when one of these parameters flips sign. For µ/M2 < 0, decays to

charginos will be relatively suppressed compared to the µ/M2 > 0 case, in particular for
˜̀
L, as shown in eq. (2.5).

For the ˜̀
R, it again decays to `χ0

1,2 100% via the Bino-component of χ0
1,2 since the

decay to χ±1 is suppressed by the small lepton Yukawa couplings.

Given the branching fraction dependence on M1/M2, as well as tanβ, for the Higgsino-

like LSP case, we consider two benchmark choices for M1/M2 to represent two extreme

cases: (I) M1/M2 = 1/3 with suppressed Γ(˜̀
L → `χ0

1,2) and (II) M1/M2 = −1/3 with sup-

pressed Γ(ν̃` → ν`χ
0
1,2) (therefore enhanced decays to charged leptons). The corresponding

branching fractions are given in table. 1. Case (I) leads to a suppressed overall cross section

for dilepton plus /ET final states, while case (II) leads to an enhancement. These cases are

the upper and lower boundaries of the envelope of possible signal rates in the Higgsino-like

LSP scenario.

2.3 Slepton production and signatures

For Drell-Yan pair production of sleptons ˜̀
L

˜̀
L, ˜̀

Lν̃`, ν̃`ν̃` and ˜̀
R

˜̀
R with dominant direct

decay of sleptons into χ0
1 (and χ±1 , χ0

2 for Wino-like and Higgsino-like LSP cases), the

collider signatures are dilepton plus /ET , single lepton plus /ET , and /ET only. The single

lepton channel suffers from large SM backgrounds, mainly driven by W boson production.

The /ET only signature requires an extra jet or lepton from initial or final state radiation,

which leads to more suppressed cross sections. Current collider searches for slepton Drell-

Yan production focus on the final state of two isolated energetic leptons plus /ET [27, 28].

The SM backgrounds are typically large, dominantly from WW or tt̄. In our analyses

below, we focus on the dilepton plus /ET channel and reinterpret the current 8 TeV LHC

slepton search limits for various LSP scenarios, as well as project the reach of the LHC

at 14 TeV. In particular, we include contributions from the presence of sneutrinos for the

case of left-handed sleptons, as their mass is related to the left-handed slepton mass and

they can contribute to the dilepton and missing energy signature for non-Bino-like LSPs.
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(a) (b)

Figure 4. Leading-order cross sections for the Drell-Yan pair production of ˜̀
L

˜̀
L (dashed blue),

˜̀
Lν̃` (solid red), ν̃`ν̃` (dotted green) and ˜̀

R
˜̀
R (dot-dashed magenta) for the (a) 8 TeV and (b)

14 TeV LHC.

In figure 4, we show the individual leading order Drell-Yan pair production cross

sections for ˜̀
L

˜̀
L, ˜̀

Lν̃`, ν̃`ν̃` and ˜̀
R

˜̀
R at the LHC with

√
s = 8 TeV and 14 TeV. The

production of ˜̀
Lν̃` is markedly larger than the other cross sections, ranging from 25 to 0.1 fb

for
√
s = 8 TeV for masses from 200 to 600 GeV and from 70 to 0.04 fb for

√
s = 14 TeV for

masses from 200 GeV to 1 TeV. Sneutrino and left-handed charged slepton pair production

are comparable in size and smaller than the production by about a factor of 3, while right-

handed slepton pair production, due to a cancellation between the Z and γ s-channel graphs,

is smaller still, about an order of magnitude less than the associated production cross

section. The NLO K-factors are approximately 1.18 [43], independent of which particular

pair production considered, as the QCD structure of the graphs is identical in all four cases.

In figure 5, we show the signal cross section, the sum of all possible slepton production

cross sections multiplied by the branching fraction leading to dilepton plus /ET final states

as a function of slepton mass for the (a) 8 TeV and (b) 14 TeV LHC. For the left-handed

slepton, we have included the contributions from ˜̀
L

˜̀
L, ν̃Lν̃L and ˜̀

Lν̃L. The Higgsino-

like LSP benchmark (II) for light ˜̀
L with M1/M2 = −1/3 represents the most promising

scenario since sleptons decay dominantly to `χ0
1,2 while sneutrinos decay dominantly to `χ±1 .

The cross sections range from about 70 fb to 0.3 fb for slepton masses from 200 to 600 GeV

at the 8 TeV LHC, and from 200 fb to 0.1 fb at the 14 TeV LHC for slepton masses from

200 GeV to 1 TeV. The Higgsino-like LSP benchmark (I) for light ˜̀
L with M1/M2 = 1/3

represents the worst-case scenario with a strong suppression of slepton decays to leptons.

For the Bino- and Wino-like LSP scenarios, the signal cross sections range from 40 fb to

about 0.01 fb for slepton mass between 200 GeV to 1 TeV at the 14 TeV LHC. Right-handed

sleptons are less promising than all the left-handed cases except for the highly pessimistic
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(a) (b)

Figure 5. Sum of all possible production mechanisms weighted by branching fraction for dilepton

plus /ET final states as a function of slepton mass for the (a) 8 TeV and (b) 14 TeV LHC.

(a) (b)

Figure 6. σ×Br for dilepton plus /ET final states in a Higgsino-like LSP scenario as a function of

M1/M2 for (a) M1/M2 > 0 and (b) M1/M2 < 0. Thick curves and thin curves are for 14 TeV and

8 TeV, respectively. Dashed blue curves are for tanβ = 10 and solid red curves are for tanβ = 3.

Other parameters are chosen as mSL = 500 GeV and |M2| = 10 TeV.

Higgsino benchmark (I), ranging in signal cross section from 7 fb to 0.005 fb at the 14 TeV

LHC.

To show the strong dependence of ˜̀
L, ν̃ decay branching fractions on the sign and

value of M1/M2, in figure 6 we plot the σ × Br for dilepton plus /ET final states for the

Higgsino-like LSP case with a light ˜̀
L as a function of M1/M2 at the 14 (8) TeV LHC,

which are indicated by thick (thin) curves. The dip in the positive M1/M2 case results from

the suppressed charged slepton decay branching fractions to leptons at M1/M2 ∼ tan2 θW ,

with an overall cross section of about 0.1 fb at the 14 TeV LHC with tanβ = 10. The

maximum value for σ×Br appears at M1/M2 ∼ − tan2 θW due to the enhanced sneutrino

decay branching fractions to leptons, with an overall cross section of about 4.0 fb. For
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|M1/M2| � 1, the Bino component in the Higgsino states χ0
1,2 is dominant and the cross

section is about 1 fb at the 14 TeV LHC, while the cross section reaches about 2.6 − 3.6 fb

for |M1/M2| & 1. Smaller values of tanβ typically lead to smaller signal cross sections.

3 Current searches and studies

The least model-dependent bounds on sleptons are obtained from LEP searches for dilepton

plus missing energy signatures [35] with
√
s up to 208 GeV. For a slepton-neutralino LSP

mass splitting greater than 15 GeV, the right-handed slepton mass limits are: mẽR >

99.6 GeV, mµ̃R > 94.9 GeV and mτ̃R > 85.9 GeV. For left-handed sleptons with a Bino-like

LSP, the bounds are stronger due to the larger production cross section. For tau sleptons,

on the other hand, the presence of significant left-right mixing can decrease the production

cross section for the lightest stau pair, leading to more relaxed limits. A lower limit of

mτ̃ > 85.0 GeV can be obtained when the production cross section for the lightest stau is

minimized. It should be noted that the slepton mass limits are obtained with µ = −200 GeV

and tanβ = 1.5, a point at which the neutralino mass limit based on the LEP neutralino

and chargino searches is the weakest, and the selectron cross section is relatively small.

The foregoing bounds also assume the gaugino mass unification relation M1 =

(5/3) tan2 θWM2, which is relevant in fixing the neutralino mass and field content, with the

neutralino LSP being mostly Bino-like. Slepton mass limits would change for a non-unified

mass relation between M1 and M2. In the case where the ẽR−χ0
1 mass splitting is small and

the usual dilepton search is insensitive, a single lepton plus missing energy search yields a

lower limit on mẽR of 73 GeV, independent of mχ0
1

[36, 37]. For sneutrinos, a mass limit of

45 GeV can be deduced from the invisible Z decay width [38]. An indirect mass limit on

sneutrinos can also be derived from the direct search limits on the charged slepton masses,

but for LEP searches it is not competitive with the invisible width constraint.

Searches for first and second generation charged sleptons have been performed by both

the ATLAS [25, 27] and CMS collaborations [26]. With about 20 fb−1 luminosity collected

at 8 TeV, both collaborations studied the signal of opposite-sign (OS) same flavor (SF)

dilepton plus missing ET from the electroweak pair production of sleptons assuming a

100% decay branching fraction for ˜̀± → `± + χ0
1. The most stringent bounds come from

the ATLAS results, which exclude left-handed (right-handed) slepton masses between 95

and 310 GeV (235 GeV) at 95% C.L. for a Bino-like LSP with mχ0
1

= 0 GeV. For larger

χ0
1 masses, the upper range of the exclusion reach does not change while the lower bound

shifts approximately as 80 GeV +mχ0
1
.

4 Recasting LHC 8 TeV search limits

We consider the signal consisting of two same flavor, opposite sign energetic leptons (elec-

trons or muons) plus significant missing energy at the 8 TeV LHC. The dominant SM

backgrounds arise from tt̄ and di-boson production. We use Madgraph 5 version v1.4.7

and Madevent v5.1.4.7 [39] to generate our signal events. These events are passed to

Pythia v6.426 [40] to simulate initial state radiation, final state radiation, showering and
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hadronization. Additionally we use Delphes v3.0.10 [41] with the Snowmass card [42]

to simulate detector effects. We chose not to simulate pile-up to increase computational

speed because we are considering a clean leptonic final state which should not be sensitive

to pile-up. The event generation procedure produces events at leading order. NLO effects

are taken into account by scaling our events by an appropriate K-factor [43]. We addition-

ally take into account various experimental efficiencies that may be poorly modeled by our

crude detector simulation by scaling our signal yields to match the expected yields quoted

in the experimental search [25].

Following the 8 TeV dilepton search technique at the ATLAS [25, 27], we apply the

following cuts:

• Exactly two leptons (electron or muon) with p`T > 10 GeV and |η`| < 2.5. The

invariant mass of the lepton pair is required to be greater than 20 GeV and to be

away from the Z-pole: |m`` −mZ | > 10 GeV.

• Jet veto with pjT < 20 GeV for central jets with |ηj | < 2.4; pjT < 30 GeV for forward

jets with 2.4 < |ηj | < 4.5.

• /ET
rel
> 40 GeV, with

/ET
rel

=

{
/ET sin

(
∆φ`,j

)
for ∆φ`,j < π/2

/ET otherwise
, (4.1)

where ∆φ`,j is the azimuthal angle between the direction of pmiss
T and the nearest

lepton or central jet.

• MT2 > 90 or 110 GeV where MT2 is the stransverse mass variable [44–46]. We choose

the optimized cut to give the higher value of S/
√
B for each point in signal parameter

space, where S (B) is the number of signal (background) events.

For the signal process, our simulation matches well with the ATLAS distributions for

the given benchmark points after a scaling by factor of 1.25 for both di-electron and di-

muon channels that accounts for both a K-factor expected to be 1.18 and differences in

reconstruction efficiencies. We use this scaling factor in all subsequent calculations for

8 TeV.

To reproduce the exclusion plot from the ATLAS paper we utilized the CLs method

discussed in [47, 48]. We generate signal events using Monte-Carlo to determine the signal

strength over the range of parameters 90 < m˜̀< 600 GeV and 25 < mχ0
1
< m˜̀− 30 GeV.

For our SM backgrounds, we simply use the number of events predicted by the ATLAS

experiment for each cut scenario [25]. We follow the method in the ATLAS paper where we

choose the MT2 cut that maximizes S/
√
B. We also demand that the signal to background

is greater than a minimal threshold: S/B > 0.1. We reproduced the exclusion limits for

the Bino-like LSP for left- and right-handed sleptons, indicated by the dashed blue line and

orange line with crosses, respectively, in figure 7 (a). Our bounds reproduce the ATLAS

search results well with slight discrepancy at low masses.
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Figure 7. Recast of ATLAS dilepton plus /ET search results [25] with 20 fb−1 luminosity data

collected at the 8 TeV LHC. The left panel shows the 95% C.L. exclusion limits in the m˜̀−mχ̃0
1

plane for the left-handed slepton with Bino-like LSP (dashed blue line), Wino-like LSP (solid red

line), Higgsino-like LSP with M1/M2 = 1/3 (dotted green line), M1/M2 = −1/3 (dot-dashed

magenta line), as well as for the right-handed slepton (orange line with crosses). The right panel

shows the 95% C.L. exclusion bounds in the m˜̀
L
− |M1/M2| plane for the left-handed slepton with

a Higgsino-like LSP, for M1/M2 > 0 (thick lines) with tanβ = 10 (dashed blue), 3 (solid red), and

M1/M2 < 0 (thin lines). All other parameters are fixed to be µ = 100 GeV and |M2| = 10 TeV.

As discussed in detail in section 2, the decay branching fractions of left-handed charged

sleptons and sneutrinos depend strongly on the composition of the neutralino LSP, and

in particular on the sign and value of M1/M2 in the Higgsino-like LSP scenario. For a

given slepton mass, the resulting dilepton +/ET final states cross section, therefore, varies

with the choice of LSP scenario. In figure 7 (a), we recast the current 8 TeV ATLAS

slepton search results in the dilepton +/ET channel for the various benchmark scenarios

given in table 1. For cases where m˜̀ & mχ̃ + 50 GeV , we find that the Wino-like LSP

scenario is excluded for slepton masses below approximately 365 GeV, while the pessimistic

and optimistic Higgsino-like LSP scenarios imply exclusion of sleptons lighter than about

220 GeV and 495 GeV, respectively.

To show the dependence of limits on M1/M2 in the Higgsino-like LSP scenario, we

plot in figure 7 (b) the 95% C.L. limits in the parameter space of |M1/M2| versus m˜̀
L

with the Higgsino-like LSP mass set to be 100 GeV. The thick curves are for M1/M2 > 0

whereas the thin curves are for M1/M2 < 0. Regions to the left of the curves are excluded

(excepting the small blue wedge of unconstrained light sleptons on the left edge of the

plot). The suppression of signal for positive M1/M2 ∼ tan2 θW is clearly visible in the blue

curves, where sensitivity drops precipitously to much lower masses. We also note that the

low mass region of m˜̀ . 150 GeV for tanβ = 10 cannot be excluded for this LSP mass

due to the loss of sensitivity for small mass splitting between the slepton and the LSP. The

exclusion region for tanβ = 3 is even weaker due to the suppression of the signal cross

sections, with no sensitivity for any slepton masses when 0.3 < M1/M2 < 0.35. In the

negative M1/M2 case, by comparison, the slepton mass exclusion is significantly stronger

(m˜̀& 470− 490 GeV) and relatively insensitive to |M1/M2| until it gets fairly small, when

the m˜̀ reach is reduced due to the suppression of Γ(ν̃L → `χ±1 ).
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Figure 8. Signal and background distributions for (a) /ET
rel

and (b) MT2 for 100 fb−1 integrated

luminosity at the 14 TeV LHC. Selection cuts, jet veto, Z veto, and /ET
rel

cut of 100 GeV have

been imposed. The signal distributions are shown for two benchmark points of (m˜̀
L

, mχ̃0
1
) = (500,

100) GeV and (m˜̀
L

, mχ̃0
1
) = (500, 300) GeV with a Bino-like LSP.

5 14 TeV exclusion and discovery reach

We now turn to projections for Run II at the LHC, with 14 TeV center-of-mass energy. As

with the 8 TeV LHC analysis, we consider the dilepton +/ET channel and generate the signal

and background Monte-Carlo events in the same manner as in section 4. For the signal

process, we used the next-to-leading order production cross section for sleptons as given in

ref. [43]. Background processes are scaled with K-factors from ref. [49]. We generate the

signal over the range of parameters 200 < m˜̀< 1000 GeV and 25 < mχ0
1
< m˜̀− 30 GeV.

We also demand S > 2, B > 2, and S/B > 0.1.

For the 14 TeV analysis, we adopted the following cuts:

• 2 isolated leptons (electron or muon) with p`T > 50 GeV, |η`| < 2.5, and m`` >

20 GeV.

• No jets with pjT > 50 GeV and |ηj | < 4.5.

• Z veto with |m`` −mZ | > 10 GeV.

• Optimized cuts on /ET
rel

and MT2. Cuts range from 100 < /ET
rel

< 200 GeV and

0 < MT2 < 200 GeV in increments of 50 GeV.

In figure 8, we show the /ET
rel

and MT2 distributions for both the backgrounds and

two signal benchmark points of (m˜̀
L
, mχ̃0

1
) = (500, 100) GeV and (m˜̀

L
, mχ̃0

1
) = (500,

300) GeV with a Bino-like LSP after imposing the selection cuts, jet and Z vetoes, and

minimum /ET
rel

cut of 100 GeV. We observe that the backgrounds and signal (for the larger

slepton-LSP mass splitting) become comparable at /ET
rel

and MT2 on the order of 300 GeV,

näıvely suggesting imposing cuts in the vicinity of this region. However, the background

distributions tend to fall quickly at higher /ET
rel

and MT2, so to obtain sufficient statistics

we impose somewhat looser cuts, with the requirements on B, S and S/B listed above.
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Signal tt̄ Di-boson

ee µµ ee µµ ee µµ

CS [fb] 3.2× 10−1 3.2× 10−1 4.0× 103 4.0× 103 8.3× 102 8.3× 102

Selection Cuts 80% 82% 14% 16% 12% 14%

Jet Veto 64% 66% 4% 4% 10% 11%

Z Veto 64% 65% 4% 4% 9% 10%

MT2 > 50 GeV 51% 52% 1% 1% 2% 2%

/ET
rel
> 150 GeV 33% 34% < 0.01% < 0.01% 0.03% 0.02%

CS after cuts [fb] 1.1× 10−1 1.1× 10−1 1.0× 10−5 1.7× 10−5 2.2× 10−1 1.6× 10−1

S/
√
B @ 100 fb−1 combined: 3.5

Table 2. Cut efficiency for benchmark point of (m˜̀
L

, mχ̃0
1
) = (500, 100) GeV with a Bino-like

LSP, using cuts specified above. Signal significance is shown for the combined ee and µµ channels

using 100 fb−1 of data at the 14 TeV LHC. The tt̄ cross section before the selection cuts already

include a precut of pjT < 100 GeV.
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Figure 9. Prospective 95% C.L. exclusion limits in the (a) m˜̀−mχ0
1

plane, (b) m˜̀
L
− |M1/M2|

plane for slepton pair production with dilepton +/ET final states, with 100 fb−1 luminosity at the

14 TeV LHC for various LSP scenarios. The color coding and parameter choices are the same as in

figure 7.

The resulting, illustrative cut efficiencies are listed in table 2 for the benchmark point of

(m˜̀
L
, mχ̃0

1
) = (500, 100) GeV with a Bino-like LSP.

The resulting, prospective 95% C.L. expected exclusion limits in the m˜̀−mχ0
1

plane

are given in figure 9 (a) for the 14 TeV LHC with 100 fb−1 integrated luminosity for

various slepton and neutralino LSP scenarios. For the right-handed slepton, the reach is

about 430 GeV for small LSP masses. For the left-handed sleptons, the reach is 550 GeV

(670 GeV) for the Bino-like (Wino-like) LSP case, and about 400 GeV and 900 GeV for

the Higgsino-like LSP cases (I) and (II), respectively. We find the reach with 300 fb−1

is typically about 50 − 100 GeV better. A 5% systematic error has been included in our

limits to give a reasonably realistic reach for the LHC.

The prospective 14 TeV exclusion reach in the m˜̀− |M1/M2| plane for the Higgsino-

like LSP case is shown in figure 9 (b) for 100 fb−1 integrated luminosity. Regions to the

left-side of the curves are excluded. The weakest reach is for the M1/M2 > 0 case with
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Figure 10. 5σ discovery reach at the 14 TeV LHC in the (a) m˜̀−mχ0
1

plane, (b) m˜̀
L
− |M1/M2|

plane for slepton pair production with dilepton +/ET final states, with 100 fb−1 integrated lu-

minosity for various LSP scenarios. The color coding and parameter choices are the same as in

figure 7.

small tanβ. In particular, for M1/M2 ∼ tan2 θW , the slepton mass reach is only about

350 GeV for tanβ = 3 with 100 fb−1 luminosity. The slepton mass reach increases when

M1/M2 deviates from tan2 θW , approaching about 650 GeV for small M1/M2 and 710 GeV

for large M1/M2. The slepton mass reach for negative M1/M2 is typically better, around

800 − 900 GeV, a pattern similar to that found in the 8 TeV analysis. Comparing with

figure 7 (b) we observe that the presently allowed region for small m˜̀ in the Higgsino-

like LSP scenario with M1/M2 > 0 could be excluded with the higher energy run. For

M1/M2 < 0, the exclusion reach becomes as much as a factor of two stronger than at

present with 300 fb−1 integrated luminosity.

In figure 10 (a) we show the 5σ discovery reach for the various LSP benchmark scenarios

we have considered previously. The maximum reach occurs for the Higgsino-like LSP with

M1/M2 = −1/3, for which sleptons as heavy as ∼ 800 GeV could be discovered with 100

fb−1 integrated luminosity. For a very light LSP, the reach is roughly three times weaker

for M1/M2 = 1/3 case, while the reach for the Wino- and Bino-like LSP scenarios fall in

between. Figure 10 (b) gives the corresponding discovery potential in the m˜̀
L
− |M1/M2|

plane for a Higgsino-like LSP. While no sensitivity for slepton could be achieved for the

worse case scenario of M1/M2 ∼ tan2 θW , reaches in m˜̀ increases when M1/M2 deviates

from this value. For M1/M2 < 0, 5σ reach can be as large as 800 GeV. With 300 fb−1 at

the 14 TeV LHC, the reach is improved by about 50 − 100 GeV.

6 Summary and conclusion

With the absence thus far of any superpartner signals at the LHC, the attention for

LHC Run-II (14 TeV) will clearly require emphasis on more difficult-to-observe signatures.

Among the most challenging are those associated with sleptons, given the O(fb) elec-

troweak production cross sections. In this work, we studied the dependence of slepton

decay branching fractions on the nature of the LSP. In particular, in the Higgsino-like LSP

scenarios, both decay branching fractions of ˜̀
L and ν̃` exhibit strong dependence on the
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sign and value of M1/M2: ˜̀
L → `χ0

1,2 is minimized for M1/M2 ∼ tan2 θW , while ν̃` → `χ±1
is maximized for M1/M2 ∼ − tan2 θW . Combined with the slepton pair production, we

analyzed the prospective reach for the OS dilepton plus /ET final state at the 8 and 14 TeV

LHC.

We recasted the existing 8 TeV results of dilepton plus /ET signal, reported by the

LHC collaborations assuming a Bino-like LSP, in various LSP scenarios. We find that

the LHC slepton reach is strongly enhanced for a non-Bino-like LSP: the 95% C.L. limit

for m`L extends from 300 GeV for Bino-like LSP to about 370 GeV for Wino-like LSP.

More interestingly, the reach in the Higgsino-like LSP scenario sensitively depends on the

value and sign of M1/M2. The 95% C.L. reach for ˜̀
L is the strongest (∼ 490 GeV) for

M1/M2 ∼ − tan2 θW and is the weakest (∼ 220 GeV) for M1/M2 ∼ tan2 θW .

We also studied the 95% C.L. exclusion and 5σ discovery reach of slepton at the

14 TeV LHC with 100 fb−1 luminosity. The projected 95% C.L. mass limits for the left-

handed slepton varies from 550 (670) GeV for a Bino-like (Wino-like) LSP to 900 (390)

GeV for a Higgsino-like LSP under the most optimistic (pessimistic) scenario. The reach

for the right-handed slepton is about 440 GeV. The corresponding 5σ discovery is about

100 GeV smaller. For 300 fb−1 integrated luminosity, the reach is about 50 − 100 GeV

higher.

Interestingly, relatively light leptons with moderate tanβ are needed to explain the

present difference between the muon anomalous magnetic moment experimental result and

the SM prediction. The LHC Run-II should, thus, be able to probe this possibility for

the Wino-like and Higgsino-like LSP. The observation of a signal in this case could be

consistent with a supersymmetric explanation for the gµ − 2 result.1 In addition, one may

also expect signatures in other low-energy electroweak processes, such as tests of lepton

universality with pion leptonic decays or deviations from first row CKM unitarity as probed

by β-decay and kaon leptonic decays. On the other hand, the non-observation of dilepton

plus /ET signal for slepton Drell-Yan pair production would not generally preclude light

sleptons, as the rates for the right-handed sleptons and for the left-handed sleptons with

a Higgsino-like LSP and M1/M2 ∼ tan2 θW are considerably suppressed. Probing these

MSSM scenarios would require alternate avenues, such as the production of sleptons via

the cascade decays from electroweak gaugino production or future studies at a high energy

e+e− collider.

Note also that our analyses of the dilepton plus /ET signal have assumed that in the

Wino-like LSP and Higgsino-like LSP cases, χ±1 (and χ0
2 in the Higgsino-like LSP case)

appear solely as /ET at the LHC. For small mass splitting ∆m = mχ±
1
−mχ0

1
. 200 MeV,

however, the χ±1 may appear as a disappearing track or even as a stable track inside

the detector, resulting in distinctive collider signatures. The current ATLAS analysis of

the disappearing-track search has imposed very strong limits on the degenerate chargino

mass for relatively small mass splittings [33]. The signature for slepton pair production

1The various one-loop contributions to the anomalous magnetic moment are proportional to sign(µMj)

for j = 1, 2, depending on which neutralino or chargino appears in the loop [18]. Thus, knowing the relative

sign of M1 and M2, as well as the values of the superpartner masses, will allow for a precise determination

of the MSSM contribution to the anomalous magnetic moment.
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in such a highly degenerate scenario could include disappearing tracks, single hard lepton

plus disappearing tracks, or dilepton plus disappearing tracks. The behavior of the decay

branching fractions of the slepton analyzed in this paper can be applied to such searches

as well.
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Abstract

Current searches for the stop focus on the decay channels of t̃ → tχ0
1 or t̃ → bχ±

1 → bWχ0
1,

leading to tt/bbWW + 6ET final states for stop pair production at the LHC. In supersymmetric

scenarios with light gauginos other than the neutralino lightest supersymmetric particle (LSP),

different decay modes of the stop could be dominant, which significantly weaken the current stop

search limits at the LHC. Additionally, new decay modes offer alternative discovery channels for

stop searches. In this paper, we study the stop decay in the Bino-like LSP case with light Wino

or Higgsino next-to-LSPs (NLSPs), and identify cases in which additional decay modes become

dominant. We also perform a detailed collider analysis for stop pair production with one stop

decaying via t̃1 → tχ0
2 → thχ0

1, and the other stop decaying via t̃1 → bχ±
1 → bWχ0

1, leading to

the bbbbjjℓ+ 6ET collider signature. At the 14 TeV LHC with 300 fb−1 integrated luminosity, the

stop can be excluded up to about 1040 GeV at the 95% C.L., or be discovered up to 940 GeV at

5σ significance.
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I. INTRODUCTION

The discovery of a 125 GeV Higgs at the Large Hadron Collider (LHC) [1, 2] moti-

vates the consideration of new physics beyond the Standard Model (SM). In the SM, the

Higgs receives unstable quadratically divergent radiative corrections to its mass from the

top quark loop. An unnatural cancellation is needed to recover the light physical Higgs

mass, which is the so called “naturalness problem” [3]. Supersymmetry (SUSY) provides

a solution to the naturalness problem by introducing superpartners to the SM particles,

with interactions following the SUSY relations. The quadratic divergence from the su-

perpartners cancels that of the SM particles, with the remnant contributions being only

logarithmically divergent. Given the large top Yukawa coupling, the top and stop sectors

of the Minimal Supersymmetric Standard Model (MSSM) provide the largest radiative cor-

rections to the Higgs mass. Stop masses can not be too heavy in order to avoid excessive

fine tuning of the Higgs mass. A TeV scale stop typically leads to fine tuning of about

1% [4]. Given the tight connection between the stop and Higgs sectors, it is important to

fully explore the discovery potential of the stop at the LHC.

Most of the current searches for the light stop focus on the decay t̃ → tχ0
1 or t̃ →

bχ±
1 → bWχ0

1, leading to tt + 6ET or bbWW + 6ET final states for stop pair production at

the LHC. However, due to the large SM background from tt̄, searches for the stop can be

very challenging. The current limits from ATLAS and CMS experiments exclude stops

with masses up to about 645 GeV for a light neutralino LSP [5–15]. At energy of 14 TeV

with 100 fb−1 of integrated luminosity, the expected discovery sensitivity for stops at the

LHC is about 1 TeV [16].

The current stop search limits, however, always assume the dominance of the stop decay

channels mentioned above. The current limits could be significantly weakened when other

stop decay modes open, which could occur in many regions of MSSM parameter space. On

the other hand, the opening of new channels offers alternative discovery potential for stops

at the LHC. Therefore, it is timely to study the non-minimal stop decay pattern as well as

assess the stop discovery potential at the 14 TeV LHC.

Even under the usual assumption of a Bino-like LSP, the existence of other light neu-

tralino states, for example, Wino-like or Higgsino-like next-to-LSPs (NLSPs) could lead

to new decay channels for the stop. For instance, t̃ could decay to tχ0
2,3, with χ0

2,3 further

2
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decaying to Zχ0
1, hχ

0
1. Given the relatively large SU(2)L coupling and top Yukawa coupling,

compared to the U(1)Y coupling relevant for the Bino-like LSP, decays to tχ0
2,3 could even

be dominant despite the phase space suppression. In this paper, we study the stop decay

branching fractions for the Wino- or Higgsino-like NLSP case, considering the minimal

mixing and the maximal mixing scenarios in the stop sector, and outline the main search

channels for the stops at the LHC.

Similarly, the current sbottom searches focus on b̃ → bχ0
1, with bb + 6ET being the

dominant search channel. Given data collected at the LHC 7/8 TeV, sbottoms with masses

up to 700 GeV are excluded [17]. Even in parameter space with highly degenerate sbottom

and LSP masses, the sbottom is excluded with mass up to about 400 GeV [18]. The left-

handed sbottom mass is related to the left-handed stop mass since they are controlled by

the same soft SUSY breaking mass parameter. In this paper, we also study the left-handed

sbottom decay pattern for various scenarios, as well as its collider signatures.

Given the discovery of the SM-like Higgs boson at the LHC, we can now use final states

with a Higgs boson to search for new physics beyond the SM. To explore the 14 TeV

LHC reach for the exotic stop decay channels, we performed a detailed collider analysis

with a Higgs in the final state: pp → t̃1t̃1
∗
with one stop decaying via t̃1 → tχ0

2 → thχ0
1,

and other stop decaying via t̃1 → bχ±
1 → bWχ0

1, leading to bbbbjjℓ + 6ET signature. By

designing cuts to identify the signal while suppressing SM backgrounds, we obtained the

95% C.L. exclusion limit as well as the 5σ discovery reach at the 14 TeV LHC with 300

fb−1 integrated luminosity. Final states with χ0
2 → Zχ0

1 are left for future studies.

The rest of the paper is organized as the following. In Sec. II, we present the third

generation squark sector in the MSSM and discuss its connection to the Higgs sector. In

Sec. III, we discuss the stop and sbottom decays for various scenarios, as well as the collider

signatures for stop/sbottom pair production. In Sec. IV, we summarize the current LHC

stop and sbottom search results from both ATLAS and CMS. In Sec. V, we investigate the

14 TeV reach of the stop via final states with a Higgs. In Sec. VI, we conclude.

II. MSSM STOP SECTOR

In this study, we work in the MSSM and focus primarily on the third generation squark

sector. We decouple other SUSY particles: the gluino, sleptons, and the first and second

3
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generation squarks. We also decouple the non-SM Higgs particles by setting MA large. The

remaining SUSY particles in the model are the third generation squarks, the neutralinos

and charginos.

The gauge eigenstates for the superpartners of the top and bottom quarks are (t̃L, b̃L), t̃R

and b̃R, with the left-handed states grouped as an SU(2)L doublet and the right-handed

states as singlets. The mass matrix for the stop sector is

m2
t̃
=


M2

3SQ +m2
t +∆ũL

mtÃt

mtÃt M2
3SU +m2

t +∆ũR


 , (1)

with M2
3SQ and M2

3SU representing the soft SUSY breaking masses for t̃L and t̃R, m
2
t term

coming from the F-term contribution in the SUSY Lagrangian and the ∆ terms coming

from the D-term contribution. The off-diagonal term Ãt is given by:

Ãt = At − µ cotβ, (2)

for At representing the trilinear coupling and µ representing the supersymmetric bilinear

mass term in the Higgs sector.

The stop mass matrix can be diagonalized with a stop mixing angle θt:

t̃1

t̃2


 =


cos θt − sin θt

sin θt cos θt




t̃L

t̃R


 , (3)

with mass eigenstates t̃1, t̃2: mt̃1 < mt̃2 . For M3SQ < (>)M3SU , t̃1 is mostly left-handed

(right-handed), while for M2
3SQ ∼ M2

3SU , t̃1,2 could be a mixture of the left- and right-

handed states.

Given the large top Yukawa coupling, the stop sector provides the dominant contribution

to the radiative corrections of the SM-like Higgs mass in the MSSM. For M3SQ = M3SU =

MSUSY , the correction to the SM-like Higgs mass squared is [19]:

δm2
h =

3

4π2
y2tm

2
t sin

2 β

(
log

M2
SUSY

m2
t

+
Ã2

t

M2
SUSY

(
1− Ã2

t

12M2
SUSY

))
. (4)

In the minimal mixing case with Ãt = 0, a large MSUSY is needed to provide a SM-like

Higgs mass of 125 GeV. In the maximal mixing case with Ãt =
√
6MSUSY , a relatively

small MSUSY can be accommodated given the additional contribution from the Ãt term.

In the general MSSM when M2
3SQ 6= M2

3SU , to provide a SM-like Higgs mass of 125 GeV,

4
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the light stop t̃1 can still be as light as 200 GeV. A large mass splitting between the stop

mass eigenstates (and a large Ãt term), however, is typically needed, resulting in mt̃2
>∼ 500

GeV in general [20, 21].

Similarly, the mass matrix for the sbottom is given as:

m2
b̃
=


M2

3SQ +m2
b +∆d̃L

mbÃb

mbÃb M2
3SD +m2

b +∆d̃R


 , (5)

with

Ãb = Ab − µ tanβ. (6)

Given the suppression of the off-diagonal terms by the small bottom mass, large mixing

among the sbottom mass eigenstates is less common.

Since the stop sector provides the dominant contribution to the Higgs mass corrections,

we decouple the right-handed sbottom in our analysis. The left-handed sbottom mass,

however, is determined by M3SQ and could be relatively light. Given mbÃb,M
2
3SQ <<

M2
3SD, the light sbottom mass eigenstate is mostly left-handed: b̃1 ∼ b̃L. Although the

sbottom corrections to the Higgs mass are small compared to the stop corrections, there

can be significant modifications to the Higgs couplings, especially the bottom Yukawa

coupling [22].

III. STOP DECAY

We consider the neutralino/chargino spectrum with a Bino-like LSP. For simplicity, we

consider three representative scenarios:

• Case I, Bino-like LSP with decoupled Winos and Higgsinos: M1 < mt̃,b̃1
≪ |µ|,M2.

• Case IA, Bino-like LSP with Wino-like NLSPs: M1 < M2 < mt̃,b̃1
≪ |µ|.

• Case IB, Bino-like LSP with Higgsino-like NLSPs: M1 < |µ| < mt̃,b̃1
≪ M2.

The decays of the light stop or sbottom highly depend on the low-lying neutralino/chargino

spectrum, as well as the composition of the light stop and sbottom.

In each scenario, we consider two limiting cases with different stop left-right mixing. In

the minimal mixing case, Ãt = At−µ cotβ = 0, the lightest stop mass eigenstate t̃1 is either

5
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FIG. 1: The mass spectra for stops and sbottom for the minimal mixing case (left panel) and the

maximal mixing case with M3SQ = M3SU = MSUSY (right panel).

purely t̃L (M3SQ < M3SU) or purely t̃R (M3SQ > M3SU ). We decouple t̃2 for simplicity.

In the maximal mixing case with M3SQ = M3SU = MSUSY and |Ãt| =
√
6MSUSY , both

t̃1,2 are a mixture of t̃L and t̃R, with mass squared splitting ∆m2
t̃
≈ 2

√
6mtMSUSY . In

our analysis below, we use Ãt > 0. Negative values of Ãt introduce little changes to the

numerical results. Since M3SQ also controls the mass for b̃L, there is a light b̃1 ∼ b̃L for the

light M3SQ case, assuming small sbottom left-right mixing and a decoupled b̃R.

The mass spectra for stops and sbottom are shown in Fig. 1. In the minimal mixing

case (left panel), mt̃L (mt̃R), mb̃1
∼ M3SQ(M3SU), especially for large M3SQ (M3SU). In

the maximal mixing case (right panel), the mass difference between b̃1 and t̃1 is typically

about 250 GeV while the mass difference between t̃2 and t̃1 is about 350 GeV or larger.

We used SUSY-HIT [23] to calculate the supersymmetric particle spectrum and decay

branching fractions. In this section, unless otherwise specified, we have set the Bino-like

LSP mass parameter M1 = 100 GeV, the intermediate gaugino mass parameters M2, µ =

300 GeV in Cases IA and IB, respectively, and tanβ = 10.

6
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FIG. 2: Branching fractions for t̃1 (left), b̃1 (middle) and t̃2 (right) in the maximal mixing scenario

with a Bino-like LSP (Case I).

A. Case I: Bino-like LSP with decoupled Wino and Higgsino

The simplest case has a mass spectrum with stop(s), left-handed sbottom, and only the

low-lying neutralino being the Bino-like LSP.

In the minimal mixing case with the light stop t̃1 as a pure left- or right-handed state,

t̃1 either directly decays to tχ0
1 when it is kinematically accessible or through bW ∗χ0

1 with

100% branching fraction. Similarly, in the case of small M3SQ, b̃1 decays directly through

bχ0
1 with 100% branching fraction.

In the maximal mixing case, t̃1, t̃2, and b̃1 appear in the spectrum, with a typical mass

order mt̃1 < mb̃1
< mt̃2 with relatively large mass splittings of 150 GeV or larger. While

the decay of t̃1 is straightforward (100% into bW (∗)χ0
1), the decays of b̃1 and t̃2 could have

multiple competing channels, as shown in Fig. 2. For b̃1, it dominantly decays into Wt̃1

while the branching fraction of the conventional channel of b̃1 → bχ0
1 is only about a few

percent or less. For t̃2, it dominantly decays into a light stop/sbottom with a gauge boson:

Zt̃1 about 75% and Wb̃1 about 20%. The direct decay down to tχ0
1 is less than 10%.

The pair production of stops and sbottoms at the LHC, and their subsequent decays

result in the appearance of various final states. In the left panel of Fig. 3, we show the

σ×BR of final states tt/bbWW + 6ET for t̃1 in the minimal and maximal mixing scenarios,

as well as bb+ 6ET for b̃1 in the minimal mixing scenario at the 14 TeV LHC. These are the

7
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FIG. 3: Case I: left panel shows σ×BR of final states for t̃1 pair production in both the minimal

and maximal mixing scenarios, as well as b̃1 pair production in the minimal mixing scenario.

The middle and right panel show σ × BR for various final states of b̃1 and t̃2 pair production,

respectively, in the maximal mixing scenario. All channels include 6ET in the final states.

conventional channels where t̃ → t/bWχ0
1 and b̃ → bχ0

1 dominate. σ×BR is the same as the

production cross sections for the stop pair and sbottom pair. The middle panel of Fig. 3

shows the σ×BR for b̃1b̃1 pair production in the maximal mixing scenario. The conventional

channel bb+ 6ET is highly suppressed, while bbWWWW+ 6ET becomes dominant. The right

panel of Fig. 3 shows the σ×BR for t̃2t̃2 pair production in the maximal mixing scenario.

The current experimentally searched channel ttZ + 6ET is subdominant, only 10% of the

dominant channel of ttZZ + 6ET . ttWWZ is the second dominant channel. The cross

section, however, is relatively small, less than about 10 fb for mt̃2
>∼ 750 GeV, given the

heaviness of the second stop. Note that the range of the stop and sbottom masses are

controlled by the choice of parameter M3SQ = M3SU = MSUSY = 600 . . . 1500 GeV in

the maximal mixing case(see Fig. 1). Also note that all the cross sections shown in the

plots are leading order only. The next leading order K-factor for stop and sbottom pair

production process is about 1.33 at the 14 TeV LHC [24, 25], which has been taken into

account in our collider analysis below in Sec. V.
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FIG. 4: Case IA: branching fractions for left-handed t̃1 (left), b̃1 (middle), right-handed t̃1 (right)

in the minimal mixing scenario.

B. Case IA: Bino LSP with Wino NLSP

The low lying neutralino/chargino spectrum in Case IA comprises of a Bino-like LSP,

as well as a pair of Wino-like states: χ0
2 and χ±

1 with nearly degenerate masses. In the

minimal mixing scenario, the decay branching fractions are shown in Fig. 4 for left-handed

t̃1 (left), b̃1 (middle), and right-handed t̃1 (right). For the left-handed t̃1, decays to bχ±
1 (∼

70% for large mt̃1) and tχ0
2 (∼ 30% for large mt̃1) dominate over tχ0

1 once kinematically

accessible, due to the stronger SU(2)L coupling compared to the relatively weaker U(1)Y

coupling. Similarly, b̃1 → tχ±
1 (∼ 65%) and b̃1 → bχ0

2 (∼ 30%) dominate over the conven-

tional channel of bχ0
1 for sbottom. Given the dominant decay channels of the Wino-like

neutralino/chargino1: χ±
1 → Wχ0

1, χ
0
2 → Z/hχ0

1, the dominant decay modes for t̃1 and b̃1

are: t̃1 → bWχ0
1, tZ/hχ

0
1, b̃1 → tWχ0

1, bZ/hχ
0
1. When t̃1 is mostly right-handed, it decays

to tχ0
1 almost 100%, since its couplings to the Wino-like neutralino/charginos are highly

suppressed.

The left, middle and right panels of Fig. 5 show the σ×BR for pure left-handed t̃1t̃1, b̃1b̃1

and pure right-handed t̃1t̃1 pair production, respectively, in the minimal mixing scenario

1 For χ0
2, whether it decays preferably to Zχ0

1 or hχ0
1 depends on the sign of µ, as explained in detail in

Ref. [26].
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FIG. 5: Case IA: σ × BR of various final states for pair production of left-handed t̃1 (left), b̃1

(middle), and right-handed t̃1 (right) in the minimal mixing scenario.

of Case IA. For pure left-handed t̃1, bbWWZ/h + 6ET is as important as the conventional

channel bbWW + 6ET , which could be an important new search channel for the stop. For

pure left-handed b̃1, the conventional channel of bb + 6ET is highly suppressed. New final

states of bbWWZ/h and bbWWWW are dominant and comparable in size, with bbZ/hZ/h

being subdominant, opening up new channels for sbottom searches. The final state for the

pure right-handed t̃1 is still the conventional channel of bbWW + 6ET , despite the existence

of light Wino NLSPs in the spectrum.

For the maximally mixed scenario, the decay of t̃1, b̃1 and t̃2 are shown in the left, middle

and right panels of Fig. 6, respectively. For t̃1 with large mass, the decay to bχ±
1 , tχ

0
2 still

dominates over tχ0
1, but the corresponding branching fractions are smaller compared to

the pure left-handed case (Fig. 4) due to the decrease of the coupling to the Wino-like

state caused by the right-handed stop component. For b̃1, while tχ±
1 and bχ0

2 modes still

dominate over bχ0
1 mode, the new decay channel of Wt̃1 opens up and even dominates over

most of the mass range. Its branching fraction varies between 100% to about 40% for mb̃1

between 400 GeV to 1800 GeV. For t̃2, in addition to bχ±
1 and tχ0

1,2 (about a few percent

to 20%), decays to a light stop/sbottom plus a gauge boson become comparable or even

dominant: about 50% − 70% for Zt̃1 and about 20% − 15% for Wb̃1.

The left, middle and right panels of Fig. 7 show the σ × BR for t̃1t̃1, b̃1b̃1, and t̃2t̃2
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FIG. 6: Case IA: Branching fractions for t̃1 (left), b̃1 (middle) and t̃2 (right) in the maximal

mixing scenario.
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FIG. 7: Case IA: σ × BR of various final states for pair production of t̃1 (left), b̃1 (middle), and

t̃1 (right) in the maximal mixing scenario.

respectively for the maximal mixing scenario of Case IA at the 14 TeV LHC. For the

light stop, while the dominant channel is the conventional bbWW + 6ET , the subdominant

channel bbWWZ/h + 6ET could still have a sizable cross section. For the light sbottom,

bbWWWW + 6ET becomes dominant. For the heavy stop, multiple channels open, with

bbWWZ/hZ/h+ 6ET being dominant, followed by bbWWZ/h+ 6ET , bbWWWWZ/h+ 6ET ,

and bbWWZ/hZ/hZ/h+ 6ET .
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FIG. 8: Case IB: branching fractions for left-handed t̃1 (left), b̃1 (middle), right-handed t̃1 (right)

in the minimal mixing scenario.

C. Case IB: Bino-LSP with Higgsino-NLSP

The low lying neutralino/chargino spectrum in Case IB comprises of a Bino-like LSP,

as well a pair of Higgsino-like neutralino states χ0
2,3 and chargino states χ±

1 with nearly

degenerate masses. Fig. 8 shows the branching fractions of left-handed t̃1 and b̃1 and right-

handed t̃1 in the left, middle and right panels for the minimal mixing scenario. For t̃1,

decays to tχ0
2,3 dominate over bχ±

1 and tχ0
1 since the former ones are controlled by the

large top Yukawa coupling, compared to the small bottom Yukawa coupling and U(1)Y

couplings for the latter two. However, for b̃1, the decay of tχ±
1 becomes dominant since the

b̃Lt̄RH̃
+
u coupling is proportional to the top Yukawa while its couplings to χ0

2,3 and χ0
1 are

suppressed by the bottom Yukawa coupling and U(1)Y couplings. For the right-handed t̃1

case, it dominantly decays to bχ±
1 , reaching almost 50%, while decays to tχ0

2+tχ0
3 are about

20%. All channels are controlled by the top Yukawa coupling while the latter ones have

extra phase space suppression. Given the near degeneracy of the two Higgsino states χ0
2,3,

contributions from final states involving χ0
2,3 are usually summed over in collider analyses.

Given the further decays of χ±
1 → Wχ0

1, χ
0
2,3 → Zχ0

1/hχ
0
1 as discussed in detail in [26],

the pair production of stops and sbottoms lead to complicated final states at the collider.

The left, middle and right panels of Fig. 9 show the σ × BR for pure left-handed t̃1t̃1,

b̃1b̃1 and pure right-handed t̃1t̃1 pair production in the minimal mixing scenarios of Case

IB. For pure left-handed t̃1, bbWWZ/hZ/h + 6ET is the dominant final state with the
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FIG. 9: Case IB: σ × BR of various final states for pair production of left-handed t̃1 (left), b̃1

(middle), and right-handed t̃1 (right) in the minimal mixing scenario.
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FIG. 10: Case IB: Branching fractions for t̃1 (left), b̃1 (middle) and t̃2 (right) in the maximal

mixing scenario.

conventional stop search channel bbWW + 6ET being highly suppressed. For pure left-

handed b̃1, bbWWWW + 6ET is the dominant channel. The dominant final states for pure

right-handed t̃1 are bbWWZ/h+ 6ET as well as the conventional channel of bbWW + 6ET .

For the maximal mixing scenario, the decay branching fractions for t̃1, b̃1, and t̃2 are

shown in the left, middle and right panels of Fig. 10, respectively. Since t̃1 is an equal

mixture of left- and right-handed components, the decays to tχ0
2,3 (dominant for t̃L) and

13

111



400 800 1200

mt̃1 [GeV]

10−1

100

101

102

103

104
σ
×

B
R

[f
b]

bbWWZ/h
bbWW
bbWWZ/hZ/h

800 1200

mb̃1
[GeV]

bbWWWWZ/h
bbWWWW
bbWWWWZ/hZ/h
bbWWZ/h
bbWW

800 1200

mt̃2 [GeV]

bbWWZ/hZ/h
bbWWZ/hZ/hZ/h
bbWWZ/h
bbWWWWZ/h
bbWWZ/hZ/hZ/hZ/h
bbWWWWZ/hZ/h
bbWW
bbWWWW
bbWWWWWW

Maximal Mixing Case IB

FIG. 11: Case IB: σ ×BR of various final states for pair production of t̃1 (left), b̃1 (middle), and

t̃2 (right) in the maximal mixing scenario.

bχ±
1 (dominant for t̃R) (see the left and right panel of Fig. 8) have roughly the same decay

branching fraction, around 30% each. Decay to the conventional state of tχ0
1 is typically a

few percent, unless other decay modes are kinematically unaccessible at small mt̃1 .

For b̃1, the relative strength of tχ±
1 and bχ0

2,3 is similar to that of the b̃1 in the minimal

mixing scenario, but the opening of the Wt̃1 mode dominates the decay for most of the

mass range, leading to the suppression of the tχ±
1 and bχ0

2,3 modes. With increasing mb̃1
,

tχ±
1 becomes more and more important, which dominates over Wt̃1 when mb̃1

>∼ 1300 GeV.

For t̃2, decay to Zt̃1 is dominant, about 60% − 30% for mt̃2 in the range of 700 −
1700 GeV. Decays to bχ±

1 , tχ
0
2,3 are sub-dominant, around 10% − 20% for each channel.

t̃2 → Wb̃1 is typically around 10% to about a few percent, while t̃2 → tχ0
1 is only at a few

percent level.

The left, middle and right panel of Fig. 11 show the σ×BR for t̃1t̃1, b̃1b̃1, and t̃2t̃2 for the

maximal mixing scenario of Case IB at the 14 TeV LHC. For the light stop, the dominant

channel is bbWWZ/h + 6ET , followed by bbWWZ/hZ/h + 6ET . The conventional channel

bbWW + 6ET is suppressed by about a factor of 5. For the light sbottom, bbWWWW + 6ET

and bbWWWWZ/h + 6ET are dominant. For the heavy stop, multiple channels open,

with bbWWZ/hZ/h + 6ET being dominant, followed by bbWWZ/hZ/hZ/h + 6ET and

bbWWZ/h+ 6ET .
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IV. CURRENT COLLIDER SEARCH LIMITS ON STOP

Searches for direct stop pair production have been performed at both ATLAS and CMS,

with about 20 fb−1 data at
√
s = 8 TeV, and about 5 fb−1 data at

√
s = 7 TeV [5–15]. The

current searches mainly focus on two decay channels: t̃1 → t(∗)χ0
1 and t̃1 → bχ±

1 → bW (∗)χ0
1

[5–7, 9–11]. For small mass splitting mt̃−mχ0
1
, channels of t̃ → cχ0

1, bff
′χ0

1 have also been

studied [12]. ATLAS results on fully hadronic final states exclude stops in the regions of

270 < mt̃1 < 645 GeV for mχ̃0
1
< 30 GeV, assuming both top squarks decay 100% via

t̃1 → tχ0
1 [5]. Regions of 245 < mt̃1 < 400 GeV for mχ̃0

1
< 60 GeV, mχ±

1
= 2mχ0

1
are

excluded for the scenario where the top squark is assumed to decay 100% via t̃1 → bWχ0
1.

For semileptonic channels, stop masses between 210 GeV and 640 GeV are excluded at 95%

C.L. for a massless LSP [6] assuming BR(t̃1 → tχ0
1) =100%. Stop masses up to 500 GeV

are excluded when t̃1 → bχ±
1 dominates. Limits from the pure leptonic channels are much

weaker [7]. Limits from CMS are similar [9–11]. Note that limits on the stop exclusion

depend on the branching fractions of t̃1 → t(∗)χ0
1 and t̃1 → bχ±

1 . For t̃1 → bχ±
1 , the limits

also depend on the mass of the intermediate chargino.

Searches for the second stop utilize the decay of t̃2 → t̃1Z/h, looking for signals including

b-jets and large 6ET with either same flavor leptons reconstruction of the Z boson [8] and/or

high pT jet and b-jet multiplicities with additional leptons [13, 14]. The second stop mass

is excluded up to about 600 GeV. Stop searches in scenarios with a Gravitino LSP are

explored in Refs. [8, 15]. Stop searches in the R-parity violating MSSM can be found in

Ref. [27].

There are other theoretical studies in the literature on the stop searches at the LHC,

mostly focusing on the stop decaying to light generation quarks [28, 29] or a light stop with

little missing energy, which mimics the WW signal at the LHC [30–34].

V. COLLIDER ANALYSIS

In this section, we study the detectability of the light stop in Case IA with a mass hier-

archy of M1 < M2 < M3SQ ≪ |µ|,M3SU , resulting in a mass spectrum including a mostly

left-handed stop and mostly left-handed sbottom, Wino-like NLSPs, and a Bino-like LSP.

We choose a benchmark point with the specific set of parameters and the corresponding
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mass spectrum shown in Table I. The value of Ãt is chosen such that the SM-like Higgs

mass is around 125 GeV. Note that even though Ãt is set to a large value, the large mass

splitting between M3SQ and M3SU results in a mostly left-handed t̃1 and mostly right-

handed t̃2. Therefore, the decay patterns of t̃1 and b̃1 follow those of the Case IA: purely

left-handed stop/sbottom in the minimal mixing scenario.

M1 M2 µ Ãt M3SQ M3SU χ0
1 χ0

2 χ+
1 t̃1 h b̃1

150 300 2000 2750 550 2000 151 319 319 538 125 526

TABLE I: Mass parameters and mass spectrum of SUSY particles for the benchmark point. All

masses are in units of GeV.

The decay channels for the light stop of the benchmark point are shown in Table II.

While the dominant decay channel is t̃1 → bχ+
1 with 78% branching fraction, the subdom-

inant channel t̃1 → tχ0
2 is about 20%, providing an interesting signal where χ0

2 can either

decay to a Higgs or a Z boson. For our choice of parameters with µ > 0, χ0
2 dominantly

decays to hχ0
1, as shown in Table II. Flipping the sign of µ could lead to another interesting

channel of χ0
2 → Zχ0

1, which is left for future study.

Decay Branching Fraction

t̃1 → tχ0
1 2%

t̃1 → tχ0
2 20%

t̃1 → bχ+
1 78%

Decay Branching Fraction

χ0
2 → Zχ0

1 3%

χ0
2 → hχ0

1 97%

χ+
1 → W+χ0

1 100%

TABLE II: Decay branching fractions of t̃1, χ
0
2 and χ+

1 for the benchmark point.

For our benchmark point with the reduced branching fraction of BR(t̃1 → bχ±
1 ) = 78%,

the current collider search limits on the stop are much more relaxed: less than about 400

− 500 GeV for mt̃1 . However, new search channels open up, which play a complementary

role for stop searches at the LHC.

In our analysis, we study the stop pair production with one stop decaying via t̃1 → tχ0
2 →

bWhχ0
1 and the other stop decaying via t̃1 → bχ+

1 → bWχ0
1. We consider semileptonic

decays of the two W s and the Higgs decay to two b-quarks. The signal contains four b-jets,

two jets, one isolated lepton and large missing energy. The presence of a single lepton helps

to reduce QCD backgrounds without significant branching fraction suppression.
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The dominant SM backgrounds are tt̄ and tt̄bb̄. While tt̄h is an irreducible background,

the production cross section is typically small. Other backgrounds consist of tt̄W , tt̄Z and

bb̄WW .

Event samples are generated using Madgraph MG5 aMC V2 2 1 [35], processed through

Pythia 6.420 [36] for fragmentation and hadronization and then through Delphes-3.1.2 [37]

with the Snowmass combined LHC detector card [38] for detector simulation. Both the

SM backgrounds and the stop pair production signal are normalized to theoretical cross

sections, calculated including higher-order QCD corrections [24, 25, 39–43]. For the signal

process, we scan the parameter range of M3SQ = 400 . . . 1100 GeV with step size of 25

GeV, and M1 = 3 . . . 750 GeV with step size of 25 GeV. We fix M2 to be M2 = M1+ 150

GeV.

We apply the following event selection cuts:

• Events are required to have at least four isolated jets with

pj1,j2,j3T > 40 GeV, pj4T > 25 GeV, |ηj| < 2.5. (7)

• Among the jets, at least two are b-tagged jets.

• One isolated lepton (e or µ) is required to have

pℓT > 20 GeV with |ηℓ| < 2.5. (8)

Additional optimization cuts are applied to further enhance the signal and suppress the

SM backgrounds:

• 6ET , defined as the magnitude of the missing transpose momentum, pmiss
T , ranging

from 100 to 200 GeV, in increments of 20 GeV.

• HT , defined as the scalar sum of the pT of all surviving jets: HT =
∑

pjetT , ranging

from 400 to 600 GeV, in increments of 50 GeV.

• Transverse mass mT , defined as the invariant mass of the lepton and the missing

transpose momentum:

mT =
√

2pℓT 6ET (1− cosφ(pℓ
T ,p

miss
T )), (9)

ranging from 100 to 200 GeV, in increments of 20 GeV.
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FIG. 12: The distribution of 6ET (left) and mT (right) for the signal at the benchmark point and

the SM backgrounds.

• Nj , the number of all surviving jets satisfying pjT > 25 GeV and |ηj| < 2.5, to be at

least 4, 5, or 6.

• Nbj , the number of all tagged b-jets, to be at least 2, 3, or 4.

The distributions of 6ET and mT for both the signal and the SM backgrounds are shown

in Fig. 12. In the 6ET distribution, the 6ET for all the SM backgrounds comes only from the

neutrino, which is typically smaller than that of the signal with additional 6ET contribution

from the LSP. The transverse mass for the signal process extends beyond the SM threshold

of the W boson mass. The HT distribution of the signal is maximum at a higher value

compared to the SM backgrounds.

In Table III, we present the cumulative cut efficiencies for the signal and dominant SM

backgrounds with optimized cuts. By utilizing strong 6ET , HT andmT cuts, we significantly

reduce the SM backgrounds. The stop signal process typically generates multiple hard jets

in our specified decay. The Nbj cut further plays an important role in cutting tt̄, tt̄W , tt̄Z

and bb̄WW backgrounds. tt̄ is the dominant background given its large cross section. tt̄bb̄

is the second dominant background given its relatively large cross section and similar final

states to the signal process. tt̄h, tt̄Z, tt̄W and bb̄WW can be sufficiently suppressed due

to low cross sections. We optimize the significance S/
√
B for all the combinations of the

advanced cuts. We impose a constraint on the number of signal events, Ns ≥ 3 for 300

fb−1 in order to obtain sufficient statistics.
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Description t̃1t̃1 tt̄ tt̄bb̄ tt̄h tt̄Z tt̄W

CS (fb) 23 261230 2346 108 221 218

Basic cuts 38% 14% 24% 31% 30% 25%

6ET > 200 GeV 12% 0.23% 0.58% 1.2% 1.2% 1.2%

HT > 500 GeV 7.6% 7.4 × 10−4 0.29% 0.78% 0.77% 0.69%

mT > 160 GeV 2.4% 1.8 × 10−6 3.6× 10−5 6.6× 10−5 7.0 × 10−5 6.0× 10−5

Nj ≥ 5 2.0% 8.5 × 10−7 2.1× 10−5 3.7× 10−5 3.8 × 10−5 2.6× 10−5

Nbj ≥ 2 1.2% 2.9 × 10−7 1.1× 10−5 2.2× 10−5 1.1 × 10−5 7.6× 10−6

CS (fb) after cuts 0.28 0.075 0.026 0.0023 0.0025 0.0017

TABLE III: The cumulative cut efficiencies for the signal at the benchmark point and all SM

backgrounds. The cross sections shown in the second row are for the semileptonic final states.
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FIG. 13: The plot shows the 5σ discovery reach (red) and 95% exclusion limits (black) of the

stop in the mt̃1
−mχ0

1
plane for 14 TeV LHC with 300 fb−1 of integrated luminosity. M2 is fixed

to be M1 + 150 GeV and 10% systematic error is included.

In Fig. 13, we show the 95% C.L. exclusion limit and 5σ reach in the parameter space

of mt̃1 versus mχ0
1
for the 14 TeV LHC with 300 fb−1 luminosity. For the 5σ reach, stop

masses up to 740 GeV can be reached for a massless LSP and about 940 GeV with mχ0
1

= 250 GeV. The 95% C.L. exclusion limits are about 840 GeV for stops with a light χ0
1,

while the reach is 1040 GeV for mχ0
1
= 250 GeV.
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VI. SUMMARY AND CONCLUSION

Most of the current stop and sbottom searches at the LHC have been performed con-

sidering the channels of tt+ 6ET , bbWW + 6ET for stop and bb+ 6ET for sbottom, assuming

the stop and sbottom decay 100% into these channels. However, in many regions of MSSM

parameter space, these decay channels are subdominant, resulting in relaxed bounds from

current LHC searches. In this work, we studied decays of the stop and sbottom in the cases

of a Bino-like LSP with either Wino-like or Higgsino-like NLSPs in the low energy spec-

trum, for the left- and right-handed stops and left-handed sbottom in the minimal mixing

scenario, and t̃1,2, b̃1 in the maximal mixing scenario. We found that new decay channels

of t̃1 → tχ0
2,3, b̃1 → bχ0

2,3, tχ
±
1 ,W t̃1 open up, which could even dominate over conventional

channels. For the heavier stop state, t̃2, a new channel of t̃2 → Wb̃1 appears in addition to

t̃2 → Zt̃1 in the maximal mixing scenario. Given the further decays of χ0
2,3 and χ±

1 , pair

production of stops and sbottoms at the LHC typically leads to bb plus multiple gauge

bosons plus 6ET final states. Conventional search channels of bbWW + 6ET and bb + 6ET

could be highly suppressed.

We performed a detailed collider analysis for the reach of the stop at the 14 TeV LHC

with 300 fb−1 integrated luminosity for one particularly interesting channel in the Bino-like

LSP with Wino-like NLSP case. We considered left-handed stop pair production with one

stop decaying via t̃1 → tχ0
2 → bWhχ0

1 and the other stop decaying via t̃1 → bχ±
1 → bWχ0

1,

leading to bbbbjjℓ+ 6ET final states. Our results show that for a LSP mass of 250 GeV, the

95% C.L. exclusion reach is about 1040 GeV for the stop and the 5σ reach is about 940

GeV. The reach decreases with smaller LSP mass.

Considering different low-lying neutralino/chargino spectra provides several promising

channels for the stop and sbottom study. In this paper we focused on final states with a

Higgs boson. Decays of χ0
2 to Zχ

0
1 could be dominant with a different choice of sign(µ). Fur-

thermore, a different mass spectrum of neutralino/chargino with LSP being either Wino-

like or Higgsino-like might give rise to more interesting final states. It is important to

identify the leading decay channels in various regions of parameter space to fully explore

the reach of the LHC for the third generation squarks, which has important implications

for the stabilization of the electroweak scale in supersymmetric models. The strategy de-

veloped in our analysis can be applied to the study of top partners in other new physics
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scenarios as well.
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